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Crypt stem cells as the cells-of-origin of intestinal

cancer

Nick Barker'*, Rachel A. Ridgway?*, Johan H. van Es', Marc van de Wetering', Harry Begthel', Maaike van den
Born', Esther Danenberg’, Alan R. Clarke®, Owen J. Sansom?® & Hans Clevers'

Intestinal cancer is initiated by Wnt-pathway-activating mutations
in genes such as adenomatous polyposis coli (APC). As in most
cancers, the cell of origin has remained elusive. In a previously
established Lgr5 (leucine-rich-repeat containing G-protein-
coupled receptor 5) knockin mouse model, a tamoxifen-inducible
Cre recombinase is expressed in long-lived intestinal stem cells'.
Here we show that deletion of Apc in these stem cells leads to their
transformation within days. Transformed stem cells remain
located at crypt bottoms, while fuelling a growing microadenoma.
These microadenomas show unimpeded growth and develop into
macroscopic adenomas within 3-5weeks. The distribution of
Lgr5* cells within stem-cell-derived adenomas indicates that a
stem cell/progenitor cell hierarchy is maintained in early neoplastic
lesions. When Apc is deleted in short-lived transit-amplifying cells
using a different cre mouse, the growth of the induced micro-
adenomas rapidly stalls. Even after 30 weeks, large adenomas are
very rare in these mice. We conclude that stem-cell-specific loss of
Apc results in progressively growing neoplasia.

The anatomy of the intestinal crypt is uniquely suited to study adult
stem cells in their niche. The epithelium of the murine small intestine
renews every 5 days>’. We have recently identified slender Lgr5™ cells
located at crypt bottoms as the stem cells of the small intestine and
colon'. Each crypt contains approximately six long-lived stem cells
intermingled with Paneth cells in the small intestine and with goblet
cells in colon (Fig. la). Counter-intuitively, these cells are not qui-
escent, but divide every day'. These cells have been called crypt base
columnar cells**. Their daughter cells constitute the transit-amplifying
crypt compartment. Transit-amplifying cells divide every 12-16h,
generating some 300 cells per crypt every day®; they reside within crypts
for approximately 48 h, undergoing up to five rounds of cell division
while migrating upwards®. When the committed transit-amplifying
cells reach the crypt—villus junction, they rapidly differentiate while
continuing their upward migration. Paneth cells escape this flow and
reside for 3—6 weeks at the crypt base””. Initiating mutations in intes-
tinal malignancies target Wnt pathway components, most frequently
the negative regulator Apc'®'". This results in the constitutive activa-
tion of a Wnt target gene program that drives the formation of benign
adenomas'>"®. However, it remains unclear which cell type sustains
the cancer-initiating mutation.

The cytochrome P450-promoter-driven Ah-cre mouse allows con-
ditional deletion of floxed alleles in the intestinal epithelium by
induction with B-naphthoflavone (B-NF). The Ah-cre allele is highly
active throughout the epithelium, including the stem cells'®. We have
previously used a floxed allele of Apc (ref. 17) with the Ah-cre mouse
line to demonstrate that acute loss of Apc throughout the adult
intestinal epithelium after intraperitoneal injection of B-NF instantly

transforms the epithelium'®. This process depends on the Wnt target
gene c-myc'®. High-dose oral B-NF induces a more stochastic dele-
tion of Apc (Supplementary Fig. 1), resulting in rapid adenoma
formation throughout the intestine within 3 weeks'. Both of these
high-dose induction protocols effect deletion in all compartments of
the epithelium, including the stem cells at the crypt base.

We next sought the cell of origin of the adenomas. Careful titration
revealed that after oral administration of 1 mgkg™' B-NF, the effi-
ciency of Cre activation in the stem cells at the crypt base was extre-
mely low. In a group of 15 mice, only 5.0 = 3.0 lineage tracing events
(that is, stem cell hits) were seen in the entire small intestine at
100 days after induction. This dose still very efficiently induced Cre
activity in the transit amplifying and villus compartments, as visua-
lized 1day after oral induction using the Rosa26R mouse as Cre
reporter (Fig. 1b, ¢). Of note, most 5-bromodeoxyuridine (BrdU)-
pulsed transit-amplifying cells migrate onto villi within 24 h and are
lost into the gut lumen at 48 h (ref. 20). This indicated that blue-
stained cells on the bottom half of the villi (Fig. 1b, ¢) resided in crypts
as transit-amplifying cells at the time of deletion. At day 7, blue
staining could no longer be detected (not shown).

Using this regimen on Ah-cre/Apc™®/°*/Rosa26R mice, multiple
B-catenin"®" foci became visible throughout upper crypt and villus at
day 3 after induction (Fig. 1d—g). The foci were invariably LacZ™,
confirming that Cre-mediated deletion had occurred (Fig. 1f and
Supplementary Fig. 2). These p-catenin™®" foci expressed the Wnt
target gene c-myc and were actively proliferating (Supplementary
Fig. 1). Of note, loss of Apc in a crypt cell induces maintenance of
EphB expression in the resulting transformed clone***. As a con-
sequence, the clone fails to migrate out of its crypt and eventually
invades the subepithelium?”. Figure 1h quantifies focus induction in
the different compartments at day 3 after induction.

Most of the Apc-deficient villus cells were lost after 4-5 days. The
remaining foci within the crypts demonstrated very limited expansion
over a 24-day period (Supplementary Fig. 3) and no macroscopic
adenomas occurred. Notably, the foci persisted over at least a 284-
day period (Fig. 1i), and only very rarely progressed to adenomas
(Fig. 1j, quantification in Fig. 1k; for histological definition see
Supplementary Fig. 4). In 5 mice at >100 days after induction, we
observed 3 % 2.3 macroscopic adenomas, correlating with the inordi-
nately low frequency of Cre activation in stem cells (see above). Thus,
the long-term persistence of microadenomas derived from trans-
formed transit-amplifying cells might, in very rare cases, result in a
progressively growing neoplasia, possibly when additional hits are
sustained.

We then crossed the stem-cell-specific Lgr5-EGFP-IRES-creER™?
knockin mice to Apc™®/1°* mice. In the resulting mice, Cre was
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Figure 1| Transformation of non-stem cell populations in Ah-cre/
Apcf©/fl°X intestines through low-dose oral f-NF-induced Apc deletion
fails to drive intestinal neoplasia. a, Cartoon depicting the general
organization of intestinal crypts. Lgr5-EGFP-IRES-creER™ (Lgr5-cre for
brevity) is activated by intraperitoneal administration of tamoxifen only in
the stem cells located at the crypt base. Low-dose oral administration of
B-NF activates Ah-cre in the upper transit-amplifying (TA) compartment
and villus. b, ¢, LacZ-stained sections of intestine from an Ah-cre/Rosa26R
mouse treated with a single low-dose oral gavage of 1 mgkg " B-NF for

1 day. LacZ-positive cells were readily visible on the villi and upper crypts
(black arrows) throughout the intestine, but were only very rarely observed
at the crypt base. d, e, g, B-catenin immunohistochemistry performed on
intestinal sections from Ah-cre/Rosa26R/Apc™®/1°* mice 3 days after a single
gavage of 1.0 mg kg~ ' B-NF. Clusters of transformed cells with elevated
levels of B-catenin (B-catenin™®") were frequently observed on the villus
(d) and upper regions of the crypt (e, g). These clusters are highlighted with
black arrows. f, The B-catenin®" clusters were invariably positive for LacZ
(black arrow). h, Quantification of the location of the B-cateninhlgh cell
clusters on intestinal sections from Ah-cre/Rosa26R/Apc"®1°* mice 3 days
after a single gavage of 1.0 mgkg ' B-NF. Box-plots show numbers of foci
observed at the crypt base, the upper crypt and the villus in 1,600
crypt—villus units. Significantly more clusters/foci were seen in the upper
regions of the crypt than any other region (P = 0.04, Mann—-Whitney U-test,
n = 3).1i, j, p-catenin immunohistochemistry performed on intestinal
sections from an Ah-cre/Rosa26R/Apc™1°* mouse 284 days after
induction. Note single adenomatous crypts (black arrows) with nuclear
B-catenin in every cell which have not progressed and are histologically
identical to single adenomatous crypts seen 14, 24 and 36 days after cre
activation (see Supplementary Fig. 3). k, Classification of LacZ™ intestinal
lesions in Ah-cre/Rosa26R/Apc™™"°* intestinal whole mounts (see
Supplementary Fig. 4 and Methods for details). No adenomas and only one
microadenoma were seen in mice at early time points (up to 36 days) after
1 mgkg ™' B-NF (at least four mice at each time point), whereas in older mice
rare adenomas were observed (3 = 2.3 for 5 mice counted). ‘Microscopic
lesions’ were histologically equivalent to single adenomatous crypts.
Original magnifications: b, ¢, I, 10 X; d, f, g, 40 X; e, 20 X.

activated with a single intraperitoneal injection of tamoxifen.
Accumulation of -catenin first occurred in isolated EGFP ™ stem cells
after 3 days (Fig. 2a—c) and was not seen in control mice (Supple-
mentary Fig. 5). Thirty-one transformed cells were counted in a total
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Figure 2 | Lgr5-EGFP™ intestinal stem cells transformed after loss of Apc
persist and fuel the rapid formation of |3-cateninIligh microadenomas. Lgr5-
EGFP-creER™/Apc™/1°* mice were treated with a single intraperitoneal
injection of tamoxifen to activate the stem-cell-specific Cre and facilitate loss
of Apc. a—i, The consequences of the resulting Lgr5-EGFP™ intestinal stem
cell transformation and their subsequent fate was tracked over an 8-day
period using B-catenin and EGFP as markers of transformed cells and Lgr5 "
stem cells, respectively. a—c, Accumulation of the Wnt effector protein,
B-catenin, was first observed in scattered Lgr5 " stem cells at the crypt base
3 days after Cre induction (a; white arrows). b, ¢, Representative examples of
B-catenin™®"Lgr5™ stem cells are circled in red. d—f, Five days after induction
the transformed Lgr5-EGFP " stem cells remained (compare black arrows in
e and f) and were associated with clusters of transformed (B-cateninh‘gh) cells
within the transit-amplifying compartment. g, h, Eight days after induction
the clusters of transformed cells had expanded to fill the entire transit-
amplifying compartment (h). The transformed B-catenin®"/EGFP" stem
cells at the crypt base persisted (compare black arrow in h with i), but
expression of the stem cell marker Lgr5-EGFP was lost in most of the
transformed cells higher up the crypt (compare outlined regions in h and
i). Lgr5—EGFP expression in transformed stem cells was significantly higher
than in non-transformed stem cells (i; red arrow), reflecting elevated
expression of the Wnt target gene Lgr5 after loss of Apc. j, k, B-catenin"®"
lesions (j; black arrow) generated after transformation of the stem cells
expressed high levels of the Wnt target gene c-myc (k; black arrow), reflecting
aberrant activation of the Wnt pathway. I, m, The early [3-cateninhlgh lesions
expressed the Ki67 marker (compare outlined regions in | and

m), confirming their highly proliferative status. Original magnifications:
a,d, g, 10 X;b, c, e, f, 60 X; h-m, 40 X.

of 500 crypts in a representative mouse (~6%), a frequency which
remained constant over the next 8 days and was comparable to the
deletion rate observed for the oral B-NF protocol (~5%, see Fig. 1h).
After 5 days, multiple crypts harboured transformed (that is,
B-catenin"®") EGFP™ stem cells associated with proliferative
clusters of B-catenin™®" cells within the transit-amplifying compart-
ment (Fig. 2d—f). Thus, Wnt-transformed stem cells persisted at crypt
bottoms, yet rapidly generated transformed progeny higher up in the
crypts. Eight days after induction, the transformed cells had continued
to expand (Fig. 2g—i). Microadenomas within the associated villus
stroma became evident (Fig. 2j, 1), expressing c-Myc and Ki67
(Fig. 2k, m). The lesions continued their aggressive expansion
(Fig. 3). At day 14, a similar number (42 per 500 crypts, ~8%) of large,
multi-villus adenomas was observed (Fig. 3a, b). At day 36, the mice
had to be killed (Fig. 3g, h). Figure 4a gives a global view of the lesions.
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Figure 3 | Selective transformation of Lgr5-EGFP™" stem cells after loss of
Apc efficiently drives adenoma formation throughout the small intestine.
a-i, The appearance and development of intestinal adenomas and expression
of the Lgr5-EGFP stem cell marker within these adenomas was tracked over a
36-day period using f3-catenin (adenoma marker) and EGFP (stem cell
marker) immunohistochemistry respectively. a, b, Multiple small,
B-catenin™®" adenomas were readily visible throughout the intestine 14 days
after Lgr5" stem cell transformation. ¢, Lgr5—-EGFP expression was restricted
to scattered cells in these small adenomas (inset box shows magnified
examples). d, e, Multiple macroscopic adenomas (>100) were present after
24 days. g, h, After 36 days alethal adenoma burden was reached, with massive
neoplasia evident along the entire length of the intestine. f, i, Lgr5-EGFP
expression in these macroscopic adenomas remained restricted to small
populations of cells with characteristic crypt base columnar stem cell
morphology (inset boxes show magnified examples). j, These adenomas
expressed high levels of c-Myc, confirming aberrant activation of the Wnt
pathway. k, Quantification of Lgr5-EGFP expression in 36-day post-
induction adenomas and control Apc™" mouse adenomas by FACS analysis.
Left panel: adenomas from 36-day post-induction mice contained, on
average, 6.5% Lgr5—-EGFP™ cells. R‘i§ht panel: no EGFP expression was
detected in adenomas from Apc™™"T mice, confirming the specificity of the
EGFP signal in the 36 day adenomas. Original magnifications: a, d, g, 2 X;
b, c, e, f, h, i, 10 X; j, 4 X; all insets, 40 X.

The Lgr5 gene also marks stem cells in colon'. Indeed, transformed
B-catenin®"Lgr5 " stem cell populations at the base of colonic crypts
became visible at day 8 after induction (Fig. 4b, c). The transformed
crypts continued this steady expansion (Fig. 4e, f), forming micro-
adenomas 3 weeks after induction (not shown). B-cateninhlgh colon
adenomas of a considerable size were commonly observed at day 36
(Fig. 4h, 1).

To investigate the hierarchy between the Apc-deficient stem cells
and their transformed progeny, we studied Lgr5-EGFP during aden-
oma formation in our model. Non-transformed stem cells express
Lgr5-EGFP'. Expression was maintained in the transformed stem
cells at day 5 (Fig. 2f) and day 8 (Fig. 2i). Notably, the marker was
absent in most transit-amplifying cells of the B-catenin™" clones
(outlined regions in Fig. 2h and i). The marker was expressed in
scattered cells within adenomas at later time points (Fig. 3¢, f, i
and Supplementary Fig. 6). In contrast, another Wnt target gene,
c-myc, was uniformly expressed throughout the adenomas (Fig. 3j).
Quantification by fluorescence-activated cell sorting (FACS) at 36
days after induction revealed that Lgr5™ cells comprise 6.5% of the
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8 days after induction

14 days after induction

36 days after induction

Figure 4 | Transformation of Lgr5-EGFP* stem cells drives intestinal
neoplasia in both the small intestine and colon. a, A massive tumour
burden is reached 36 days after transformation of the stem cells, with
B-catenin™®" macroscopic adenomas visible throughout the entire small
intestine (Peyers patches are stained blue). b—j, The appearance and
development of colonic adenomas and expression of the Lgr5—EGFP stem
cell marker within these adenomas was tracked over a 36-day period using
f-catenin (adenoma marker) and EGFP (stem cell marker)
immunohistochemistry, respectively. b, ¢, Small clusters of B-catenin
cells were first observed in the Lgr5 " stem cell zone at the crypt base after
8 days (b, black arrows and c, outlined in red). d, High level expression of
Lgr5-EGFP was apparent in the transformed stem cell compartment

(d; outlined in red), confirming aberrant activation of the Wnt pathway after
loss of Apc. e, f, Fourteen days after induction the clusters of transformed
cells had expanded to fill the entire colonic crypt. The transformed,
B-catenin™&"/Lgr5—-EGFP™ stem cells persisted (black arrows), but
expression of the stem cell marker Lgr5-EGFP was lost in most of the
transformed cells higher up the crypt (compare outlined regions in f and
g). h, i, Multiple B-catenin igh 2 denomas were observed throughout the
colon 36 days after induction. j, Lgr5-EGFP expression in these colonic
adenomas was restricted to small populations of cells with characteristic
stem cell morphology (inset box shows magnified examples). Original
magnifications: b, 4 X; ¢, d, f, g, 40 X; h, 2 X; i, j, 10 X; inset in j, 40 X.

high

tumour population (Fig. 3k). A similar phenomenon was observed
for the colonic adenomas (Fig. 4d, g, j).

Taken together, these data demonstrate that transformation of stem
cells through loss of Apc is an extremely efficient route towards initiat-
ing intestinal adenomas. In a recent study, a BmicreER knockin allele
visualized a potentially novel pool of intestinal stem cells by lineage
tracing™. Lgr5 cells and Bmi-1 cells both produce offspring within days,
yet persist for at least a year and are multipotent. At first glance, there
are also some significant differences, particularly in the relative location
of the two stem cell types. Bmi-1 cells are predominantly located at

©2009 Macmillan Publishers Limited. All rights reserved
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position +4 directly above the Paneth cells and are restricted to the
proximal small intestine. Thus, Lgr5 and Bmi-1 cells reportedly
represent different pools of stem cells*. BmicreER mice were crossed
with a conditionally activatable B-catenin allele (loxP(ex3))*.
Adenoma formation became visible 3—4 weeks after Cre induction.
Although no comparison was made to loxP(ex3) activation in non-
stem cells, these observations support the hypothesis that transforma-
tion of stem cells constitutes the principal route towards intestinal
cancer.

Early studies on acute myelogenous leukaemia support the exist-
ence of tumour cells with stem-cell-like properties in this disease®. On
the basis of many subsequent studies, the cancer stem cell concept™
postulates that a small reservoir of self-sustaining cells is exclusively
able to self-renew and maintain a tumour. These cancer stem cells may
be refractory to current therapies and may also be the most likely cells
to metastasize. Recently, cancer stem cells have been identified in solid
tumours”. With the use of CD133 (refs 28, 29), a marker associated
with stem and progenitor populations, or CD44 and EpCAM™,
human colon cancers have been demonstrated to contain cancer stem
cells. Our observations on Lgr5 expression suggest that a stem cell/
progenitor cell hierarchy is maintained in early stem-cell-derived ade-
nomas, which would lend support to the cancer stem cell concept.
Testing of the tumorigenic potential of these Lgr5 " cells awaits the
development of a transplantation assay for intestinal adenomas.

METHODS SUMMARY

Mice. Ah-crel Apc™®/1°% mice were generated by interbreeding mice carrying a
floxed Apcallele (Apc**/%%)'7 and the Ah-creallele®. Lgr5- EGFP-IRES-creER"/
APCI1o% mice were generated by interbreeding mice carrying a floxed Apc
allele, (Apc®*/1°%)17 and the Lgr5- EGFP-IRES-creER"? allele'.

Oral p-NF induction. Mice aged 6—8 weeks were treated with a single oral gavage
of 1 mgkg™" B-naphthoflavone (B-NF) in corn oil. All experiments were per-
formed according to UK Home Office guidelines.

Tamoxifen induction. Mice aged 6—8 weeks were injected intraperitoneally with
a single 200 pl dose of tamoxifen in sunflower oil at 10 mgml ™.

LacZ analysis. To determine the pattern of recombination at the Rosa26R lacZ
reporter locus, intestinal whole-mounts were prepared, fixed and exposed to
X-gal substrate using a method previously reported (see Methods).

Tissue fixation and immunohistochemistry. Intestinal tissue was fixed and
processed into paraffin blocks according to standard procedures. B-catenin,
EGFP, c-Myc, CD44 and Ki67 immunohistochemistry was performed as prev-
iously described' (see Methods).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Scoring of B-catenin™ foci. This was performed on sections stained with anti-p-
catenin (BD Transduction labs). A crypt—villus unit was defined on histological
cross-section when the crypt exits on both sides into a villus. B-catenin"®" foci were
scored as clusters of cells that showed both increased nuclear and cytoplasmic
fB-catenin when compared to surrounding cells. The following categories were
recognized: base of crypts (B-catenin-positive cells were below position 10 of the
crypt), upper crypt (B-catenin-positive cells were between position 10 and the top of
the crypt), and villus (B-catenin-positive cells were clearly located within the villus).
Scoring of LacZ™ lesions on intestinal whole mounts. Mice were culled, their
intestines removed, opened up and pinned out as intestinal whole mounts. They
were then stained for LacZ. Using a dissecting microscope, microscopic lesions,
microadenomas and adenomas were counted for the entire intestine and con-
verted to a percentage. For all the intestines scored for this analysis, there were at
least 100 microscopic lesions per animal on whole-mount analysis. Lesions
occurring after Apc loss were divided into three categories: microscopic lesions,
microadenomas and adenomas. Microscopic lesions were those that could only
be seen using the dissecting microscope and were less than 0.5 mm X 0.5 mm.
Microadenomas were judged as being visible without the dissecting microscope
and ranged from 0.5 mm X 0.5mm to 2mm X 2 mm. Adenomas were greater
than 2mm X 2mm. This categorization fitted with our previous histological
criteria, where lesions were subdivided into single crypt lesions (equivalent to
the microscopic lesion), complex lesions were greater than one crypt (2-3) and
situated near the surface, and adenomas comprised numerous crypt-like struc-
tures and had reached the surface of the epithelium.

B-galactosidase (LacZ) staining protocol. Intestines were isolated, immediately
flushed with ice-cold fixative (1% formaldehyde, 0.2% glutaraldehyde, 0.02%
NP40 in PBSO (phosphate-buffered saline deficient in Mg2+ and Ca*")) and
incubated for 2 h in a 20-fold volume of the same ice-cold fixative at 4 °C on a
rolling platform. The fixative was removed and the intestines washed twice in
PBSO0 for 20 min at room temperature on a rolling platform. The -galactosidase
substrate (5mM K;FE(CN)s, 5mM K Fe(CN)g*3H,0, 2mM MgCl,, 0.02%
NP40, 0.1% Nadeoxycholate, I mgml™" X-gal in PBS0) was then added and
the tissues incubated in the dark overnight at room temperature. The substrate
was removed and the tissues washed twice in PBSO for 20 min at room temper-
ature on a rolling platform. The tissues were then fixed overnight in a 20-fold
volume of 4% paraformaldehyde (PFA) in PBSO at 4 °C in the dark on a rolling
platform. The PFA was removed and the tissues washed twice in PBSO for 20 min
at room temperature on a rolling platform.

The stained tissues were transferred to tissue cassettes and paraffin blocks
prepared using standard methods. Tissue sections (4 pM) were prepared and
counterstained with neutral red.

Immunohistochemistry protocol. Freshly isolated intestines were flushed with
formalin (4% formaldehyde in PBS) and fixed by incubation in a tenfold excess
of formalin overnight at room temperature. The formalin was removed and the
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intestines washed twice in PBS at room temperature. The intestines were then
transferred to a tissue cassette and dehydrated by serial immersion in 20-fold
volumes of 70%, 96% and 100% EtOH for 2 h each at 4 °C. Excess ethanol was
removed by incubation in xylene for 1.5 h at room temperature and the cassettes
then immersed in liquid paraffin (56 °C) overnight. Paraffin blocks were pre-
pared using standard methods and 4 pM tissue sections generated. These sec-
tions were de-waxed by immersion in xylene (2 X 5 min) and hydrated by serial
immersion in 100% EtOH (2 X 1min), 96% EtOH (2 X 1 min), 70% EtOH
(2 X 1min) and distilled water (2 X 1 min). Endogenous peroxidase activity
was blocked by immersing the slides in peroxidase blocking buffer (0.040 M
citric acid, 0.121 M disodium hydrogen phosphate, 0.030 M sodium azide,
1.5% hydrogen peroxide) for 15min at room temperature. Antigen retrieval
was performed (see details below for each antibody), and blocking buffer (1%
BSA in PBS) added to the slides for 30 min at room temperature. Primary
antibodies were then added and incubated as detailed below. The slides were
then rinsed in PBS and secondary antibody added (polymer HRP-labelled anti-
mouse/rabbit, Envision) for 30 min at room temperature. Slides were again
washed in PBS and bound peroxidase detected by adding DAB substrate for
10 min at room temperature. Slides were then washed 2X in PBS and nuclei
counterstained with Mayer’s haematoxylin for 2 min, followed by two rinses in
distilled water. Sections were dehydrated by serial immersion for 1 min each in
50% EtOH and 60% EtOH, followed by 2 min each in 70% EtOH, 96% EtOH,
100% EtOH and xylene. Slides were mounted in Pertex mounting medium and a
coverslip placed over the tissue section.

For c-Myc (Santa Cruz, SC-764), antigen retrieval involved 20 min boiling in

Tris-EDTA pH 9.0; staining involved 1/500 dilution in blocking buffer (0.05%
BSA in PBS) or 4 days at 4 °C. For B-catenin (BD Transduction Labs, 610154),
antigen retrieval involved 20 min boiling in Tris-EDTA pH 9.0; staining involved
1/100 dilution in blocking buffer (0.05% BSA in PBS) for 2 h at room temper-
ature. For Ki67 (Monosan, MONX 10283 clone mm1), antigen retrieval involved
20 min boiling in 0.01 M citrate buffer pH 6.0; staining involved 1/250 dilution in
blocking buffer (0.05% BSA in PBS) for 1 h at room temperature. For EGFP (In-
House), antigen retrieval involved 20 min boiling in 0.01 M citrate buffer pH 6.0;
staining involved 1/8,000 dilution in blocking buffer (0.05% BSA in PBS) for
4 daysat 4 °C. For CD44 (In-House), antigen retrieval involved 20 min boiling in
0.01 M citrate buffer pH 6.0; staining involved 1/200 dilution in blocking buffer
(0.05% BSA in PBS) for 1 day at 4 °C.
Isolation of adenoma cells. Freshly isolated small intestines were incised along
their length and adenomas were removed using forceps. The adenoma tissue was
then incubated in PBS plus 5mM EDTA for 10 min. Vigorous shaking removed
remaining villi and the adenomas were subsequently incubated in PBS supple-
mented with trypsin (10 mg ml ") and DNase (0.8 units per pl) for 30 min at
37°C. After incubation, cells were spun down, re-suspended in SMEM
(Invitrogen) and filtered through a 40 pM mesh. The cells were analysed using
a MoFlo cell sorter (DAKO).
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