J c I The Journal of Clinical Investigation

Long-lived intestinal tuft cells serve as colon cancer—initiating
cells

C. Benedikt Westphalen, ... , Michael Quante, Timothy C. Wang

J Clin Invest. 2014;124(3):1283-1295. https://doi.org/10.1172/JCI73434.

BEELE(L WGl Oncology

Doublecortin-like kinase 1 protein (DCLK1) is a gastrointestinal tuft cell marker that has been proposed to identify

quiescent and tumor growth—sustaining stem cells. DCLK1™ tuft cells are increased in inflammation-induced
carcinogenesis; however, the role of these cells within the gastrointestinal epithelium and their potential as cancer-
initiating cells are poorly understood. Here, using a BAC-CreERT—dependent genetic lineage—tracing strategy, we

determined that a subpopulation of DCLK1* cells is extremely long lived and possesses rare stem cell abilities. Moreover,
genetic ablation of Dclk1 revealed that DCLK1* tuft cells contribute to recovery following intestinal and colonic injury.

Surprisingly, conditional knockdown of the Wnt regulator APC in DCLK1* cells was not sufficient to drive colonic
carcinogenesis under normal conditions; however, dextran sodium sulfate—induced (DSS-induced) colitis promoted the

development of poorly differentiated colonic adenocarcinoma in mice lacking APC in DCLK1* cells. Importantly, colonic
tumor formation occurred even when colitis onset was delayed for up to 3 months after induced APC loss in DCLK1*
cells. Thus, our data define an intestinal DCLK1™ tuft cell population that is long lived, quiescent, and important for

intestinal homeostasis and regeneration. Long-lived DCLK1* cells maintain quiescence even following oncogenic
mutation, but are activated by tissue injury and can serve to initiate colon cancer.

Find the latest version:

https://jci.me/73434/pdf



http://www.jci.org
http://www.jci.org/124/3?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI73434
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
http://www.jci.org/tags/33?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/73434/pdf
https://jci.me/73434/pdf?utm_content=qrcode

Research article

Long-lived intestinal tuft cells serve as
colon cancer—initiating cells

C. Benedikt Westphalen,! Samuel Asfaha,! Yoku Hayakawa,' Yoshihiro Takemoto,! Dana J. Lukin,’
Andreas H. Nuber,2 Anna Brandtner,2 Wanda Setlik,2 Helen Remotti,2 Ashlesha Muley,!
Xiaowei Chen,! Randal May,4 Courtney W. Houchen,* James G. Fox,5 Michael D. Gershon,3
Michael Quante,? and Timothy C. Wang'é

"Department of Digestive and Liver Diseases, Columbia University Medical Center, New York, New York, USA. 2Klinikum rechts der Isar, Il. Medizinische Klinik,

Technische Universitdt Miinchen, Munich, Germany. 3Department of Pathology and Cell Biology, Columbia University Medical Center, New York,
New York, USA. “Department of Digestive Diseases and Nutrition, University of Oklahoma, Oklahoma City, Oklahoma, USA. ®Klinikum rechts der Isar,
II. Medizinische Klinik, Technische Universitat Minchen, Munich, Germany. ®Division of Comparative Medicine, Massachusetts Institute of Technology,
Cambridge, Massachusetts, USA. 8Herbert Irving Comprehensive Cancer Center, Columbia University Medical Center, New York, New York, USA.

Doublecortin-like kinase 1 protein (DCLK1) is a gastrointestinal tuft cell marker that has been proposed to
identify quiescent and tumor growth-sustaining stem cells. DCLK1" tuft cells are increased in inflamma-
tion-induced carcinogenesis; however, the role of these cells within the gastrointestinal epithelium and their
potential as cancer-initiating cells are poorly understood. Here, using a BAC-CreERT-dependent genetic lin-
eage—tracing strategy, we determined that a subpopulation of DCLK1* cells is extremely long lived and pos-
sesses rare stem cell abilities. Moreover, genetic ablation of Dclk1 revealed that DCLK1" tuft cells contribute
to recovery following intestinal and colonic injury. Surprisingly, conditional knockdown of the Wnt regulator
APC in DCLK1* cells was not sufficient to drive colonic carcinogenesis under normal conditions; however,
dextran sodium sulfate-induced (DSS-induced) colitis promoted the development of poorly differentiated
colonic adenocarcinoma in mice lacking APC in DCLK1" cells. Importantly, colonic tumor formation occurred
even when colitis onset was delayed for up to 3 months after induced APC loss in DCLK1* cells. Thus, our data
define an intestinal DCLK1" tuft cell population that is long lived, quiescent, and important for intestinal
homeostasis and regeneration. Long-lived DCLK1* cells maintain quiescence even following oncogenic muta-

tion, but are activated by tissue injury and can serve to initiate colon cancer.

Introduction
Colorectal cancer arises as a result of a series of genetic changes
that include activating mutations in oncogenes and inactivating
mutations in tumor suppressor genes. The most common initial
genetic event involves inactivation in the APC tumor suppressor
gene, which leads to stabilization and nuclear translocation of
[-catenin (1). For many years, this initiating event was thought to
occur primarily, if not exclusively, in crypt stem cells in the colon.
Indeed, activation of B-catenin in rapidly dividing crypt base
columnar (CBC) cells has been shown to lead to intestinal neopla-
sia, while villous cells appear largely resistant to APC deletion (2).
However, more recent studies have suggested that intestinal
tumors commonly arise from cellular compartments outside of
CBC cells. First, many early adenomatous polyps are detected at the
top of colonic glands without a clear connection to the stem cell
region in the crypts, suggesting a “top-down model” for adenoma
formation (3, 4). Second, recent genetic studies have revealed that
the combination of B-catenin activation and NF-kB signaling can
convert LGRS- cells into LGRS* stem cells that give rise to intesti-
nal neoplasms (5). This model of dedifferentiation or interconver-
sion of postmitotic cells outside the stem cell compartment of the
crypt into cancer-initiating cells is appealing. However, the study by
Schwitalla et al. (5) did not answer the question as to whether all
LGRS~ cells, or only a subpopulation of these cells, are capable of
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such interconversion. In addition, the genetic models used required
two simultaneous hits to produce this phenotype. For such a model
to produce cancer-initiating cells in vivo, the cell in question would
have to be very long lived, which is problematic, given that it is well
established that most intestinal and colonic epithelial cells outside
of the crypts turn over within 4 to 5 days (6), except for Paneth (7, 8)
and enteroendocrine (9) cells, which can persist for up to 2 months.

The four well-studied intestinal cell types including goblet
cells, Paneth cells, enterocytes, and enteroendocrine cells, have
all been shown to be derived from actively cycling LGR5* stem
cells located in the crypt base (10). More recently, a fifth epithelial
cell type, known as the tuft cell, has been recognized and shown
to be LGRS derived (11). This rare cell type, originally described
in the rodent trachea (12) and stomach (13) more than 60 years
ago, was subsequently found throughout the entire digestive and
respiratory tracts (14). Tuft cells have been implicated in chemo-
reception (14-18) and express proteins of the eicosanoid pathway
such as cyclo-oxygenase-1 and cyclo-oxygenase-2 (19). Recently,
tuft cells have been shown to express the protein doublecortin-
like kinase 1 protein (DCLK1, previously referred to as KIAA0369
or DCAMKLL1), which encodes a microtubule-associated protein
with a C-terminal serine-threonine kinase domain (20, 21). Jay and
coworkers further classified DCLK1* tuft cells as postmitotic and
reported their dependence on the expression of the transcription
factor ATOH1/MATHI1, suggesting that tuft cells constitute a
novel secretory lineage in the intestinal epithelium (11).

In addition to labeling intestinal tuft cells and embryonic neuronal
stem cells (22), DCLK1 has also been proposed to be a marker of qui-
escent intestinal stem cells (23-25). This assumption was based on
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the expression of DCLKI1 in rare *4-positioned cells within intesti-
nal crypts. Upon isolation, intestinal DCLK1" cells formed primitive
epithelial spheres (24). Moreover, DCLK1"* tuft cells are substantially
increased in a number of models of inflammation-induced carcino-
genesis, arguing for a possible role in malignant transformation
(26-28). Recently, Nakanishi and colleagues described the genera-
tion of a Dclk1-CreERT? knockin mouse that allowed formal lineage
tracing. The authors reported that DCLK1* cells were short lived
and rarely functioned as intestinal stem cells under physiologic and
pathologic conditions, but functioned as cancer stem cells in estab-
lished tumors of ApcM/* mice (29). Nevertheless, the role of DCLK1*
tuft cells and their contribution to the origin of cancer has not been
studied using genetic fate-mapping methods.

Thus, to further study the DCLK1 lineage in homeostasis, regen-
eration, and carcinogenesis, we generated Dclk1-CreERT BAC trans-
genic mice that, in contrast to the previously reported Dclk1-CreERT?
knockin mouse (29), contained two intact endogenous Dclk1 loci.
Here, we report that our DclkI-CreERT BAC transgenic mouse
faithfully labels intestinal tuft cells and identifies a small subset of
DCLKI" cells that is exceptionally long lived and quiescent. These
cells require neuronal input for survival and are involved in the epi-
thelial response to injury. More importantly, DCLK1* cells remain
quiescent and long lived, even upon loss of APC, but become power-
ful cancer-initiating cells in the setting of inflammatory insult.

Results

DCLK1 marks long-lived quiescent epithelial tuft cells. To study DCLK1*
tuft cells in intestinal homeostasis and carcinogenesis, we estab-
lished a genetic fate-mapping system to label DCLK1-expressing
cells. Dclk1-BAC-Cre and Dclk1-BAC-CreERT transgenic mice were
generated by pronuclear injection of the BAC clone RP23-283D6
that contained an approximately 50-kb 5’ sequence of the Dclkl
gene-coding region plus a CreTM-FrtNeoFrt cassette, inserted by
homologous recombination directly upstream of the ATG in exon
2 of the Dclk1-coding region (Supplemental Figure 1A; supple-
mental material available online with this article; doi:10.1172/
JCI173434DS1). Dclk1-BAC-Cre and Dclk1-BAC-CreERT transgenic
mice were then crossed with various reporter mice (Supplemental
Table 2) to perform genetic lineage-tracing experiments (30) in
homeostasis, inflammation, and cancer.

Twenty-four hours after tamoxifen administration, in four sepa-
rate founders crossed with R26-LacZ or R26-TGFP reporter mice,
recombination was evident in rare (0.5%-1.5% of all epithelial cells)
cells (Supplemental Figure 1C) throughout the gastric, intestinal,
and colonic mucosa (Figure 1A and Supplemental Figure 1B). The
cells positive for the LacZ or GFP reporter were confirmed to be
epithelial tuft cells by their morphology and expression of DCLK1*
protein as detected by DCLK1 immunofluorescence (Figure 1, A
and B). To further characterize the labeled cells and validate the
Cre expression pattern of our DclkI-BAC-Cre and Dclk1-BAC-
CreERT transgenic mice, we performed immunohistochemistry
(IHC) for other tuft cell markers previously reported in the liter-
ature (19). DCLKI1 protein expression colocalized with DCLK1
Cre expression approximately 95%-98% of the time, while a-gust-
ducin and acetylated tubulin labeled the vast majority of the
Dclk1-CreTM-expressing cells in the stomach, intestine, and colon
2 months after tamoxifen induction (Supplemental Table 1 and
Supplemental Figure 2, A-C). We did not observe recombination
without administration of tamoxifen in mice of both sexes up to
12 months of age (Supplemental Figure 1, C and D).
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Next, we performed lineage tracing in our Dclk1-BAC-CreERT
transgenic mice and found that the majority of DCLK1* cells
seen 24 hours after tamoxifen induction disappeared within 10
to 14 days, a finding largely in accordance with previous reports
(29). However, a small number (~5% of the cells initially labeled)
of long-lived single LacZ* DCLK1* cells were easily detectable at
later time points throughout the gastric, intestinal, and colonic
epithelium, surviving for up to 18 months following induction
with tamoxifen (Figure 1, C and D, and Supplemental Figure 1B).
Importantly, these long-lived cells uniformly expressed the intes-
tinal tuft cell-specific marker COX2 (Supplemental Figure 2D),
proving that they were indeed tuft cells (19, 31). To confirm that
our transgenic mice faithfully labeled COX2" epithelial tuft cells,
we performed COX2 staining on intestinal sections of DclkI-BAC-
CreERT x R26-tdTom mice and found that 91% of the DCLK1* cells
labeled in our mice stained positive for COX2 (Supplemental Fig-
ure 2, D and E).

To date, there remains controversy surrounding the lifespan of
tuft cells in the gastrointestinal epithelium. Several studies have
demonstrated that DCLK1"* cells only rarely take up BrdU after
short-term labeling (23, 27, 32), while others have suggested that
these cells cycle every 2 weeks (19, 29, 31). Using a Dclk1-CreERT
knockin mouse that results in heterozygous deficiency of endoge-
nous DCLK1, Nakanishi and colleagues reported a 2-week life
span for DCLK1"* cells (29). These results are in sharp contrast to
the population of long-lived DCLK1"* cells identified using our
BAC transgenic mice. We hypothesized that loss of one allele of
DCLKI1 changes the behavior of tuft cells. To test this hypothe-
sis, we took advantage of Dclk1**¢ mice, which were crossed with
Dclk1-BAC-CreERT x R26-TGFP mice. Eight weeks after induction
with tamoxifen, recombined cells were easily identifiable in con-
trol (DclkI-BAC-CreERT x R26-TGFP) mice, whereas heterozygous
loss of DCLKI led to a significant decrease in recombined cells
(Figure 1E), providing a possible explanation for the differences
between our results and previously published observations (29).
To further confirm the relative quiescence and longevity of
DCLK1" cells, we performed long-term (1-6 months) continuous
BrdU labeling experiments (Figure 1, F-H). In these studies, we
found that only approximately 40% of DCLK1" cells were posi-
tive for BrdU following 1 month of continuous labeling, despite
greater than 95% of the remaining epithelium being labeled at this
time point. This gradually increased to include the majority (>98%
of cells) of DCLK1* tuft cells over a period of 6 months of BrdU
labeling. These results are also in keeping with a recent report
(32) confirming that DCLK1* cells have very low proliferating cell
nuclear antigen (PCNA) and antigen Ki67 (Ki67) expression, indi-
cating relative quiescence.

DCLKI* cells are LGRS derived and supported by neuronal signals.
To examine the origin of DCLK1* cells in the epithelium, we per-
formed lineage tracing in LgrS-GFP-IRES-CreERT? x R26-tdTom
mice, which label the well-described LGRS* stem cells of the gut
(10). DCLK1 immunofluorescence revealed that the majority of
DCLK1" cells were indeed detected within the LGRS cell lineage
(Figure 2, A and B).

Tuft cells have previously been postulated to be part of the
secretory lineage (which also includes goblet, enteroendocrine,
and Paneth cells) of the intestinal epithelium (31). However, oth-
ers have reported the presence of DCLK1" cells in the setting of
ATOHI loss (33, 34). Thus, to assess the extent to which DCLK1*
tuft cells are a part of the ATOH1-dependent secretory lineage,
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Figure 1

DCLK1 labels long-lived epithelial tuft cells. (A) Representative LacZ staining of tuft cells in the gastrointestinal tract of Dclk1 R26LacZ mice 24 hours
after tamoxifen administration. (B) Representative immunofluorescence staining for DCLK1 (red) in Dclk1-CreGFP mice. (C) Representative LacZ
staining of tuft cells in the gastrointestinal tract of Dclk1 R26LacZ mice up to 18 months after tamoxifen administration. (D) Quantification of labeled
tuft cells in Dclk1 R26LacZ mice at different time points after tamoxifen treatment (n >5). (E) Quantification of DCLK1+ cells in Dclk1 R26-TGFP x
Dclk1x/WT mice compared with controls 8 weeks after tamoxifen administration (n = 3). ***P < 0.001. (F and G) Representative immunofluorescence
staining for DCLK1 (red) and BrdU (green) in the small intestine and colon. (H) Quantification of BrdU-labeled DCLK1+ tuft cells after 1, 3, and 6
months of continuous BrdU administration (n = 3). Scale bars: 10 um (B), 20 um (A and C), and 50 um (C, top two right panels; F and G).

we examined intestinal sections from LgrS-GFP-IRES-CreERT? mice 2, C and D). These data independently confirm previous reports
crossed with Atoh1/o/flox mice (35, 36). When compared with WT (33, 34) that not all DCLK1" tuft cells are part of the intestinal
control mice, LgrS-GFP-IRES-CreERT? x Atoh1/**/flo mice showed — secretory lineage, as previously suggested (19).

similar numbers of DCLK1" tuft cells within LGRS5-GFP* crypts, Since DCLK1" cells were derived from LGRS5" cells in vivo, we
even up to 2 to 3 months after tamoxifen administration (Figure ~wondered whether LGRS* stem cells were capable of generating
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Figure 2

DCLK1+ tuft cells are derived from LGR5 stem cells and require neural input for survival. (A and B) Representative immunofluorescence for DCLK1
(green) in Lgr5-CreERT-IRES-GFP R26tdTom mice. Scale bars: 50 um (A) and 20 um (B). (C) Representative immunofluorescence for DCLK1 (red) in
Lgr5-CreERT-IRES-GFP x Atoh™¥fx mice. Scale bar: 10 um. (D) Quantification of DCLK1+ tuft cells in GFP-positive crypts in Lgr5-CreERT-IRES-GFP
Atohfex/fex mice 2 months after administration of tamoxifen (n = 3). (E and F) Representative images of intestinal organoids derived from Dclk1 R26td-
Tom mice 24 hours (E) and 7 days (F) after isolation. Scale bars: 20 um (E) and 25 um (F). (G) Quantification of recombined cells in intestinal organoids
derived from Dclk1 R26tdTom mice (n = 3). (H) IHC for DCLK1 in paraffin-embedded intestinal organoids 14 days after isolation. Scale bar: 20 um. (1)
Reconstruction of cocultured colonic organoids (red) and primary neurons (green) imaged with 2-photon microscopy. (J and K) Colonic organoids derived
from Dclk1 R26tdTom mice cultured in the absence (J) and presence (K) of GFP-positive neurons after 7 days in culture. Scale bars: 50 um (I-K). (L)
Quantification of recombined cells in colonic organoids derived from Dclk1 R26tdTom in the absence and presence of neurons 14 days after isolation.
(M-P) Colonic organoids derived from Dclk1 R26-DTA mice cultured in the presence (N and P) and absence (M and O) of neurons. 4-OH-tamoxifen was
added to induce the expression of DTA in DCLK* cells (O and P). Scale bars: 100 um (M-P). (Q) Quantification of colonic organoids in the presence (+
Neurons) and absence of neurons and after DCLK1+ cell ablation (+ Tam). Results are shown as percentages and normalized to control (— Tam). (R) Size
of colonic organoids in the presence (+ Neurons) and absence of neurons and after DCLK1+ cell ablation (+ Tam) (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001.
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DCLKI1* cells in in vitro. To examine this question, we studied
gastrointestinal crypt 3D (organoid) cultures (37, 38) and were
surprised to observe a rapid and complete loss of the DCLK1*
lineage over time, with no DCLK1" cells detected by recombina-
tion or IHC after 1 week in culture (Figure 2, E-H). These results
suggested that nonepithelial signals might be critical for tuft
cell maintenance and longevity in organoid cultures. Given that
previous reports suggested an association between epithelial tuft
cells and neuronal structures (14, 18, 39), we hypothesized that
neuronal input might support tuft cell survival in colonic, intes-
tinal, and gastric organoid cultures. To test this hypothesis, we
established a coculture system of primary neurons isolated from
the spinal cord (40) and gastrointestinal organoids based on
the protocols published by Clevers and coworkers (refs. 38, 41,
42, and Figure 2I). Upon coculture of organoids isolated from
Dclk1-CreERT x R26-tdTom mice with primary neuronal cells, we
observed that loss of DCLK1" cells could be averted (Figure 2,
J-L, Supplemental Figure 3, A and B, Supplemental Figure 4,
A-E, and Supplemental Figure 5, A-F), suggesting that nerves
can prolong the survival of DCLK1" cells in vitro. Interestingly,
the loss of DCLK1* cells in vitro could also be prevented by the
addition of the cholinergic agonist pilocarpine instead of pri-
mary neurons. This suggests that nerves may contribute to the
maintenance of gastrointestinal tuft cells through cholinergic
signaling (Supplemental Figure 5, G-I).

To test whether functional innervation was associated with tuft
cell survival in vivo, we examined paired biopsies from intestinal
transplant patients (# = 2) and found that while the transplanted
graft (which was extrinsically denervated) lacked DCLK1* cells,
the endogenous intestine (which was normally innervated) had a
normal complement of DCLK1" cells (Supplemental Figure 3, A
and B). Similarly, in Ret7~ mice lacking a functional enteric ner-
vous system (refs. 43, 44, and Supplemental Figure 4C), embry-
onic intestinal tissues lacked intestinal COX2* tuft cells when
compared with those of control mice (Supplemental Figure 4,
D and E). In these studies, epithelial COX2 (11, 19) was used to
define intestinal tuft cells, since DCLK1 expression in the mouse
is not detected until after birth (11). These findings suggested that
DCLK1" cells are dependent on proper neural innervation of the
gut for their survival in vitro and in vivo.

Interestingly, the addition of nerves to in vitro cultures increased
both the number and size of the resulting colonic organoids (Fig-
ure 2, M, N, Q, and R and Supplemental Figure 3, C, D, and G).
To test whether this effect was at least partly mediated through
DCLKI1" tuft cells, we ablated DCLK1* cells in vitro using Cre-
mediated expression of the diphtheria toxin subunit A (DTA) (45).
Indeed, nerves failed to support organoid growth in the absence
of DCLKI1* tuft cells (Figure 2, O, P, Q, and R and Supplemental
Figure 3, E, F, and G), arguing that DCLK1" cells are involved in
the integration of neuronal signals into the epithelium.

DCLKI* cells are involved in intestinal homeostasis and response to
injury. To examine the role of DCLK1* cells in normal epithelial
homeostasis, we treated Dclk1-CreERT mice crossed with R26-iDTR
(46) mice, conditionally expressing the diphtheria toxin receptor,
with a single dose of tamoxifen followed by diphtheria toxin (100
ng i.p. x 3 doses). This regimen caused a loss of DCLK1" cells in
the colon and small intestine and led to a significant reduction in
epithelial Ki67* cells compared with nondiphtheria toxin-treated
controls (Figures 3, A-D), suggesting a role for DCLK1" cells under
homeostatic conditions.
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Surprisingly, the ablation of DCLK1* cells using R26-iDTR
mice was well tolerated, without clinical signs of gastrointestinal
pathology, although we did observe a significant reduction of
Ki67* cells. This is in line with our in vitro findings, in so far that
the presence of DCLK1" cells was not critical to form and maintain
gastrointestinal organoids (Figure 2, F, J, M, and R). Therefore, we
investigated whether DCLK1* cells were required in response to
intestinal and colonic injury. In these studies, DclkI-CreERT mice
were crossed with R26-DTA mice (47), in which Cre recombination
led to cell-specific expression of attenuated DTA. In these experi-
ments, Cre-negative littermates (n = 5) served as controls. Follow-
ing a single dose of tamoxifen, mice (n = 5) were either subjected to
whole-body irradiation (1 x 12 Gy) or 3% dextran sodium sulfate
(DSS) in the drinking water for 7 days. While all control Cre-nega-
tive animals survived for 7 days after irradiation or DSS treatment,
Dclk1-CreERT x R26-DTA mice did not recover from irradiation or
DSS injury and showed significant morbidity and mortality (Fig-
ure 3, E and I). Histological analysis of the small intestine of DclkI-
CreERT x R26 DTA (Dclk1 DTA) mice revealed impaired epithelial
regeneration and crypt dropout (Figure 3, G and H). In the colon
of Dclk1 R26-DTA mice, regeneration was greatly impaired, with
marked crypt injury characterized by a denuded mucosa, epithe-
lial cells showing scant cytoplasm, and occasional mucin vacuoles,
rare retained goblet cells, and abundant apoptotic cells (Figure
3K). Furthermore, we noted areas of complete crypt dropout (Fig-
ure 3L). In contrast, control mice showed almost complete regen-
eration 7 days after DSS treatment (Figure 3J). From these stud-
ies, we conclude that DCLK" cells are involved in the regulation
of normal epithelial homeostasis and are especially important in
response to epithelial injury.

DCLKI" cells can serve as colon cancer—initiating cells. DCLK1 has
previously been proposed to mark quiescent stem cells in the gut
(23, 24), although recent reports of lineage tracing have not sup-
ported this (29). To address this question, we examined hundreds
of histologic sections from the stomach, intestine, and colon of
Dclk1-CreERT x R26LacZ mice at different time points after tamox-
ifen treatment. In these experiments, we observed very rare lineage
tracing of entire crypt-villus units in the intestine as well as com-
plete glandular units in the stomach and colon (Figure 4, A and B).
Given how infrequently this occurred, we postulated that if DCLK1
indeed marked a quiescent stem cell, tracing events should become
more frequent after gastrointestinal injury. Surprisingly, we did not
detect an increase in the frequency of lineage-tracing events follow-
ing small intestinal radiation injury or DSS-induced colitis (data
not shown), arguing against a prominent role for DCLK1* tuft cells
as a physiologically important reserve stem cell. These results are
in keeping with the data published by Nakanishi and colleagues
(29). Nevertheless, culture of single colonic and intestinal DCLK1*
cells and colonic and intestinal organoids in Wnt3a-conditioned
medium (49) revealed the ability of DCLK1"* cells to give rise to and
lineage trace entire organoids in vitro (Figures 4, C-E), indicating
that in response to sufficient niche signals, DCLK1* cells are able to
overcome quiescence and become active progenitor cells.

To test the hypothesis that an increase in Wnt signaling activates
and transforms DCLK1" cells, we crossed our Dclk1-CreERT x R26-
LacZ mice with Apce¥/flox mice to conditionally knock out the Wnt
regulator APC. To our surprise, we detected neither increased lineage
tracing nor the formation of intestinal or colonic adenomas for up
to 18 months after induction of APC loss (Figure 4G). Importantly,
APC loss did not cause nuclear translocation of -catenin (Figure 4,
Volume 124 March 2014
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H&E-stained sections of the regenerating epithelium from control (F) and Dclk1 R26-DTA mice (G and H) 57 days after irradiation. (I) Overall
survival of Dclk1 R26-DTA (n = 5) and control mice (n = 5) after DSS treatment. (J-L) Representative H&E-stained sections from control (J) and
Dclk1 R26-DTA mice (K and L) 7 days after DSS treatment. *P < 0.05; **P < 0.01; ***P < 0.001. Scale bars: 20 um (C). Original magnification,

x100 (A, F-H, and J-L).

Hand I) in DCLK1" cells, a hallmark of pathological Wnt signaling
(48). Thus, DCLK1" tuft cells appeared to remain quiescent in the
face of acute injury and for extended periods of time, even in the
setting of loss of a key tumor suppressor gene.

Recently, it was proposed that intestinal organoid cultures simu-
late a state of injury or regeneration and promote regeneration from
otherwise quiescent intestinal cells (8). Given the Wnt-dependent,
robust lineage tracing of DCLK1" cells in organoid cultures and
the expansion of DCLK1* cells in various settings of gastrointesti-
nal injury and preneoplasia (Supplemental Figure 6), we decided to
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test the hypothesis that injury in the setting of APC loss overcomes
DCLK1" cell quiescence. Surprisingly, when DSS was administered
to DclkI-CreERT x Apcfle¥/flex mice 2 weeks after tamoxifen induc-
tion (Figure 4]J), we observed multiple colonic tumors in 100% of
the mice (n >5; Figure 4, K and L). In fact, colonic tumor formation
resulted in substantial mortality within 2 to 3 months of tamoxifen
administration in the majority of mice examined (data not shown).

DCLKI" cells give rise to poorly differentiated colorectal cancer.
Lineage-tracing studies of the colorectal tumors revealed that
DCLKT1" cells indeed gave rise to the malignant epithelium (Figure S,
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Figure 4

Quiescent DCLK1+ cells serve as colon cancer—initiating cells. (A) LacZ staining of Dclk1 R26LacZ mice showing traced crypts in the stomach,
small intestine, and colon. Scale bars: 50 um. (B) Quantification of traced crypts in Dclk1 R26LacZ mice. (C and D) Intestinal organoids derived
from Dclk1 R26tdTom mice in the presence of Wnt3a at baseline (C) and after 2 weeks (D) in culture. Scale bars: 50 um (C) and 25 um (D). (E)
DCLK1+ cells from the small intestine (upper panels) and colon (lower panels) of Dclk1 R26tdTom mice were sorted based on red fluorescent
protein (RFP) expression (see also Supplemental Figure 1) and cultured in vitro for 7 days in the presence and absence of Wnt3a. Original mag-
nification, x100. (F) Quantification of organoid formation in the presence and absence of Wnt3a (n = 3). (G) LacZ staining of the colon of a Dclk1
R26LacZ Apcfexfex mouse 14 months after tamoxifen treatment. Scale bar: 25 um. (H and I) IHC for $-gal (green) and p-catenin (red) in Dclk1
R26LacZ Apcfexfox mice after tamoxifen treatment. (1) Representative image of a single recombined DCLK1+ cell without nuclear translocation of
-catenin. Scale bars: 20 um (H) and 10 um (1). (J) Experimental setup for DSS treatment in Dclk1 R26LacZ Apcfex'fox mice. (K) Gross pathology
of resulting tumors in Dclk1 R26LacZ Apcfex/fex mice. Scale bar: 0.5 inches. (L) Quantification of tumor incidence in Dclk1 R26LacZ Apcex/fiox
mice after treatment with tamoxifen, DSS only, and tamoxifen plus DSS (n =5 mice/group).
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Figure 5

DCLK1+ cells give rise to poorly differentiated colorectal cancer. (A) H&E staining of a colonic tumor in a Dclk1 Apcfex/fex mouse after DSS treatment.
(B) LacZ staining of the tumor depicted in A. Original magnification, x40 (A and B). (C) Experimental setup for delayed DSS treatment studies. (D)
Macroscopic appearance of resulting tumors after delayed administration of DSS. (E) H&E staining of resulting tumors in a Dclk1 Apcfex/fex mice.
Scale bar: 50 um. (F) IHC for Ki67 of the same tumor showing elevated numbers of Ki67+ cells. Scale bar: 100 um. (G) IHC for 3-catenin in an unaf-
fected area of the colon. 3-Catenin shows membrane association. Scale bar: 50 um. (H) IHC for -catenin in a resulting tumor showing strong cyto-
plasmic and nuclear staining. Scale bar: 50 um. () IHC for pancytokeratin showing the complex architecture of the tumor. (J) IHC for pancytokeratin
showing a malignant gland invading the surrounding stroma. Arrow shows budding tumor cells. Scale bar: 25 um. (K) IHC for p53. Arrows show scat-
tered cells with nuclear p53 staining. Scale bar: 50 um. (L) IHC for DCLK1. Rare DCLK1+ cells (arrows) can be found in the tumor. Scale bar: 25 um.
(M) Proposed model for the role of DCLK1+ tuft cells in homeostasis and injury and as cancer-initiating cells. (N) In vitro lineage-tracing events in the
presence of recombinant Wnt3a (red bar), macrophage-conditioned media supplemented with Wnt3a (blue bar), and medium supplemented with
recombinant Wnt3a and IL-1f (yellow bar).

A and B). Thus, given the longevity of a subset of DCLK1"* cells (Fig-  5C). Again, one hundred percent (100%) of the mice (# = 3) developed
ure 1), we tested whether these long-lived cells were equally effective  frank carcinoma of the colon (Figure 5D). To further characterize
in cancer initiation. Therefore, we extended the time between admin-  the resulting tumors, pathological examination of these tumors
istration of tamoxifen and DSS challenge for up to 3 months (Figure  and comparison with other APC-driven models of murine colonic
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Table 1
Pathological examination of murine models of colonic neoplasia
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Mouse model Colonic polyp histology Size/number Background colonic histology
ApcMin/+ Early proliferative polyps. Negative for dysplasia. (<1 mm) Normal colon
Rare polyps
Lgr5-CreERT Apcfioxfiox Early adenomas with low-grade dysplasia. (<1 mm) Multifocal dysplasia
Numerous (aberrant dysplastic crypt foci)

Dclk1-CreERT Apcfiox/fiox
plus DSS

neoplasia (Supplemental Figure 7 and Table 1) were performed by
a board-certified gastrointestinal pathologist (H. Remotti). We clas-
sified Dclk1-CreERT x Apc/o/flex tumors as invasive carcinomas with
complex growth patterns, a prominent desmoplastic reaction, and a
high number of Ki67* cells (Figure 5, E and F, Supplemental Figure
7,and Table 1). Furthermore, we observed strong cytoplasmic and
nuclear B-catenin (Figure SH) staining when compared with unaf-
fected areas of the colon (Figure 5G). Tumors were uniformly stained
for pancytokeratin and showed frequent invasion into the surround-
ing mesenchyme (Figure 5, I and J). We observed that nuclear p53
staining, a predictor of pS3 mutation (50), was sparse (Figure SK) and
argued against additional p53 mutations in Dclk1-CreERT x Apcflox/fle
tumors. Finally, in keeping with previous reports of DCLK1 expres-
sion in neoplasia (29), we detected scattered DCLK1* cells through-
out these tumors (Figure SL).

Based on these results, we propose a model (Figure SM) in which
DCLK1 marks a subset of long-lived, quiescent tuft cells that play
a role in homeostasis and response to injury (Figure 3). Even the
loss of a potent tumor suppressor is not sufficient to overcome the
intrinsic quiescence of DCLK1" cells (Figure 4, F and G, and Figure
SM). However, we found that the combination of APC loss and
an injurious or inflammatory stimulus activates these cells and
converts them into potent cancer-initiating cells (Figure SM). To
test this model, we cultured colonic organoids in the presence of
recombinant Wnt3a and observed rare but robust lineage tracing.
When we combined recombinant Wnt3a with macrophage-con-
ditioned media or recombinant IL-13, however, we observed an
increase in lineage-tracing frequency, supporting our proposed
model (Figure SN).

Discussion

Using a novel Dclk1-BAC-CreERT transgenic mouse model, we
demonstrate for what we believe to be the first time that a subpop-
ulation of tuft cells represents a long-lived quiescent cell type with
unexpected relevance to epithelial homeostasis that responds to
gastrointestinal injury and carcinogenesis. Our data independently
confirm the findings by Nakanishi et al. that most DCLK1" tuft
cells turn over within 1 to 2 weeks (29). However, we also show that,
contrary to Nakanishi’s report, 5% of DCLK1"* tuft cells are remark-
ably long lived, representing the longest-living epithelial cell type
in the gut (51). The discrepancy within the two models can likely
be attributed to inactivation of one endogenous DclkI locus in the
Dclk1-knockin mice, as heterozygous knockout of one Dclk1 allele
using Dclk1//WT mice resulted in loss of the long-lived DCLK1 sub-
population. Furthermore, our findings also reconcile the disparate
observations that most DCLK1" tuft cells renew every 7 days (11,
29), yet DCLK1* cells are often negative for proliferation markers
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such as Ki67 or BrdU (23, 24, 27). Indeed, we found that with con-
tinuous BrdU administration, the majority of short-lived DCLK1*
tuft cells were labeled within a few months, but a smaller subset of
these cells remained slow cycling and could only be labeled if BrdU
was administered for periods of 6 months or longer.

Interestingly, in vitro experiments using organoids from the
gut revealed that under standard culture conditions, DCLK1*
cells do not survive in gut organoids. However, previous reports
have suggested that tuft cells are often found in close proximity
to neurons (14, 18, 39), and our collaborators have demonstrated
that functional innervation regulates epithelial homeostasis and
response to injury (52). Indeed, we found that DCLK1* cells were
sustained when organoids were cocultured with neurons and
therefore represent, to the best of our knowledge, the first cell type
that cannot be generated in organoid cultures in the absence of
nonepithelial niche signals. Consistent with these observations, we
found that DCLK1* cells were largely absent in Ret”~ mice, which
lack neuronal innervation of the gut, as well as in extrinsically
denervated intestine following small intestinal transplantation.
The interaction between epithelial cells and neurons may not be
unique to DCLK1" tuft cells and has, in fact, been suggested in
other secretory and enteroendocrine cell types (53). However, a
potential nerve/tuft cell axis also appears to be important in intes-
tinal homeostasis, as intestinal proliferation, and thus the state of
intestinal progenitors, was found to be highly dependent on neu-
ral innervation (52, 54). Our data indicate that the neural signal is
at least partly mediated through DCLK1" tuft cells, since genetic
ablation of DCLK1" cells markedly reduced epithelial prolifera-
tion. While DCLK1* cell loss did not affect the growth and mainte-
nance of intestinal organoids in vitro or cause a clinical phenotype
under nonstressed conditions in vivo, we found that it resulted
in reduced regeneration and decreased survival following tissue
injury resulting from irradiation or DSS colitis, underscoring the
importance of this cell during the coordinated response to injury.

Several reports have previously raised the possibility that
DCLKI1" tuft cells represent unique stem cells within the intesti-
nal epithelium (23-25). We found that long-term lineage tracing
in the presence of two intact endogenous DclkI* loci revealed a dis-
tinct subset of DCLK1* tuft cells that remain quiescent and long
lived, but only very rarely lineage trace, even in the setting of acute
intestinal or colonic injury. These results are in line with previous
reports (29) and argue against a prominent role of DCLK1" cells
as quiescent or reserve stem cells. Interestingly, while the number
of DCLK1* cells did not increase with acute injury, we observed an
expansion of these cells in the setting of chronic injury, inflam-
mation, and preneoplasia, including that associated with chronic
infection with B. fragilis (55) and H. hepaticus (56, 57). These find-
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ings are in keeping with previous reports showing an expansion
of DCLK1* cells in several preneoplastic states (24, 26,27, 58, 59).
Nakanshi et al. reported that DCLK1 serves as a marker for cancer
stem cells in established Apc™"/*adenomas (29). Interestingly, we
did not observe lineage tracing of tumors in ApcM”/* mice or in
mice treated with AOM/DSS (data not shown) using either our
Dclk1-BAC-CreERT or Dclk1-BAC-Cre mice. Thus, the presence or
absence of two intact DclkI* loci might explain the differences
between Nakanishi’s (29) results and the data presented here.

Most interestingly, DCLK1* tuft cells remained quiescent and
resistant to transformation, even after genetically induced loss of
APC. Surprisingly, this phenotype was extraordinarily stable, with
an absence in any detectable tumors extending out as long as 18
months after APC loss. Remarkably, loss of APC in DCLK1* cells
did not cause nuclear translocation of f-catenin, normally a hall-
mark of Wnt activation in colorectal cancer (60). Nevertheless, we
found that DCLK1" cells readily gave rise to advanced colorectal
cancer when APC loss was followed by an inflammatory stim-
ulus such as DSS colitis. Importantly, it did not matter whether
the inflammatory stimulus was given immediately after tamox-
ifen induction or 3 months later, indicating that a quiescent cell
expressing truncated APC could remain quiescent for a prolonged
period until activated by an inflammatory stimulus. Recently, it
has been suggested that 3D organoid cultures resemble a state of
injury and regeneration (8). Accordingly, in 3D cultures, we found
that DCLK1" cells were responsive to ligand-induced Wnt signaling
and showed robust lineage tracing. More importantly, inflamma-
tory factors such as IL-1f, when combined with external Wnt3a,
further increased tracing from DCLK1" cells, thus recapitulating
our in vivo findings.

Taken together, we have established that long-lived colonic tuft
cells, normally resistant to proliferation, can serve as a potent cell
originator for colon cancer. To the best of our knowledge, this is
the first demonstration using a genetic model showing that onco-
genic mutation (such as loss of APC) can be acquired in a long-lived
cell type without phenotypic consequences over the lifetime of a
mouse. In this unique cell lineage, APC mutations are insufficient
to drive abnormal Wnt signaling and are thus inadequate for the
transformation of these cells. However, the combination of APC loss
with an inflammatory insult alters the surrounding niche by ulti-
mately activating proliferation and converting these cells into bona
fide cancer-initiating cells. This model of quiescent cells harboring
oncogenic mutations that are possibly acquired early in life and later
become activated by additional hits or inflammatory insults could
considerably alter our understanding of the timeline for cancer pro-
gression and our strategy for cancer screening and surveillance.

While active stem cells display potent DNA repair mechanisms
(61), mutations in long-lived quiescent cells can remain unde-
tected, and thus unrepaired, for prolonged periods. Notably,
Greten and colleagues recently proposed that the mechanism
for top-down development of colorectal cancer may, in part,
occur through the reacquisition of stem cell properties and the
malignant transformation of more differentiated cells (3, 4).
Importantly, this phenotype was only achieved upon activation
of pathological Wnt signaling combined with an inflammatory
stimulus (5). This finding is consistent with our observations that
transformation of DCLK1* tuft cells requires not only loss of APC
but also an additional insult. Thus, it is tempting to speculate
that some of the lesions in the Schwitalla et al. study (5) in fact
arose from reactivated DCLK1* cells.
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Of note, colitis-associated colorectal cancers tend to be more
poorly differentiated (62, 63), as we observed in the tumors in our
mouse model. Therefore, an alternative explanation for our obser-
vations could be that DCLK1" cells represent a cellular origin of
colitis-associated colorectal cancer. Importantly, the concept that
different colonic (stem) cell types give rise to different subtypes of
colorectal cancer has been proposed before (64).

In summary, we define a subset of DCLK1" tuft cells as a unique,
long-lived, quiescent epithelial cell type that is involved in tissue
homeostasis and that s critical in the response to epithelial injury.
Although resistant to proliferation upon APC loss, DCLK1* tuft
cells lacking APC can be effectively reactivated following inflam-
matory injury and represent a novel cellular origin for colorectal
cancer. We believe that the data presented here fundamentally
change our understanding of the early steps of colon carcinogene-
sis and the plasticity of presumably differentiated cell types.

Methods
Generation of Dclk1-CreERT and Dclk1-CreGFP transgenic mice. BAC recombi-
nation was performed using the CreTM-FrtNeoFrt or the EGFPcre-Frt-kan-
Frt (pIGCN21) cassette, as described previously (65). Briefly, the CreTM-
FrtNeoFrt cassette was ligated into a p451 plasmid before generating a
probe containing a 40-bp sequence homologous to the BAC sequence
directly upstream of the ATG in exon 2 (Supplemental Figure 1). A BAC
clone RP23-283D6 containing an approximately 50-kb 5’ sequence of
the Dclk1 gene-coding region (CHORI) was isolated and transferred into
SW105-competent cells. The correct sequence was confirmed by using
restriction enzyme digestion and PCR in the region of interest. The puri-
fied CreTM-FrtNeoFrt with the 40-bp BAC homolog on both ends was
electroporated into SW105 DclkI-BAC-containing cells. BAC DNA was
isolated, linearized with PI-Scel, and then microinjected into the pronu-
cleus of fertilized CBA x C57BL/6] oocytes at the Columbia University
Transgenic Animal Core facility. Four positive founders were identified
and backcrossed to C57BL/6] mice (The Jackson Laboratory).

Animal studies. For a detailed list of all mouse strains used in these stud-
ies, see Supplemental Table 2. Dclk1-CreERT and Dclk1-CreGFP mice were
crossed with Rosa26LacZ (R26LacZ), Rosa26-mTomato/mGFP (R26-TGFP),
and Rosa26tdTomato (R26Tom) reporter strains obtained from The Jackson
Laboratory. Mice expressing GFP under the human ubiquitin C promoter
(UBC-GFP), Rosa26DTA (R26-DTA) (47), Rosa26iDTR (R26-iDTR) (46), and
Dclk1f¥/flox mice were purchased from The Jackson Laboratory. Apc/lox/flex
mice were obtained from the National Cancer Institute (NCI). Tamoxifen
(1 or 6 mg) was administered by oral gavage to mice over 6 weeks of age
once or every other day for 6 days. The four founder lines showed a sim-
ilar expression pattern, but with a difference in expression intensity after
tamoxifen induction. For lineage-tracing experiments, at least 20 mice of
both sexes were analyzed at any given time point.

Determination of B-gal activity. After intracardiac perfusion with a fixative-
containing solution (4% PFA and 2% glutaraldehyde in 0.1 M Sorensen’s
phosphate buffer [pH 7.4] with 2 mM MgCl, and 5 mM EGTA), tissue was
post-fixed with 4% formaldehyde (from PFA) at 4°C for 4 hours. Specimens
were then cryopreserved in 30% sucrose, embedded in OCT compound, and
sectioned on a cryostat microtome. Frozen sections (5 wm) were washed
(0.01% sodium deoxycholate and 0.02% Nonidet P-40) and incubated for 4
hours at 37°C in 0.1% X-gal solution [4% 4-chloro-5-bromo-3-indolyl-D-ga-
lactopyranoside (X-gal) dissolved in dimethylformamide, 5 mM K;Fe(CN)s,
5 mM K4Fe(CN)s.6H,0] and counterstained with nuclear fast red.

Histology, IHC, immunofluorescence, and microscopy. Paraffin-embed-
ded or PFA-fixed frozen sections (S um) were prepared for IHC and
immunofluorescence, respectively. For immunofluorescence, slides were
Volume 124
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washed with 1% Triton X-100 in PBS. then rinsed and blocked for 30
minutes with 2% BSA (Sigma-Aldrich). Primary antibodies and fluo-
rophore-conjugated secondary antibodies were diluted in 2% BSA and
incubated for 1 hour each at room temperature. Slides were counter-
stained with DAPI and mounted in Vectashield medium (Vector Lab-
oratories). See Supplemental Table 3 for a complete list of antibodies
used in this study. Confocal fluorescence microscopy was performed on
a Zeiss LSM 510 NLO multiphoton confocal microscope system based
on an Axioskop 2 FS MOT microscope stand. For IHC staining, slides
were deparaffinized in xylene, and endogenous peroxidase was blocked
by incubation with 3% hydrogen peroxide in methanol for visualization
of the peroxidase reaction. Alternatively, for visualization of the alkaline
phosphatase reaction, slides were incubated with 20% acetic acid in meth-
anol for 2 minutes. Antigen retrieval was performed by boiling the slides
in citrate buffer (10 mM, pH 6.0) in a water bath for 20 minutes. Slides
were rinsed in PBS Tween 0.05% and blocked for 30 minutes with 2%
BSA. Primary antibodies and biotinylated secondary antibodies (Jackson
ImmunoResearch Laboratories) were diluted in 2% BSA and incubated
for 1 hour each at room temperature. Subsequently, slides were incu-
bated with alkaline phosphatase or peroxidase-conjugated streptavidin
(Dako) and either VECTOR Red substrate (Vector Laboratories) or
3,3'-diaminobenzidine (Sigma-Aldrich) as chromogens, respectively.
Slides were counterstained with hematoxylin and mounted for viewing.
Bright-field and fluorescence images were acquired using an Eclipse
TU2000-U microscope (Nikon) connected to a cooled color CCD camera
(Diagnostic Instruments) using SPOT software.

Small intestinal radiation injury. To examine the role of DCLK1* tuft
cells in the epithelial response to small intestinal or colonic injury,
Dclk1-CreERT mice were crossed with R26-DTA mice. For assessment of
responses to small intestinal irradiation, Dclk1-CreERT;R26-DTA mice were
dosed with tamoxifen (2 mg by oral gavage) and then exposed to 12 Gy
whole-body irradiation 2 days after tamoxifen treatment. Mortality and,
whenever possible, small intestinal epithelial responses were then assessed
by histological examination of H&E-stained intestine. Comparisons were
made with similarly treated control Cre-negative R26-DTA mice. Similarly,
the colonic epithelial response to DSS-induced colitis was assessed by
treating Dclk1-CreERT;R26-DTA mice with 3% DSS in the drinking water
for 5 days starting 2 days after tamoxifen treatment. Comparisons were
again made with similarly treated control Cre-negative R26-DTA mice with
respect to mortality and histology.

DSS-induced colitis model. According to the protocol previously described,
3-month-old mice were treated with 3% (wt/vol) DSS (molecular weight
36,000-50,000; MP Biomedicals) given in the drinking water for 5 days. The
control mice received distilled water. The mice were monitored closely dur-
ing the treatment and recovery periods using body weight and established
criteria (66, 67) to assess animal well-being. For regeneration studies, the
mice were euthanized when they reached the endpoint criteria (>20% loss
of body weight and a hunching score of 4) or after a recovery period of 7
days following DSS treatment. A detailed experimental setup for the treat-
ment of Dclk1-CreERT x Apc*/flex mice is depicted in Figure 4] and Figure
5C. Briefly, mice were given three 6-mg doses of tamoxifen. After washourt,
2-week-old (Figure 4I) to 3-month-old (Figure SC) mice were treated with
DSS as detailed above. Mice were analyzed at various time points (for 30 to
150 days) after DSS colitis or when they became moribund. The tissue was
processed as described above.

Long-term BrdU treatment. Eight-week-old C57BL/6 mice were admin-
istered BrdU (1 mg/ml in the drinking water) continuously for 1 to 6
months. Mice were then sacrificed at various time points following BrdU
treatment, and stomach, small intestine, and colonic tissues were taken
for histological assessment. Paraffin sections were obtained and double
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stained for BrdU and DCLK1. Quantification was done by counting the
number of BrdU*/ DCLK1* double-positive cells versus all DCLK1" cells.
At each time point, at least 3 animals were included in the analysis, and 100
crypts were counted per mouse.

In vitro culture system. Crypt and single-cell isolation and cultures were
performed as described previously, with minor modifications (38, 41, 42).
Small intestine, colon, or antrum was removed from Dclk1-CreERT mice
crossed with R26-Tom, R26-TGFP, or R26-DTA mice or their littermate con-
trols. Villi were scraped off using a razor blade, and the tissue was chopped
into approximately 5-mm pieces. Afterward, the tissue was washed with
cold PBS and incubated in 2.5 mM EDTA in PBS for 60 minutes on ice.
Tissue fragments were suspended vigorously with a 10-ml pipette in cold
PBS containing 10% FBS, yielding supernatants enriched in crypts. Crypt
fractions were centrifuged and passed through 100-um filters (BD Biosci-
ences). Afterward, the crypt fractions were centrifuged at 150 to 200 g for
5 minutes, and the crypts were embedded in extracellular matrix (provided
by the NCI), seeded on prewarmed 24-well or 48-well plates, and overlaid
with culture medium. The number of organoids per well was counted on
microscopic images. Organoid size was analyzed using Image] software
(NIH). Analysis was done in a blinded fashion. Single cells were isolated and
cultured as described previously (38). Briefly, crypts were dissociated with
TrypLE Express (Invitrogen) including 1 mg/ml DNase I (Roche Applied
Science) for 10 minutes at 37°C. Dissociated cells were passed through a
20-um cell strainer, washed with 2% FBS/PBS, and sorted by flow cytom-
etry. Viable cells were collected, pelleted, and embedded in ECM, followed
by seeding on a 48-well plate (100-3,000 singlets per well). In some exper-
iments, 100 ng/ml Wnt3a (Peprotech), Wnt3A-conditioned medium (1:1
concentration), macrophage-conditioned medium (1:2 concentration), or
100 ng/ml murine IL-1f (PeproTech) was added to the culture medium.
Wnt3a-conditioned medium was prepared as previously described (49). For
macrophage-conditioned medium, murine macrophages were cultured
from the BM, as described previously (68). After differentiation, day-6
BM-derived macrophages were incubated in serum-free DMEM for 24
hours, and conditioned medium was harvested. Murine primary neuronal
cells from UBC-GFP mice were prepared as previously described (40), with
minor modifications. After the back skin, muscle, and roof of the verte-
bral canal were removed, the thoracic and lumbar spinal cord was isolated.
Tissues were cut into small pieces, washed with PBS, and incubated with
5 mg/ml Dispase type II (Roche Applied Science) at 37°C for 15 minutes.
Cells were centrifuged at 200 g for 2 minutes and washed with PBS. Cells
were then collected and mixed with extracted gastrointestinal crypts in the
extracellular matrix at a 1:5 crypt/neuron ratio. In coculture experiments,
murine NGF (20 ng/ml; PeproTech) and cholera toxin (100 ng/ml) (69)
were added to the culture medium. The organoid images were acquired
using fluorescence microscopy (TE2000-U; Nikon).

Analysis of Ret”/~ mice. Fixed embryonic tissue from E17 embryos of Ret7/~
and control mice were a gift from Robert O. Heuckeroth (Department of
Pediatrics, Washington University, St. Louis, Missouri, USA). Intestine and
colon were cut into small pieces, embedded, and cut to obtain luminal sec-
tions. Sections were stained as detailed above, and at least five complete
luminal sections per embryo were analyzed. Each group (knockout versus
control) consisted of at least three animals.

Analysis of mice infected with B. fragilis and H. hepaticus. Paraffin-embedded
sections (three sections per animal) from B6 mice infected with B. fragilis
(n = 3-8 months of age, infected at 3 weeks of age) were a gift from Cyn-
thia Sears (Center for Global Health, Johns Hopkins University, Baltimore,
Maryland, USA). Frozen sections from Apc»/* mice treated with H. hepa-
ticus (n = 3-15 weeks of age, infected at 5 weeks of age) were a gift from
James Fox (Institute for Comparative Medicine, Massachusetts Institute
of Technology, Cambridge, Massachusetts, USA). Uninfected Apc¥»/* mice
Volume 124 March 2014

Number 3 1293



research article

served as controls. DCLK1" cells and total crypts were counted in five ran-
dom high-power fields on each section, and the results are indicated as the
number of DCLK1" cells per crypt.

Analysis of Lgr5-CreERT. Frozen sections (n = 3) from Lgr5-GFP-IRES-
CreERT? mice crossed with Atoh1/¥/flox mice were a gift from Ramesh Shiv-
dasani (Department of Oncology, Dana Faber Institute, Boston, Massa-
chusetts, USA). DCLK1" cells were counted only in LGRS* crypts (indicated
by GFP expression) and compared with LgrS-GFP-IRES-CreERT? mice that
had intact Atohl loci (n = 3).

Human samples. Anonymized paraffin-embedded paired biopsies from
patients (n = 2) after small intestinal transplantation and control tissue
were received from the Department of Pathology of Columbia University
Medical Center.

Statistics. Statistical analyses were performed using 2-tailed Student’s
t tests. Error bars denote the mean + SEM. A P value of less than 0.05 was
considered statistically significant. *P < 0.05; **P < 0.01; ***P < 0.001.

Study approval. All experiments involving mice were performed in com-
pliance with federal laws and institutional guidelines and approved by
the JACUC of the Columbia University Animal Care Facility (protocol
AC-AAAD7600).
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