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SUMMARY

Intestinal crypts display robust regeneration upon
injury. The relatively rare secretory precursors can
replace lost stem cells, but it is unknown if the
abundant enterocyte progenitors that express the
Alkaline phosphate intestinal (Alpi) gene also have
this capacity. We created an Alpi-IRES-CreERT2
(AlpiCreER) knockin allele for lineage tracing. Marked
clones consist entirely of enterocytes and are all
lost from villus tips within days. Genetic fate-map-
ping of Alpi+ cells before or during targeted ablation
of Lgr5-expressing stem cells generated numerous
long-lived crypt-villus ‘‘ribbons,’’ indicative of dedif-
ferentiation of enterocyte precursors into Lgr5+

stems. By single-cell analysis of dedifferentiating en-
terocytes, we observed the generation of Paneth-like
cells and proliferative stem cells. We conclude that
the highly proliferative, short-lived enterocyte pre-
cursors serve as a large reservoir of potential stem
cells during crypt regeneration.

INTRODUCTION

In mammals, the intestinal epithelium is the fastest self-renewing

tissue (Clevers, 2013). The rapid cellular turnover of the single-

layered intestinal epithelium is powered by proliferation in the

crypts of Lieberkühn to generate differentiated villus cells.

Actively cycling crypt base-resident Lgr5+ stem cells (Barker

et al., 2007) generate precursors of secretory cells and of enter-

ocytes that divide while moving upward terminally differentiating

into either goblet cells and enteroendocrine cells or into nutrient-

absorbing enterocytes. The atypical Paneth cells belong to the

secretory lineage, yet reside at crypt bottoms, are long-lived,

and contribute to the stem cell niche (Sato et al., 2011).

Crypts display a remarkable regenerative capacity following

DNA and cytotoxic damage (Withers, 1971) or, for instance, sur-
Ce
gical resection (Bernal et al., 2005). Although surviving stem cells

play a critical role in this regenerative process (van der Flier et al.,

2009a), it has been proposed that a quiescent stem cell popula-

tion residing at the +4 position and expressing markers such as

Bmi1, mTert, Lrig1, and Hopx (Sangiorgi and Capecchi, 2008;

Takeda et al., 2011; Powell et al., 2012; Montgomery et al.,

2011) function as reserve stem cells upon depletion of the

actively cycling stem cell pool. As an alternative mechanism, in-

testinal regeneration may be driven by dedifferentiation of

committed progeny. As implied by a recent study, radiation-sen-

sitive cells occupying cell position 6 and above can replenish

loss of Lgr5+ stem cells (Metcalfe et al., 2013). During homeosta-

sis, secretory progenitors derived from Lgr5+ stem cells express-

ing Dll1 generate short-lived clones composed of Paneth cells,

goblet cells, enteroendocrine cells, and tuft cells. Lineage tracing

followed by irradiation in Dll1GFP-IRES-CreERT2 mice indicated that

Dll1+ cells dedifferentiated to stem cells in vivo to replenish lost

stem cells, generating long-lived stem cell-driven crypt-villus rib-

bons (van Es et al., 2012).

Recently, an elegant study corroborated the involvement of

secretory precursors in intestinal regeneration. It was observed

that a quiescent label-retaining cell (LRC) population predomi-

nantly populates the +4 position and expresses Lgr5 as well as

the proposed markers of +4 cells such as Bmi1, mTert, HopX,

and Lrig1. During homeostasis, these LRCs (which derive from

Lgr5+ stem cells) serve as short-lived precursors of Paneth and

enteroendocrine cells. However, upon loss of proliferative crypt

cells induced by cytotoxic damagewith doxorubicin, these LRCs

dedifferentiate to Lgr5+ stem cells (Buczacki et al., 2013). It ap-

pears likely that these non-dividing secretory precursors repre-

sent the reserve stem cells located at the +4 position.
RESULTS

Enterocyte Marker Alpi Is Not Expressed in Lgr5+ CBC
Stem Cells or Dll1+ Secretory Progenitors
We sought to establish if the most abundant and most prolifera-

tive cell type in the crypt, the enterocyte precursor, display plas-

ticity upon stem cell loss. Previous gene expression datasets
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Figure 1. Expression of Alpi in Intestinal

Crypts

(A) Microarray enrichment of Alpi in Lgr5low,

Lgr5high, and villus fractions. Alpi is not expressed

in Lgr5high cells. Error bars represent ±SEM.

(B) In situ hybridization (ISH) of Alpi in the intestinal

crypt; Alpi is not expressed in lower crypt cells.

(C) Single-molecule FISH (smFISH) for Alpi. Dots

represent AlpimRNA transcripts localized in upper

crypt cells.

(D) Quantification of crypt positions of Alpi tran-

scripts, which can be detected from position +6

and progressively increasing to the top of the crypt.

(E) Single-molecule FISH for Lgr5.

(F) Lgr5 transcripts (red dots) localize at the crypt

bottom and do not overlap with Alpi transcripts

(yellow dots).

See also Figure S1.
involving microarray analysis of fluorescence-activated cell sort-

ing (FACS) crypt populations (Muñoz et al., 2012) revealed that

the enterocyte differentiation marker alkaline phosphatase intes-

tinal (Alpi) was absent in Lgr5high cells, but showed low, yet

detectable levels in Lgr5low early offspring (Figure 1A). Alpi is

highly expressed in mature small intestinal enterocytes and en-

codes the alkaline phosphatase enzyme involved in lipid absorp-

tion, pH regulation, and the attenuation of inflammation via

detoxification of lipopolysaccharide. Of note, Alpi�/� mice are

viable and fertile (Narisawa et al., 2003).

In situ hybridization analysis confirmed high-level expression

in villus enterocytes (Figure 1B), and low yet detectable expres-

sion in cells in the upper crypt. Single-molecule fluorescence

in situ hybridization (FISH) analysis for Alpi and Lgr5 confirmed

that Alpi transcripts in the crypts do not co-localize with Lgr5

transcripts at the crypt bottom, implying that Alpi is not ex-

pressed in Lgr5 stem cells (Figures 1C, 1E, and 1F). Alpi tran-

scripts were observed in most cells from cell position +6 or +7

upward (Figure 1D), coinciding with Ki67+ (Figures S1A and

S1B) transit-amplifying (TA) cells (Itzkovitz et al., 2012), implying

that Alpi+ enterocyte progenitors are proliferative and comprise

the bulk of the TA zone. Furthermore, single-molecule FISH for

Alpi and Dll1 showed that Alpi transcripts do not localize with

Dll1 transcripts located at the +4/+5 position from the crypt

base (Figures S1C and S1D), implying that Alpi+ progenitors

are distinct from Dll1+ secretory progenitors.

Generation of an Inducible Enterocyte-Specific Cre Line
To generate an enterocyte-specific Cre-line, we inserted an in-

ternal ribosome entry site (IRES)-CreERT2 cassette at the stop
204 Cell Stem Cell 18, 203–213, February 4, 2016 ª2016 Elsevier Inc.
codon located in the last exon of the Alpi

gene (Figure S2A). This strategy involves

the endogenous poly-A signal and the

30UTR of the Alpi gene. To characterize

Cre activity of the AlpiCreER allele, mice

were crossed to R26RLacZ reporter mice

where the LacZ gene (whose expression

is visualized by X-GAL staining) is under

the control of the ubiquitous Rosa26

(R26) locus (Soriano, 1999). 8- to 12-
week-old mice were injected with a single dose of tamoxifen

(TAM), and killed at various time points for X-GAL analysis. As

expected, X-GAL+ cells were observed exclusively in entero-

cytes in the villus domains of the proximal small intestine (Figures

2A–2D) but never in Paneth cells, in villus goblet cells, or in enter-

oendocrine cells (Figures S3A and S3B). Immunostaining for the

estrogen receptor (fused to the Cremoiety) was also restricted to

villus enterocytes (Figure S3C), in agreement with LacZ expres-

sion. At the earliest time point, X-GAL+ cells were detected in the

upper crypt, but never in the bottom half (i.e., below the +8 posi-

tion from the crypt bottom) (Figures 2A and 2H). Fewer X-GAL+

cells could be detected in crypts 48 hr and 72 hr post-TAM in-

duction (Figures 2C and 2H). X-GAL+ cells on days 3 and 4

post-TAM injection were exclusively in the villus domain with

day 4 having fewer labeled cells, all in the higher regions of the

villi (Figures 2E and 2F). Nearly all X-GAL+ cells disappeared

within 6 days with occasional single-labeled cells at the top of

the villus. Importantly, no labeled cells (be it single cells or

clones) were detected 28 days after TAM injection (Figure 2G).

No X-GAL staining was ever observed in non-induced mice.

As further proof of bona fide tracing of Alpi+ cells, we used

an additional fluorescent reporter line (RosatdTomato) to follow

Alpi+ cells during homeostasis. Similar to labeling with the

LacZ-reporter, AlpiCreER+/�;RosatdTomato+/� mice injected with

TAM showed tdTomato+ Alpi-expressing cells in the upper

crypt reaches and villus enterocytes but never at the crypt bot-

tom (Figures S3F and S3G). Notably, labeled Alpi;tdTomato+

cells could be detected in both the proximal and distal small

intestine (Figures S3F and S3G, respectively) with labeling fre-

quency higher in the proximal, corresponding to higher Alpi



Figure 2. Histological Analysis of LacZ

Activity in AlpiCreER KI

(A–G) Mice were induced with 5 mg/kg 4OH-

tamoxifen (TAM) and then killed after (A) 15 hr, (B)

1 day, (C) 2 days, (E) 3 days, (F) 4 days, and (G)

28 days. Whole mount X-GAL staining of intact in-

testine of AlpiCreER;R26RLacZ mice showed X-GAL+

cells localized to the proximal intestine (duodenum

and jejunum) 2 days post-TAM induction. 15 hr

post-TAM induction, the majority of the labeled

cells were located in the villus. However, labeled

cells were observed in the upper crypt level ranging

from the +8 position to crypt-villus junction.

(H) Few labeled cells lingered in the upper crypt

region 2 days post-TAM induction (representative

quantification of X-GAL+ crypt cells for 100 crypts).

Of note, no labeled cells were detected at the

bottom of the crypts. By day 2, labeled cells had

almost reached the villus tip. By day 3, labeled cells

had reached the tips. By day 4, labeled cells were

observed only on the upper half of the villus,

implying that most of the labeled cells had

completed their life cycle, being shed in the lumen.

No labeled cells were observed 28 days post-TAM

induction, implying that Alpi is not expressed in

stem cells (magnification, 50 mm).

See also Figures S2 and S3.
mRNA expression in the proximal small intestine (Figures S3D

and S3E).

Alpi+ Enterocytes Dedifferentiate into Stem Cells upon
Depletion of Lgr5+ Stem Cells In Vivo
We next investigated whether absorptive Alpi-expressing en-

terocytes were capable of conversion into Lgr5+ crypt stem

cells. To do so, we crossed AlpiCreER+/+;R26RLacZ+/� mice

with Lgr5DTR-GFP+/� mice (Tian et al., 2011). In these mice, in-

jection of diphtheria toxin (DT) will cause depletion of Lgr5+

stem cells as well as Lgr5+ quiescent secretory progenitors

residing around the +4 position (Buczacki et al., 2013).

AlpiCreER+/+;R26RLacZ+/�;Lgr5DTR-GFP+/� mice were treated

simultaneously with TAM and DT and their duodenums were

analyzed by X-GAL staining 14 days post-injection (Figure S4A).

As controls, we used AlpiCreER+/+;R26RLacZ+/� mice also

treated with TAM and DT. Whole-mount X-GAL staining and

subsequent histological analysis of AlpiCreER+/+;R26RLacZ+/�;
Lgr5DTR-GFP+/�mice revealed many contiguous ribbons of

X-GAL+ cells emanating from crypt bottoms and extending

up toward adjacent villi (Figure 3C; Figures S4C and S4E) (be-

tween 500 and 900 ribbons per mouse). Significantly, no

tracing events could be observed in the control mice (Figures

3A, 3B, and 3E). Similar results were obtained when Cre

expression was induced 1 day before DT administration, albeit

at a somewhat lower frequency (200–300 tracing events per

mouse; Figures S4B, S4D, and S4F).
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We then used the tdTomato fluorescent

reporter to corroborate tracing of Alpi+

cells during regeneration. Short-term

analysis of labeled Alpi+ cells in combina-

tion with DT treatment showed that
labeled Alpi+ cells were rarely detected in control AlpiCreER+/�;
RosatdTomato+/� mice after a 6-day chase period (Figure 4A).

Importantly, no ribbons were evident in control AlpiCreER+/�;
RosatdTomato+/� mice injectedwith TAMandDT (Figure 3E). How-

ever, numerous tdTomato+ ribbons along the crypt-villus axis

could be observed upon stem cell deletion using AlpiCreER+/�;
RosatdTomato+/�; Lgr5DTR-GFP+/� mice (one example given in Fig-

ure 3F) with observable co-localization of tdTomato and GFP at

crypt bottoms (Figure 3I), corroborating the R26RLacZ reporter

analysis that Alpi+ enteroctytes dedifferentiate into Lgr5+ stem

cells during crypt regeneration.

Contiguous X-GAL+ ribbons were still detected in crypt-villus

units in AlpiCreER+/+;R26RLacZ+/�;Lgr5DTR-GFP+/� mice after

3 months (Figures 3G and 3H). These ribbons were positive for

GFP expressed by Lgr5+ stem cells (Figure 3I), and contained

Paneth, enteroendocrine, and goblet cells of the secretory line-

age (Figures 3J–3L) implying that dedifferentiated Alpi+ cells ex-

hibited the Lgr5+ stem cell characteristics of self-renewal and

multipotency.

Alpi+ Enterocytes Dedifferentiate into Stem Cells upon
Depletion of Lgr5+ Stem Cells In Vitro
To determine whether this plasticity also occurred in vitro, ex-

vivo organoid cultures derived from AlpiCreER+/�;R26RLacZ+/�;
Lgr5DTR-GFP+/� crypts were treated with 4-hydroxytamoxifen

and DT for 24 hr and analyzed after 4 days (Figure 3M). X-GAL

staining on organoids showed X-GAL+ cells in crypt domains
, February 4, 2016 ª2016 Elsevier Inc. 205



Figure 3. Alpi+ Enterocytes Dedifferentiate upon Depletion of Lgr5 Stem Cells

(A and B)AlpiCreER+/+;R26RLacZ+/� (control), andAlpiCreER+/+;R26RLacZ+/�;Lgr5DTR-GFP+/�mice were given a single injection each of 5mg/kg TAM and 50 mg/kg DT

and harvested after 2 weeks. X-GAL-stained proximal intestine (A) whole-mount and (B) histological section showing no staining in control group.

(C and D) Whole-mount staining and histological section of X-GAL-stained proximal intestine showing X-GAL+ crypt/villus units in stem cell depleted group.

(E and F) Confocal images of proximal intestine sections from AlpiCreER+/�;RosatdTomato+/�(control) and AlpiCreER+/�;RosatdTomato+/�;Lgr5DTR-GFP+/� mice given a

single injection each of 5 mg/kg TAM and 50 mg/kg DT and harvested after 6 days. Alpi+ cells (red) could not be detected in crypts of control animals (E).

(F) Detection of Alpi+ cells at crypt bottom and red fluorescent stem cell tracings along crypt-villus axis in stem cell depleted mice.

(legend continued on next page)
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of stem cell-depleted organoids, but not in crypt regions of

AlpiCreER+/+;R26RLacZ+/� organoids, which had restricted LacZ

expression in the central villus domain only (Figures 3N and 3O).

Loss of Dedifferentiation Capacity of Alpi+ Enterocytes
upon Crypt Exit
The rapid migration of enterocytes out of the crypts and up to-

ward the villus as they differentiate may diminish their dedifferen-

tiating capacity and reduce their participation in regeneration

upon damage to the stem cell pool. To determine at what point

this dedifferentiation capacity is lost, induction of Alpi+ cell

tracing was initiated 2 and 3 days before deletion of Lgr5+

stem cells (Figure S5B); at these time points, we expected

most if not all of the labeled enterocytes to have migrated out

of the crypts. Even lower numbers of X-GAL+ crypts (49 tracing

events/mouse) were counted when AlpiCreER+/+;R26RLacZ+/�;
Lgr5DTR-GFP+/� mice were injected with TAM 2 days before

stem cell depletion (Figures S5B, S5G, and S5H). When these

mice were injected with TAM 3 days before induction of stem

cell loss virtually no stem cell tracings were observed (Figures

S5D and S5H), implying that labeled Alpi+ enterocytes that

have exited the crypts after 3 days are no longer proliferative,

and do not have the capacity to dedifferentiate to replenish

stem cell loss.

Dedifferentiating Alpi+ Cells Turn on Regeneration-
Associated Genes
To characterize the transcriptome of Alpi+ cells, we used

single-cell sequencing of short-term-labeled Alpi+ cells during

homeostasis as well as upon loss of Lgr5+ stem cells (regenera-

tion). Control td-Tomato+ crypt single cells from AlpiCreER+/�;
RosatdTomato+/� line injectedwith only TAM (representing homeo-

stasis) and single cells from intestinal crypts of AlpiCreER+/�;
Lgr5DTR-GFP+/�;RosatdTomato+/� line singly injected with TAM/DT

(representing regeneration) were isolated 24 hr after injection.

Thereafter, tdTomato+ cells from control crypts and tdTomato

(Tom)+/GFP+ from stem-cell-depleted crypts were collected by

FACS and sequenced by a modified version of the CEL-seq

method (Grün et al., 2015 and references therein). RACE ID anal-

ysis (Grün et al., 2015) identified one cluster (cluster 1) from con-

trol crypts and four clusters (clusters 4, 3, 2, and 5) from sorted

tdTomato+/GFP+ cells from stem-cell-depleted crypts (Figures

4A and 4B).

As expected, crypt cells from cluster 1 (Figure 4C) represent-

ing Alpi+ enterocyte progenitors during homeostasis were en-

riched for enterocyte-specific transcripts such as Apoa1 and

Fabp2 (Figure S6A). In stem-cell-depleted crypts, cells from

cluster 4 were also enriched for enterocyte-specific genes
(G and H) Whole-mount staining (G) and histological section (H) of X-GAL+ crypt

dedifferentiated cells.

(I) Co-localization of tdTomato (red) from Alpi+ cells and GFP (green) from Lgr5+ c

(J–L) Secretory cells derived from dedifferentiatd Alpi+ cells (depicted with

R26RLacZ;Lgr5DTR-GFP+/�mice dosed with a single injection of both TAM/DT and k

Muc2+ goblet cells (J), ChrgA+ enteroendocrine cells (K), and Lyz1+ Paneth cells

(M–O) Experimental strategy for in vitro enterocyte plasticity; organoids from A

crypts were seeded for 3 days, treated with 10 nmol/l 4OHT and 0.04 ng/ml DT, w

X-GAL staining only in the villus domain (black arrow) (N), whereas X-GAL staining

organoids (O).

See also Figure S4.

Ce
such as Alpi and Fabp1 (Figures 4C and 4D). However, the trans-

ciptomewasmarkedly different from enterocytes in homeostasis

because the two populations did not cluster together. In partic-

ular, cluster 4 enterocytes were additionally enriched for genes

such as Fth1 (Figure S6B), which is critical for protecting against

mucosal damage.

Dedifferentiating Alpi+ Cells Generate Proliferative
Cells and Paneth-like Cells
Analysis of cluster 3 (Figures 4B and 4C) showed an enrichment

of transcripts for ribosomal proteins (a measure of proliferation)

(Grün et al., 2015) (Figure 4D). This proliferative cluster 3 had

reduced expression of enterocyte specific gene transcripts,

and upregulation of intestinal stem cell specific genes Ascl2

(van der Flier et al., 2009a), Smoc2 (p = 0.004) and Cdca7 (p =

0.004) (Muñoz et al., 2012) (Figures 4D and S6C). Genes enriched

in cluster 3 (such as Eef1a1, Ptma, and Slc12a2 and Clca4;

Figure 4E) may represent novel genes that are involved in the

regenerative process, proliferation, or stem cell identity. Unex-

pectedly, cluster 2 was enriched for Paneth-cell-specific tran-

scripts such as Lyz1, Defa17, and Mmp7 (Figures 4D and

S6D). Of note, transcripts for non-Lgr5+ stem cells with regener-

ative capacity such as Dll1 and Bmi1 were not detected in Alpi+

cells in all clusters, although a few cells showed expression of

Hopx (Figure S6E). The exact identity of cluster 5, the smallest

population, was unclear although they were enriched for genes

such as Hsp90b1 and ApoE which mark recently identified rare

secretory cells that reside in the crypts (Grün et al., 2015), as

well as some enterocyte-specific genes. Nonetheless, this anal-

ysis shows that the dedifferentiation reported in this study stems

from bona fide enterocyte-lineage cells in intestinal crypts and

involves rapid generation of Paneth-like cells.

Apc/Kras Mutated Enterocytes Do Not Form Tumors
In Vivo
Recent studies have suggested that differentiated villus epithe-

lial cells can give rise to tumors upon b-catenin/Kras mutations

(Schwitalla et al., 2013) or overexpression of the BMP antagonist

Grem1 (Davis et al., 2015). However, it is unclear which specific

differentiated cells initiate the tumors because the mouse

models used (Xbp1Cre and VillinCreER) have ubiquitous Cre

expression in all non-Lgr5-expressing cells. We thus investi-

gated the tumor-initiating propensity of enterocytes upon Apc

and Kras mutations using the AlpiCreER mouse model.

In line with previous studies where deletion of floxed Apc in

non-stem cells does not lead to adenoma formation (Barker

et al., 2009; Westphalen et al., 2014), no adenomas were de-

tected inAlpiCreER+/+;Apcflox/floxmice 28 days after TAM injection
villus units after long term analysis (3 months) signifying self-renewal of Alpi+

ells at crypt bottom showing dedifferentiated Alpi+ enterocytes into stem cells.

asterix); Co-staining of X-GAL with secretory cell markers in AlpiCreER+/+;

illed 3months post-induction shows that dedifferentiated Alpi+ cells give rise to

(L).

lpiCreER+/+;R26RLacZ+/� (control); and AlpiCreER+/+;R26RLacZ+/�;Lgr5DTR-GFP+/�

ashed after 24 hr, and X-GAL-stained after 4 days. Control organoids showed

occurred in both villus and stem cell domains (red arrow) of stem cell depleted

ll Stem Cell 18, 203–213, February 4, 2016 ª2016 Elsevier Inc. 207



Figure 4. Single-Cell Analysis of Dedifferentiation of Alpi+ Cells

(A–C) Single cells from crypts from AlpiCreER+/�;RosatdTomato+/� mouse injected with TAM (control) and AlpiCreER+/�;RosatdTomato+/�;Lgr5DTR-GFP+/� injected with

DT/TAM (stem cell depleted) were analyzed by RACE ID (A) Distribution of cells isolated from control (red) or stem cell depleted (green) animal on a t-SNE map.

(B) Heatmap showing k-means clustering of Pearson correlation of transcriptomes of the cells analyzed. (C) Color-coded t-SNE plot displaying cell clusters

identified by RaceID.

(D) Distribution of marker gene expression depicted by color-coded t-SNE maps. Color bars on right indicate expression levels as log2 transformed normalized

counts. Alpi is restricted to clusters 1, 4, and 5, which are the putative enterocytes. Cluster 3 displays high ribosomal gene expression associated with prolif-

eration (upper left) and the stem cell marker Ascl2 (lower left). Cluster 2 expresses high levels of Paneth cell genes (upper right).

(E) Barplots showing some of the differentially expressed genes specific to the proliferative cluster 2.

See also Figure S5.
(Figures 5A and 5B). Oncogenic Kras synergistically enhances

Wnt hyperactivation upon Apc deletion and thus tumor progres-

sion in the intestine (Janssen et al., 2006). We generated
208 Cell Stem Cell 18, 203–213, February 4, 2016 ª2016 Elsevier Inc
AlpiCreER+/�;Apcflox/flox;KrasLSL G12D+/� mice to mutate both

Apc and Kras specifically in enterocytes. Surprisingly, combined

mutations of both Apc and Kras in enterocytes did not cause
.



Figure 5. Apc and Apc/Kras Mutations in

Enterocytes

(A and B) Nuclear b-catenin staining (A) and H/E

staining (B) of AlpiCreER+/+;Apcflox/flox mouse in-

jected with a single dose of tamoxifen and sacri-

ficed after 28 days showing no adenoma formation

or morphological aberrations in the proximal small

intestine.

(C–E) AlpiCreER+/+;Apcflox/flox;KrasLSL G12D+/� ani-

mals were injected with a single dose of 5 mg/ml

and killed at various times. No accumulation of

nuclear b-catenin at 2 days (C). No adenomaswere

observed at later time points: 14 days (D) and

28 days (E).
nuclear accumulation of b-catenin (Figure 5C) or yielded any ad-

enomas in vivo 2 weeks and 28 days after TAM injection (Figures

5D and 5E).

Apc/Kras-Mutated Enterocytes Form Tumor Organoids
In Vitro
We next investigated whether mutated enterocytes have the ca-

pacity to dedifferentiate ex vivo and exhibit cancer stem cell

properties. Crypts and villi were isolated from AlpiCreER+/+;

R26RLacZ+/�;Apcflox/flox and AlpiCreER;R26RLacZ+/�;Apcflox/flox;
KrasLSL G12D+/� compound mutants, 2 days after TAM injection

and cultured in organoid growth medium (ENR) (Figures S6A

and S6B). Isolated crypts from Apc-deleted enterocyte progen-

itors did not form spherical organoids (Figure 6C) characteristic

of hyperactive Wnt-triggered cells. However, a significant num-

ber of X-GAL+ spherical organoids could be observed in Apc/

Kras mutated crypts (Figures S6D and S6E). These tumor orga-

noids could be cultured for weeks independent of EGF, Noggin

and Rspondin1 required for normal organoids but dispensable

for Apc mutant/Kras mutant organoids (Drost et al., 2015) (Fig-

ures S6A–S6D and S6G). Additionally, Alpi+-derived tumor orga-

noids could be cultured in advanced DMEM/F12 media without

n-Acetylcysteine and B27 supplements (Figures S6E and S6F),

(essential antioxidant components for normal organoid culture).

Villi from both Apc-mutated (not shown) and Apc/Kras-mutated

mice failed to generate spheroid organoids regardless of

whether they were cultured aswhole villi or single villus cells (Fig-

ures 6F and 6G).

DISCUSSION

Combined with previous studies, our current observations un-

derscore the extent of plasticity of crypt progenitors. Previous

reports have demonstrated that cycling secretory progenitors

(van Es et al., 2012) as well as quiescent secretory precursors

(Buczacki et al., 2013) can revert to a multipotent state upon

loss of resident Lgr5+ stem cells. We now find that a population

that comprises the bulk of the crypt above the stem/Paneth cell

niche also displays similar plasticity. Due to the large number of
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absorptive progenitors and the higher

frequency of dedifferentiating events (as

compared to previous Dll1+ secretory

progenitors) it is likely that these cells

may constitute the committed progenitor
pool of first choice in intestinal regeneration induced dedifferen-

tiation. Dedifferentiation of enterocytes may also be affected by

the mode of injury. Although not probed in this study, it is likely

that the regenerative capacity of short-lived proliferative entero-

cytes may be inhibited by anti-proliferative damage such as irra-

diation and 5-fluorouracil treatment.

Single cell analysis of Alpi+ crypt cells expressing the

tdTomato reporter during homeostasis confirmed their identity

as enterocyte-lineage progenitors, enriched for various other en-

terocyte-specific transcripts. Upon injury to the stem-cell

compartment, Alpi+ progenitors downregulate enterocyte-spe-

cific genes, become more proliferative and upregulate Lgr5

stem-cell-specific genes.

Alpi+ enterocytes upregulate genes associated with regenera-

tion after injury such as Fth1. Production of H-ferretin (Fth1) by

enterocytes is required for accurate iron absorption that pre-

vents toxic iron overload and iron deficiency (Andrews, 2010; Va-

noaica et al., 2010). Induction of Fth1 has been linked to playing a

protective role upon acute kidney injury. High iron levels mediate

injury by promoting increased generation of reactive oxygen

species (Zarjou et al., 2013). A hallmark of cell ablation by DT

is apoptotic cell death (Buch et al., 2005; Metcalfe et al., 2013;

Tian et al., 2011), leading to the release of reactive oxygen spe-

cies (Circu and Aw, 2010). Expression of genes such as Fth1 by

enterocytes upon damage suggests that in addition to their

dedifferentiation function, they might be involved in mitigating

oxidative stress from apoptosis.

The unexpected occurrence of Paneth-like cells during regen-

eration could imply rapid specification of Paneth cells from de

novo stem cells derived from dedifferentiating Alpi+ cells to sup-

port the regenerative process. Additionally, it is tempting to

speculate that during regeneration, Alpi+ enterocytes intestinal

crypts can transdifferentiate into Paneth cells or rare secretory

cells (cluster 5) (Grün et al., 2015). Further studies are needed

to test these hypotheses.

The classical view of an adult stem-cell hierarchy such as

defined for hematopoietic stem cells appears not to apply to

the crypt. Rather, crypts are populated by multiple committed

progenitors that can revert to a stem-cell phenotype when
, February 4, 2016 ª2016 Elsevier Inc. 209



Figure 6. Alpi+ Crypt Cells FormTumorOrga-

noids In Vitro

(A–D) Scheme to mutate and isolate Alpi+ cells for

in vitro organoid assay. AlpiCreER+/+;R26RLacZ+/�;
Apcflox/flox and AlpiCreER+/+;R26RLacZ+/�;Apcflox/flox;
KrasLSL G12D+/�mice were injected with a single

dose of tamoxifen and killed after 2 days for crypt

and villi isolation. Controls were wild-type mice

(AlpiCreER�/�) injected with TAM (B). AlpiCreER+/+;

R26RLacZ+/�;Apcflox/flox crypts formed normal orga-

noids (C) comparable to wild-type organoids,

whereas AlpiCreER+/+;R26RLacZ+/�;Apcflox/flox;
KrasLSL G12D+/� crypts formed spheroid tumor or-

ganoids that were X-GAL+ (D), indicative of their en-

terocyte origin. Scale bar in (B)–(D) represents 20mm.

(E) Spheroid organoid forming efficiency of mutated

Alpi+ crypt cells; 50% of AlpiCreER+/+;R26RLacZ+/�;
Apcflox/flox;KrasLSL G12D+/� (Alpi/Apc/Kras) crypts

formed spherical organoids characteristic of tumor

organoids after first passage whereas wild-type and

AlpiCreER+/+;R26RLacZ+/�;Apcflox/flox (Alpi/Apc) crypts
did not form spheroid organoids. Error bars

represent ±SD.

(F and G) Isolated villi from AlpiCreER+/+;R26RLacZ+/�;
Apcflox/flox;KrasLSL G12D+/� were isolated and

embedded into Matrigel whole (F) or single cells (G),

but failed to grow into spherical tumor organoids.

Scale bar represents 1,000 mm.

See also Figure S6.
exposed to the niche at the crypt bottom. Similar mechanisms of

daughter cell plasticity is emerging in other epithelial systems,

i.e., the dedifferentiation of committed mature airway cells in

the lung (Tata et al., 2013), and of Troy+ chief cells in the gastric

corpus (Stange et al., 2013). A plausible explanation for the

observed enterocyte plasticity could rest in a permissive epige-

netic state in enterocyte precursors. Recent studies on DNA

methylation and histone marks in intestinal crypt/villus cells re-

vealed the virtual absence of differences between Lgr5+ stem

cells and committed enterocytes precursors (Kim et al., 2014;

Kaaij et al., 2013), in striking contrast to the situation in the he-

matopoietic stem cell hierarchy (Hogart et al., 2012; Hodges

et al., 2011; Ji et al., 2010), implying that the chromatin in enter-

ocytes is permissive for rapid reprogramming into Lgr5+ stem

cells during regeneration.

Deletion of Apc triggers hyperactive Wnt signaling that trans-

forms Lgr5+ stem cells (but not non-stem cells in crypts and villi)

into tumor initiating cells (Barker et al., 2009). Loss of Apc in

combination with depletion of Lgr5+ stem cells causes crypt hy-

perplasia presumably from crypt cells within the Lgr5- population

(Metcalfe et al., 2013). Furthermore, recent studies have sug-

gested b-catenin/Kras mutations (Schwitalla et al., 2013) and

Grem1 overexpression in non-Lgr5-expressing cells (Davis

et al., 2015) can lead to tumor formation although the exact iden-

tity of the tumor-initiating cells was not probed in these studies.

In contrast to these studies, we did not observe tumors in vivo

from Apc or Apc/Kras-mutated enterocyte progenitors. That

Apc-mutated enterocyte progenitors failed to generate tumor or-

ganoids ex vivo suggests the differentiation state or the short-

lived nature of enterocyte progenitors suppresses tumorigenic

transformation upon deletion of Apc.

Alpi+ Apc/Kras-mutated crypt cells did form spherical ‘‘tumor

organoids’’ in ex vivo 3DMatrigel cultures without growth factors
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that are normally required for stem cell maintenance, in agree-

ment with previous studies (Drost et al., 2015; Matano et al.,

2015). In vivo, the short residence time of enterocyte progenitors

in the crypts might prevent combined Apc/Kras mutations from

being fixed in the crypts to cause cancer. This supports the

notion that the architecture of the small intestine crypt/villus

domain suppresses the fixation of tumorigenic Alpi+ cells (Ver-

meulen et al., 2013). Ex vivo, the architectural and time restraints

on mutated Alpi+ cells are removed, allowing time and unlimited

access to niche factors that support tumorigenic transformation.

Thus, the short-lifespan of enterocyte progenitors and their rapid

migration rate out of crypts might play a protective role against

tumorigenesis. Indeed, cancers are very rare in the proximal

small intestine (Goldner and Stabile, 2014).

In contrast to reported tumorigenesis from villus enterocytes

upon b-catenin/Kras mutations using the Xbp1CreER reporter,

and Grem1 overexpression using the VillinCreER reporter, we

did not observe tumors from villus enterocytes with our AlpiCreER

reporter upon Apc/Kras mutations. Because Xbp1 and Villin

expression are not exclusive to enterocytes, it is likely that tu-

mors in these models did not originate from enterocytes.

Taken together, our data demonstrate that short-lived Alpi+

enterocyte progenitor cells can dedifferentiate and act as

reserve stem cells to replenish loss of Lgr5+ stem cells, to play

a protective role upon injury. Thus, ‘‘stemness’’ does not appear

to be an intrinsic, ‘‘hard-wired’’ property of rare stem cells

(Clevers, 2015), but can be imposed on multiple different pro-

genitors by the stem cell niche.
EXPERIMENTAL PROCEDURES

All animal procedures and experiments were performed in accordance with

national animal welfare laws under a project license obtained from the Dutch
.



Government, and were reviewed by the Animal Ethics Committee of the Royal

Netherlands Academy of Arts and Sciences (KNAW).

Generation of Mice and Mouse Experiments

Lgr5DTR-GFP mice have been previously described (Tian et al., 2011).

Knockin construct for generation of AlpiCreER mice was assembled accord-

ing to the diagram in Figure S2A. Oligonucleotides used for targeting arms are

given in Tables S1A and S1B. One hundred micrograms of the targeting

construct was linearized and transfected (800V; 3F) into embryonic stem

(ES) cells derived from 129/Ola-derived IB10 strain. Recombined ES clones

expressing the neomycin gene were selected in G418 (200 g/ml) supple-

mented medium.

Southern blot analysis (Figure S2B) with a probe upstream of the targeted

region confirmed precise homologous recombination in approximately five

of 100 ES clones. Southern blot probe oligonucleotides are given in

Table S1C.

Two independent positive clones were injected into C57BL/6 blastocysts

according to standard procedures. The neomycin selection cassette

flanked by FRT sites was excised in vivo by crossing the mice with FLP1

mice.

Heterozygous and homozygous mice (Figure S2C) were retrieved at the ex-

pected Mendelian ratios at birth, and adult transgenic animals showed no

discernible abnormality, with comparable lifespan and fertility compared to

wild-type littermates. Genotyping primers are provided in Table S1D.

R26RLacZ (Soriano, 1999) and RosatdTomato (Madisen et al., 2010) Cre re-

porter mice were obtained from the Jackson Laboratory. Eight- to 14-week-

old mice were injected intraperitoneally with 5 mg/kg of TAM and 50 mg/kg DT.

AlpiCreER+/+;R26RLacZ+/�mice were bred with Apcflox/flox and KrasLSL G12D+/�

mice to generate AlpiCreER+/+;R26RLacZ Apcflox/flox;KrasLSL G12D+/� mice or

AlpiCreER+/+;R26RLacZ;Apcflox/flox mice. Six- to 14-week-old mice were used

for all experiments. A single dose of 5 mg/ml TAM was injected intraperitone-

ally to activate Cre-mediated mutation of Apc and/or Kras in Alpi+ cells. A total

of five mice were injected for each experimental group. As controls, we used

AlpiCreER mice given similar doses of TAM.

X-gal Staining

Proximal intestines isolated frommicewere fixed for 2 hr on icewith fix solution

(1% paraformaldehyde [PFA], 0.2% glutaraldehyde, and 0.02% NP40 in

PBSO), and washed twice for 15 min in PBSO. This was followed by overnight

staining in the dark with 1 mg/ml X-gal in PBSO solution containing 5 mmol/l

potassium-hexacynoferrate III, 5 mmol/l potassium-hexacynoferrate (IV) trihy-

drate, 2 mmol/l magnesium chloride, 0.02% NP40, and 0.1% sodium deoxy-

cholate. Subsequently, tissues were washed twice in PBSO and whole-mount

analyzed for X-GAL positivity followed by overnight fixation in 4% PFA, and

paraffin embedding using standard procedures. Four to 8 mm tissue sections

were counterstained with neutral red. Three mice per each experimental group

were used for analysis.

Immunohistochemistry

Mice tissues were fixed in 4% PFA overnight, paraffin embedded, and

sectioned at 4–10 mm. Immunohistochemistry was carried out as previously

described (Barker et al., 2007) using the following antibodies for immunostain-

ing: rabbit anti-ChrgA (1:500, Santa Cruz, sc-1488;), anti-estrogen receptor

(ER, 1:500, Abcam, ab27595) anti-b-catenin (1:100; Transduction Lab, Product

number 610154), and anti-Lysozyme1 (Dako, 1:1,500, A009902).

Briefly, tissues on paraffin sections were dewaxed in xylene for 5 min, hy-

drated in ethanol (23 1 min in 100% ethanol, 23 1 min in 96% ethanol, 23

1 min in 70% ethanol), and rinsed three times with demi water. Endogenous

peroxidase was blocked by submerging sections in buffer containing citric

acid and disodium-hydrogen phosphate-2-hydrate for 15 min followed by

rinsing with demi water. This was followed by antigen retrieval using TRIS-

EDTA (pH 9.0) or citrate, according to the antibody manufacturer’s instruc-

tions. Sections were then blocked with 0.05% BSA/PBS solution for

30 min, followed by antibody staining at concentrations indicated above,

2 hr at room temperature or 4�C overnight. In all cases, reagent from the

Envision+ kit (Dako) was used as a secondary reagent. Stainings were then

developed with DAB. Slides were counterstained with hematoxylin and

mounted.
Ce
In Situ Hybridization

In situ hybridization probe targetingAlpiwas generated by PCR fromwhole-in-

testine cDNA using the oligonucleotides given in Table S1E, with the antisense

primer tethered to T3 promoter sequence. Tissue preparation and hybridiza-

tion procedures were as previously described (van der Flier et al., 2009b).

Briefly, paraffin tissue sections on glass slides were first dewaxed in xylene

for 15 minutes, then in ethanol series (100%, 75%, 50%, 25%, 5 min in

each), and rinsed in DEPC-treated water for 10 min. Slides were then treated

with 0.2N HCl for 15min, rinsed, and incubated with 30 mg/ml Proteinase K in

PBS for 20 min at 37�C. Slides were then rinsed with 0.2% glycine/PBS, PBS,

post-fixed with 4% PFA for 10 min, and rinsed. Thereafter, slides were incu-

bated with acetic anhydride solution (50 ml deionized water, 300 ml acetic an-

hydride, 670 ml triethanolamine, and 200 ml concentrated HCl), for 5 min, then

washedwith PBS and 5XSSC. Slides were then pre-hybridized for 2 hr at 70�C,
followed by incubation with Dixogenin-labeled probe in hybridization buffer

overnight. Thereafter, slides were washed with 2XSSC solution and washed

three times for 20min at 62�C in 2XSSC/50% formamide solution. This was fol-

lowed by washing in tris buffered saline containing 0.1% Tween detergent

(TBST), and blocking with 0.5% blocking powder in TBST, for 30 min. There-

after, slides were incubated with sheep anti-digoxigenin Fab (Roche) 1:2,000

in blocking solution overnight at 4�C. Slides were washed in NTM buffer (1M

Tris [pH 9.5], 0.05M MgCl2, 0.1M NaCl) followed by incubation with NBT/

BCIP overnight for colorimetric development of alkaline phosphatase activity.

Slides were then washed, fixed, and mounted.

Microarray Data Analysis

Microarray analysis was performed with data uploaded on the R2: microarray

analysis and visualization platform (http://r2.amc.nl) (R2 internal identifier:

ps_wetering_coloexp24_htmg430pm).

Single-Molecule FISH

Probe library for Alpi were designed and constructed as previously described.

Library consisted of 48 probes of length 20 base pairs, complementary to the

coding sequence of Alpi. Lgr5-Cy5 probe was a kind gift from Anna van Oude-

naarden. Tissue processing and hybridization procedures were according to

protocol described in (Lyubimova et al., 2013). Briefly, hybridizations were car-

ried out overnight with Lgr5 labeled Cy5 probe and Alexa 594 labeled Alpi

probe. DAPI dye was added to washing buffer followed by counterstaining

with Phalloidin. Images were taken with a Leica MM-AF fluorescence micro-

scope equipped with a 1003 oil-immersion objective and a Princeton Instru-

ments camera using Metamorph software (Molecular Devices). Image-plane

pixel dimensions were 0.13 mm. Quantification of transcripts in ten crypts,

was carried out on 20 stacks with a Z spacing of 0.3 mm. Image processing

was done with ImageJ software, using the variance filter and background sub-

traction filter for image enhancement.

Single-Cell Sequencing

AlpiCreER+/�;RosatdTomato+/� injected with TAM and AlpiCreER+/�;Lgr5DT-GFP+/�;
RosatdTomato+/� mice injected with TAM/DT were killed after 24 hours. There-

after, crypts were isolated and dissociated into single cells followed by

FACS (FACS AriaII cell sorter, BD Bioscience) of tdTomato+ cells into 96-

well plates containing 100 ml Trizol (Life Technologies). Total RNA extraction

and generation of single-cell RNA expression libraries were performed as

described by (Grün et al., 2015 and references therein). A total of 192 cells

were sequenced on an Illumina HighSeq 2500 instrument for each group, using

50 base-pair paired end sequencing. K-means clustering was used to delin-

eate clusters of tdTomato+ cells in homeostasis and regeneration.

Confocal Microscopy

Horizontal whole mounts of intestinal tissues from AlpiCreER+/�;RosatdTomato+/�

micewere prepared using a previously described protocol (Driskell et al., 2012,

2013). Briefly, intestinal tissues were fixed for 15 min in 4% PFA, washed in

PBS, and then embedded in cryomold. Sections were cut in a cryostat at a

thickness of 80 mm and placed in room temperature PBS using forceps, to

wash away the OCT. Tissue sections were then mounted on glass slides

with a small volume of 100% glycerol and analyzed by confocal microscopy.

Microscopy was performed using a Leica SP8 confocal microscope and im-

ages were analyzed in Adobe Photoshop CS5.
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Organoid Culture

Mouse organoids were established and maintained from isolated crypts of the

proximal small intestine as previously described (Sato et al., 2009). Briefly, in-

testines were cut open along the length. Villi were removed by scraping with a

sterile microscope glass slide and separated into two parts. Whole villi were

washed in cold PBS (without Ca/Mg) and seeded in Matrigel with either orga-

noid medium (ENR) or Wnt supplemented organoid medium (WENR).

For making single cells from villi, scraped villi were transferred to 30ml of ice

cold PBS + 5mM EDTA in a falcon tube and incubated for 30 min at 4�C with

rolling. Tube was then centrifuged at 650 rpm for 5 min and the supernatant

carefully removed. Villi were then resuspended in 1ml SMEMcalcium-freeme-

dium (GIBCO 11380) and mixed with 1 ml of SMEM with 1 mg/ml Trypsin

(Sigma T1426) followed by mixing by pipetting. DNase (final concentration of

1u/ul) was then added to the villi suspension and incubated 10 min at 37�C
with intermittent shaking and checking under a microscope for single cells.

Suspension was then centrifuged for 5 min at 650 rpm, supernatant discarded,

and seeded in Matrigel and subsequently cultured with either ENR or WENR

media. Rho kinase inhibitor was added to the culture media in all cases.

To detect b-galactosidase expression ex vivo, organoids from AlpiCreER+/+;

RosaLacZ+/�and AlpiCreER+/+;RosaLacZ+/�;Lgr5DTR-GFP+/� crypts seeded for

3 days were treated with 4-hydroxytamoxifen (4-OHT; Sigma; 10 nmol/l), or

4-OHT/0.04 ng/ml DT, respectively. After 24 hr, media was replaced by normal

organoid culture media for 3 days followed by X-GAL staining (as described

above for whole intestines), with organoids still in Matrigel.
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