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Introduction
Intestinal epithelia exhibit extraordinary tissue renewal. In the 
small intestine (SI) and colon crypt base columnar (Cheng and 
Leblond, 1974), Lgr5hi cells (Barker et al., 2007) at positions 1–6 
represent proliferating stem cells (SCs) interdigitated with CD24+ 
and/or cKit+ niche-supporting cells (Sato et al., 2011; Rothenberg 
et al., 2012).

Invariant asymmetric SC division with divisions generating 
one SC and one transit amplifying/progenitor cell with occasional 
symmetric divisions compensating for SC losses has long been 
considered central for crypt homeostasis (Booth and Potten, 
2000). However, recent data suggest that SC fate is regulated 
stochastically by populational asymmetry (Lopez-Garcia et al., 
2010; Snippert et al., 2010). This yielded a model in which (a) 
equipotent Lgr5hi SCs undergo neutral competition for contact 

with niche-supporting cells, (b) SC loss is compensated by sym-
metric self-renewal of a neighboring SC, and (c) differentiation 
occurs when cells lose the short-range signals for SC competence 
from the niche (Snippert et al., 2010; Simons and Clevers, 2011). 
Yet, this model seems at odds with data suggesting that a variety 
of early committed progenitors in or above position 5 generate 
specialized cell types (Bjerknes and Cheng, 1999), which migrate 
up or down from the common origin (Bjerknes and Cheng, 1981).  
Accordingly, the dividing Lgr5hi cells at positions 1–6 should 
be a mix of SCs and progenitor cells. Of note, committed pro-
genitors are thought to be able to revert to full SC competence, 
making reversibility of cellular decisions key elements to intes-
tinal organization (Buske et al., 2011).

The balance between SC renewal and fate is perturbed by 
mutations in the adenomatous polyposis coli (APC) tumor sup-
pressor gene in humans and ApcMutant/+ mice, whereby loss of 

The stem cells (SCs) at the bottom of intestinal crypts 
tightly contact niche-supporting cells and fuel the 
extraordinary tissue renewal of intestinal epithelia.  

Their fate is regulated stochastically by populational 
asymmetry, yet whether asymmetrical fate as a mode of 
SC division is relevant and whether the SC niche contains 
committed progenitors of the specialized cell types are 
under debate. We demonstrate spindle alignments and 
planar cell polarities, which form a novel functional unit 
that, in SCs, can yield daughter cell anisotropic movement 

away from niche-supporting cells. We propose that this 
contributes to SC homeostasis. Importantly, we demon-
strate that some SC divisions are asymmetric with respect 
to cell fate and provide data suggesting that, in some SCs, 
mNumb displays asymmetric segregation. Some of these 
processes were altered in apparently normal crypts and 
microadenomas of mice carrying germline Apc mutations, 
shedding new light on the first stages of progression toward 
colorectal cancer.

The tumor suppressor Apc controls planar cell 
polarities central to gut homeostasis

Julien Bellis,1,3 Isabelle Duluc,2,3 Béatrice Romagnolo,4 Christine Perret,4 Maree C. Faux,5 Denis Dujardin,1,3  
Caroline Formstone,6 Sally Lightowler,7 Robert G. Ramsay,7,8,9 Jean-Noël Freund,2,3 and Jan R. De Mey1,3

1Laboratoire de Biophotonique et Pharmacologie, Unité Mixte de Recherche 7213, Centre National de la Recherche Scientifique, 67401 Illkirch, France
2Institut National de la Santé et de la Recherche Medicale U682, 67200 Strasbourg, France
3Université de Strasbourg, 67081 Strasbourg, France
4Institut Cochin, Institut National de la Santé et de la Recherche Medicale U567, 75014 Paris, France
5Ludwig Institute for Cancer Research, Parkville, Victoria 3050, Australia
6Medical Research Council Centre for Developmental Neurobiology, King’s College London, London SE1 1UL, England, UK
7Peter MacCallum Cancer Centre, Melbourne, Victoria 3002, Australia
8Sir Peter MacCallum Department of Oncology and 9Department of Pathology, The University of Melbourne, Parkville, Victoria 3052, Australia

© 2012 Bellis et al. This article is distributed under the terms of an Attribution–
Noncommercial–Share Alike–No Mirror Sites license for the first six months after the pub-
lication date (see http://www.rupress.org/terms). After six months it is available under a 
Creative Commons License (Attribution–Noncommercial–Share Alike 3.0 Unported license, 
as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).

T
H

E
J

O
U

R
N

A
L

O
F

C
E

L
L

B
IO

L
O

G
Y



JCB • VOLUME 198 • NUMBER 3 • 2012 332

Results and discussion
We challenged the current models of crypt homeostasis and 
perturbation by Apc mutations with a high-resolution topolo-
gical study of the mouse descending colon. We first analyzed 
spindle orientation and accompanying cell shape changes dur-
ing the mitotic cycle by 3D imaging of entire crypts (Fig. S1, C 
and D; and Videos 1 and 2). Metaphase through telophase spin-
dle orientation was determined in the tubular part by measuring 
two angles referring to planar (the  angle between the spindle 
axis and the apical pole) and longitudinal (the  angle between 
the spindle and longitudinal crypt axes) orientation (Fig. S1, A 
and B; Gong et al., 2004). Like in the SI (Fleming et al., 2007), 
spindles always planarly align with the apical cell surface ( < 
20°); in addition, 80% longitudinally align with the crypt axis 
( < 30°; Fig. 1, A and B), thus fulfilling the criteria of oriented 
cell division (OCD; Strutt, 2005). At the crypt bottom, where 
the cells are disposed semispherically, even if serial optical sec-
tions might sometimes suggest vertical spindle reorientation, 
complete 3D visualization showed that, in reality, it was hori-
zontal in 100% of the cases (Fig. 1, C–C and F; and Video 3). 

the wild-type (wt) allele (loss of heterozygosity [LOH]) initiates 
microadenomas formation (Wasan et al., 1998). SC-specific loss  
of Apc triggers microadenoma formation (Barker et al., 2009). 
In cultivated cells, APC mutations induce a range of mitotic 
defects (Green et al., 2005; Draviam et al., 2006; Dikovskaya  
et al., 2007). In vivo, normal-appearing SI crypts of ApcMin/+ mice 
display alterations in spindle orientation and cytokinesis of 
transit-amplifying cells, which are held responsible for delami-
nation (Fleming et al., 2009), tetraploidy (Caldwell et al., 2007), 
and loss of vertical spindle reorientation in Lgr5hi SCs (Quyn  
et al., 2010). Thus, mitotic defects are considered among the 
first detectable alterations predisposing to cancer initiation 
(Pease and Tirnauer, 2011). Yet, such drastic/immediate changes 
are difficult to reconcile with the slow progression toward 
colon cancer.

Finally, important differences exist between the SI and 
colon at the histological, developmental, and genetic levels 
(Chang and Nadler, 1975; Bjerknes and Cheng, 1981; Altmann, 
1990; Rothenberg et al., 2012). Thus, there is a need to better 
understand these processes in the distal colon, the major site 
of cancer in humans.

Figure 1. Spindle orientation in the tubular  
part and the semispherical parts of colon  
crypts. (A and B, left)  and  angles in 67 mi-
totic cells in wt crypts of six animals. (A and B,  
right) Cumulated percentages: 80% of  an-
gles are ≤30°, but 20% display angles up 
to 90°. Nearly 100% of  angles are ≤20°. 
(C) MIP of optical sections of a crypt compris-
ing a telophase. (C and C) Zoomed-in im-
ages of the region of interest defined by the 
dotted rectangle in C, where C is 3D rotated 
to display the spindle axis perpendicular to the 
observer. Red line shows spindle axis; white 
line shows apical surface; yellow line links the 
center of apical surface and basal pole. In C, 
the spindle appears nearly perpendicular to 
the apical surface, whereas C shows it is in 
fact parallel (complete 3D examination shown 
in Video 2). (D) MIP of a prometaphase dis-
playing a spindle axis perpendicular to the 
apical surface (3D viewing shown in Video 3).  
(E) MIP of a telophase in an ApcMin/+ mouse 
with the spindle parallel to the apical surface. 
(F) Number of meta/telophases at the crypt 
base exhibiting horizontal versus vertical 
spindle orientation in wt (Apc+/+), Apc1638N/+, 
ApcMin/+, and Apc14/+ crypts and in ACF of 
Apc14/ mice (Apc14/ ACF). Bars: (C) 10 µm;  
(C–E) 5 µm.

http://www.jcb.org/cgi/content/full/jcb.201204086/DC1
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In the tubular part (n = 48), we uncovered a novel expression 
of planar cell polarity (PCP), designated here as longitudinally 
oriented basal asymmetry (LOBA) and characterized by all inter-
phase cells being bent at their base, uniformly oriented toward 
the crypt bottom (Fig. 2 A). Like in the SI (Fleming et al., 2007),  

Cells displaying a nearly vertical spindle axis were restricted to 
prometaphases (Fig. 1 D and Video 4) when spindle position is 
not yet definitive (Fleming et al., 2007). This rules out a mecha-
nism of SC division associated with vertically reorienting the 
spindle (Quyn et al., 2010).

Figure 2. LOBA in interphase cells of wt and 
Apcmutant/+ mice. (A) LOBA is identified as a bent 
shape toward the crypt bottom in wt mice (see 
also Fig. 3 A). The numbers represent the cell 
numbering relative to the crypt bottom, where 
cell Nr 1 is located. (B–E) It is intact in two thirds 
(B) and lost in one third (C) of Apc14/+ crypts, 
in 80% of ApcMin/+ crypts (D), and in all ACF of 
Apc14/+ mice (E). The dotted white lines define 
the region of interest drawn in the boxes to the 
right, linked by grey dotted lines. Bar, 5 µm.

http://www.jcb.org/cgi/content/full/jcb.201204086/DC1
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sister (Fig. 3 A). During anaphase B spindle elongation, the api-
cal pole elongated in the same direction so that the nonattached 
daughter moved up one position (Fig. 3 A). Conversely, in cells 
aligning the spindle along the crypt circumference (large  
 angle), the BP had been bisected and inherited by both daughters, 
who apparently moved in opposite directions (Videos 2 and 6).  

dividing cells remained connected to the underlying lamina by  
an F-actin–rich basal process (BP). As in interphase, it was bent  
toward the crypt base (Fig. 3 A and Video 5). Consequently, 
in the 80% of cells displaying longitudinal spindle orientation 
(small  angle), the cleavage furrow sets up in front of the BP, 
anchoring the daughter cell closest to the crypt bottom, unlike its 

Figure 3. The LOBA/OCD unit generates anisotropic daughter cell movement that is lost in ApcMin/+ crypts. Dotted lines delineate the original cell position 
relative to the daughters. (A) In wt crypts exhibiting LOBA, mitotic cells maintain a BP (dotted stalk) uniformly bent toward the crypt bottom. Whenever a 
dividing cell exhibits longitudinal spindle orientation (80% of the cases), only the daughter closest to the crypt base inherits the BP, whereas the other moves 
one position upwards (black arrow). (B) In LOBA ApcMin/+ crypts, the BP is positioned centrally such that both daughters inherit it, abolishing anisotropic 
movement (black arrows). Bars: (A and B, first row) 10 µm; (A and B, bottom images) 5 µm. Red lines indicate the spindle axis.

http://www.jcb.org/cgi/content/full/jcb.201204086/DC1
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335APC, planar cell polarity, and intestinal homeostasis • Bellis et al.

investigated the distribution of proteins involved in it (Neumüller 
and Knoblich, 2009). Celsr1 (Fig. S2, A and B) and Vangl2 
(Fig. S2 D) were associated with the basolateral plasma mem-
brane. In dividing cells, even at the crypt base, there was no 
indication of asymmetric distribution for Celsr1 (Fig. S2 C) or 
Vangl2 (not depicted) nor to their linker to the spindle appara-
tus positioning machinery, NuMA (Fig. 5 A and Fig. S2 C;  
Morin and Bellaïche, 2011). Thus, according to these markers, 
all divisions would be symmetrical. We then studied mNumb, 
an evolutionarily conserved cell fate determinant, which in 
several SC types displays asymmetric segregation as a cortical 
crescent adjacent to one spindle pole (Gulino et al., 2010). Four  
well-characterized anti-mNumb antibodies (Zhong et al., 1996; 
Dho et al., 1999, 2006; Rasin et al., 2007) all visualized mNumb 
in association with vesicular structures densely lining the baso-
lateral plasma membrane or located in the cytoplasm of inter-
phase cells (Fig. 5, A and C–E), as in radial glial cells (Rasin 
et al., 2007) and MDCK cells (Dho et al., 2006), and double 
labeling with antibodies raised against the center or C terminus 
of mNumb revealed 50% overlap (Fig. 5, C–E). In anaphases, 
both antibodies labeled vesicular structures accumulating in the 
spindle midzone (Fig. 5, C–C). Importantly, in 60% of the 
telophases located predominantly in the SC niche (below posi-
tion 6), these structures segregated asymmetrically into only 
one daughter, where they became densely packed at the side of 
the reassembling nucleus facing the cleavage furrow (Fig. 5, A, 
B [right], D, and E; and Videos 9 and 10). They may contain 
a dedicated isoform or state of mNumb recognized by the two 
unrelated antibodies with different efficiency. The absence of 
asymmetric cortical segregation of mNumb, Vangl1, Celsr1, 
and NuMA indicates an absence of a mechanism that coordi-
nates spindle orientation and cell fate determinants as used in 
invertebrates (Neumüller and Knoblich, 2009). Strengthening 
the view that these observed asymmetric segregations are of 
functional significance, in 75% of the cases (12/16) in which 
mNumb-containing vesicles had asymmetrically distributed in 
one daughter, this daughter also had inherited asymmetrically 
the BP.

We next assessed the role of APC in LOBA/OCD and 
mNumb segregation. Both longitudinal ( angle) and planar 
( angle) spindle alignments were severely affected in Apcfl/fl × 
Villin-CreERT2 mice after conditional knockout in the adult 
gut (Fig. S1, E–H). Spindle orientation, however, was unaffected  
in the normal-appearing crypts of three ApcMutant/+ models 
(Fig. S1, E–H): Apc1638N/+, considered to be Apc haploinsuffi-
cient, and ApcMin/+ and Apc14/+, which coexpress wt APC and 
APC truncations. This is at odds with previous data (Caldwell 
et al., 2007; Fleming et al., 2009), probably because of our mea-
surement of two angles as compared with only one in these 
studies. In the tubular part of crypts from Apc14/+ aberrant 
crypt foci (ACF), longitudinal, but not planar, alignment was 
affected (Fig. S1, E–H), and consequently, crypts were enlarged 
(Fig. 2 E). At the crypt base, the spindles also remained pla-
narly aligned (Fig. 1, E and F). Thus, OCD depends on Apc but 
is not altered until LOH, the longitudinal component being 
more dependent on Apc than the planar one. Loss of OCD is cor-
related with an increased crypt diameter and irregular shape, 

At the crypt bottom, cells exhibited LOBA only when approach-
ing the tubular part, but like elsewhere in the crypt, they kept a 
BP. In half of the ana/telophases (8/15), the BP asymmetrically 
segregated in one daughter but was cleaved and segregated sym-
metrically in both daughters in the other half (Fig. S3, A and B).

This comprehensive topological view reveals that OCD and 
LOBA form a novel functional unit that orchestrates daughter 
cell placement and anisotropic movements. It provides a mech-
anism for the mitotic pressure on adhering neighbors previously 
described (Chang and Leblond, 1971, 1974). In the tubular part 
of the crypt, it is expected to contribute to the upward cell migra-
tion but also to circumferential cell positioning that fixes the 
crypt diameter (Simons and Walz, 2006). The involvement of 
LOBA/OCD in cell movement is supported by data showing 
that cells moved slower at the crypt base, where LOBA is dis-
played less (Chang and Nadler, 1975).

Intestinal SCs give rise to two lineages, absorptive and 
secretory, and an earlier study in the descending colon indicated 
that the latter become committed in the lower part of the SC 
niche (Chang and Nadler, 1975). To further investigate this, we 
compared the appearance of Atoh1/Math1 in the nuclei of sister 
cell doublets by immunostaining crypts fixed 6 or 8 h after a 
5-ethynyl-2-deoxyuridine (EdU) pulse. Atoh1 commits an ac-
tivated progenitor of the secretory cell lineage and has a role  
in crypt homeostasis (Yang et al., 2001; Shroyer et al., 2007). 
6 and 8 h after the EdU pulse, Atoh1+ nuclei made up 15–20% 
of the nuclei at positions 1–16, and of these, 15% were positive 
for EdU. 20% of all the doublets (n = 220) were Atoh1+/+ 
(Fig. 4, A and A, stars). Atoh1+ cells in M phase were also seen 
regularly (unpublished data). 6 h after the EdU pulse, of >200 
scored doublets, no Atoh1+/ asymmetry was detected. In con-
trast, 8 h after the EdU pulse, a subset of doublets, all located 
at the crypt bottom (positions 1–4) and representing 5% of the 
doublets at this position (n = 142), unambiguously exhibited 
asymmetric Atoh1+/ distribution (Fig. 4, C–D; and Videos 7 
and 8). The slender shape of these cells indicates that they were 
undifferentiated. These observations indicated that the Atoh1+/ 
cells arose from Atoh1 cells in which one sister started ex-
pressing Atoh1 some time after completion of cell division. It 
remains theoretically possible that some Atoh1+/+ doublets may 
arise from Atoh1 cells, but our study does not address this. 
We next tested whether Muc2, a marker of mucous-secreting  
cells, exhibits asymmetric expression in sister cell doublets. 8 h 
after the EdU pulse, numerous Muc2+/+ doublets and Muc2+ 
mitotic cells were seen at positions 1–10 (Fig. 4 B), but not a 
single Muc2+/ doublet was seen in >400 scored. Muc2+/+ dou-
blets and mitoses (Fig. 4 B, arrow) contained moderate amounts 
of Muc2 and, therefore, correspond to mucous cells maturing 
into goblet cells. Interestingly, 20% of the cells at the crypt base 
(positions 1–4) were mature Muc2+ and EdU, perhaps corre-
sponding to the Muc2+/cKit+ crypt base goblet cells (Rothenberg 
et al., 2012). They were interdigitated with Muc2/EdU+ cells, 
which likely are Lgr5hi cells. We conclude that in the colon SC 
niche, SC divisions asymmetric with respect to cell fate occur. 
Such divisions are considered as asymmetric.

To address whether SC mitoses can yield cells commit-
ted to differentiation directly through asymmetric mitosis, we 

http://www.jcb.org/cgi/content/full/jcb.201204086/DC1
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http://www.jcb.org/cgi/content/full/jcb.201204086/DC1
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http://www.jcb.org/cgi/content/full/jcb.201204086/DC1
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Figure 4. Atoh1 and Muc2 doublet sister cell analysis. (green) -Catenin; (magenta) EdU; (blue) DAPI. (A and A) Distribution of EdU and Atoh1 (red) in 
a section grazing the crypt lumen. The marked doublet is Atoh1+/+. (B) Muc2 (red) and EdU. Muc2+ cells contain varying amounts of mucin. The arrow 
indicates a dividing Muc2+ cell. (C–D) EdU marked doublets showing one Atoh1+ and one Atoh1 sister (see also Videos 8 and 9). In D–D, only one 
of three doublets is shown (marked by stars). The others are visible in Video 9. The data shown are from a single representative experiment out of three 
repeats. Bars: (A and B) 10 µm; (C and D) 5 µm.

http://www.jcb.org/cgi/content/full/jcb.201204086/DC1
http://www.jcb.org/cgi/content/full/jcb.201204086/DC1
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telophases, the BP was positioned centrally and segregated  
symmetrically into both daughters, which moved in opposite  
directions (Fig. 3 B), in line with the decreased cell migration 
reported in ApcMin/+ mouse crypts (Mahmoud et al., 1997). At 
the crypt base, the frequency of asymmetric BP inheritance is 
also reduced in Apc mutants (Fig. S3, C and D). Asymmetric 
mNumb segregation was reduced in LOBA+ Apc14/+ crypts 
and further dropped in LOBA crypts (Fig. 5 F and Table 1). 

reminiscent of the altered OCD in polycystic kidney disease 
(Fischer et al., 2006).

In contrast to the bent shape kept in interphase cells of 
Apc1638N/+ crypts (n = 26; not depicted), one third of Apc14/+ 
crypts (n = 80), the majority of ApcMin/+ crypts (80%, n = 
43), and all ACF from Apc14/+ mice (n = 9) had lost LOBA 
(Fig. 2), demonstrating dependency upon Apc, noteworthy 
before LOH. These LOBA crypts were clustered, and in all 

Figure 5. Symmetric NuMA and asymmetric 
mNumb segregation. (A and A’) Telophase at 
position 3 in a wt crypt with asymmetrically seg-
regating mNumb-containing vesicles (green) but 
two NuMA cortical crescents (magenta). The in-
sets show the cell of interest without dotted lines. 
(B) Higher magnification (left) and fluorescence 
quantification (right) through the A–C line for 
mNumb (green), actin (red), and DAPI (blue). 
(C–E) mNumb signals of a rabbit anti–amino 
acids 489–522 (red) and a guinea pig anti– 
C terminus of mNumb (green); the rabbit antibody 
recognizes these more efficiently. (C–C) Ana-
phase: mNumb containing vesicles accumulating 
in the spindle midzone; both antibodies label 
these structures as illustrated by the colocalization 
signal (C). (D–E) Telophase: mNumb contain-
ing vesicles segregating into one of the daughters. 
(F) Apc14/+ crypt: a telophase at position 4 with 
symmetric mNumb segregation whereby accumu-
lations of vesicles are seen at each side of the 
cleavage furrow. The data shown are from a sin-
gle representative experiment out of three repeats. 
The dotted lines delineate the cell of interest. Bars, 
5 µm. a.u., arbitrary unit.
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Importantly, we identify so far unrecognized processes, 
the anisotropic movements of daughter cells in the SC niche 
and the asymmetric mNumb segregation, as very dependent 
on Apc and show that spindle orientation, previously believed 
to be very dependent, is less so. The subtle and gradual nature 
of the effects reported here during the sequence of Apc altera-
tions (monoallelic mutation and LOH) parallels the slow pro-
gression toward cancer. These findings underscore that future 
functional studies will have to be interpreted within the com-
plex, 3D, and dynamic cytological framework characteristic 
of intestinal crypts.

Materials and methods
Mice models
wt, ApcMin/+ (provided by P. Héry, Commissariat à l’énergie atomique 
et aux énergies alternatives, Saclay, France; Su et al., 1992), Apc14/+ 
(Colnot et al., 2004), Apc1638N/+ (Fodde et al., 1999), and Apcfl/fl × 
Villin-CreERT2 (Andreu et al., 2005) mice were housed according to the 
guidelines of the Ethic Committee of the University of Strasbourg.

Preparation of colon and SI samples
For experiments assaying proliferation and sister cell doublets, EdU 
was injected intraperitoneally (10 mg/ml in PBS and 10 µl/g of body 
weight) 6 or 8 h before animals were killed. Mice were anesthetized 
and euthanized before dissection. The distal colon or jejunum segments 
were opened and immediately washed with a solution of warm (37°C) 
PHEM (60 mM Pipes, 25 mM Hepes, 10 mM EGTA, and 2 mM MgCl2). 
The tissue was pinned on a wax surface and fixed for 40 min at RT in 
3% paraformaldehyde in PHEM supplemented with 15 µM taxol. During 
fixation, it was processed into small fragments. These were then rinsed 
three times in PBS and stored at 4°C in PBS/NaN3. For microadenoma 
(ACF) isolation, the colon was fixed as previously stated in this para-
graph and incubated with methylene blue. Microadenomas were visual-
ized by trans-illumination and extracted with fine needles. Using two thin 
needles, the muscle lining was removed, and thin slices containing two to 
three rows of crypts were resected. All subsequent steps were performed 
in an Eppendorf tube. Samples were treated with PBS containing, suc-
cessively, 200 µM NH4Cl for 1 h, 3% sodium deoxycholate for 1 h, and 
0.5% Triton X-100 for 30 min and subsequently blocked for 30 min in 
PBS/BSA 1%/Triton X-100 0.2%. For labeling with anti-Atoh1, antigen 
retrieval was performed by incubating the sample in 0.1 mM sodium 
citrate buffer, pH 6.0, at 95°C for 30 min before blocking in PBS/BSA 
1%/Triton X-100 0.2%.

Immunolabeling of intact crypts
Primary and secondary antibody dilutions were made in the same 
solution. Incubation with first antibodies in 1 ml was performed for 2 h at 
RT followed by overnight at 4°C. After rinsing three times, they were incu-
bated twice during 4 h with secondary antibodies (containing phalloidin-
Alexa Flour 568), first at RT and then at 4°C. They were rinsed three 
times, incubated in DAPI (5 µl of a 1-mg/ml stock solution in 10 ml  
of PBS) for 20 min, and rinsed in PBS. They were deposited on a slide 
in a drop of PBS. The PBS was removed to leave the fragments col-
lected in the middle almost dry. They were mounted in 30 µl mounting 
medium (ProLong Gold; Molecular Probes) and covered by a coverslip. 
The primary antibodies used were the following: human autoantibodies 
against -tubulin and NuMA (1:1,000), 1 µg/ml affinity-purified rabbit 

Thus, this reduction represents a very early molecular event 
in crypts with monoallelic mutations of Apc, with further 
loss when crypts become LOBA. The early perturbations of 
LOBA/OCD and mitotic mNumb behavior are predicted to 
affect SC renewal and progenitor kinetics in the SC niche.

Our data show the existence of SC division with asym-
metric cell fate for the secretory lineage (Atoh1+/ doublets) 
near the crypt base, in line with previous data (Chang and 
Nadler, 1975), and uncover a new type of asymmetric segre-
gation of the cell fate determinant, mNumb in 50% of the cells 
of the SC niche, with a directional bias toward the cell remain-
ing attached by a BP. Thus, the SC niche comprises niche-
supporting cells and a population of Lgr5hi cells made of SCs 
and progenitors. They also strongly indicate that novel tissue/
PCPs described here play a central role in adult colon crypt 
homeostasis. Given the recent discovery of cKit+ Goblet cells 
with Paneth-like SC-stimulating function (Rothenberg et al., 
2012), we propose in the SC niche that anisotropic daughter cell 
movements driven by LOBA/OCD contribute to the probability 
of one daughter cell to divide away from the CD24+/cKit+ 
niche-supporting cell to which its mother was contacting. This 
migrating-away daughter thus becomes a committed precursor 
of one lineage, whereas the remaining daughter keeps contact 
with the niche-supporting cell and remains parked within the 
crypt base. Committed progenitors can fully regain SC compe-
tence by encountering a niche-supporting cell. By introducing 
anisotropic daughter cell movements instead of spindle reori-
entation in SCs (Quyn et al., 2010), our model provides an al-
ternative mechanism for the concept of neutral competition of 
SCs for niche-supporting cells, which is central to the concept of 
stochastic population asymmetry (Klein and Simons, 2011).

The functional relevance of the symmetric/asymmetric 
distribution of mNumb remains unknown. A regulator of Notch, 
it may impact this pathway to influence SC fate and lineage 
specification (van Es et al., 2005; Fre et al., 2011), like in the 
developing thymus (Aguado et al., 2010) and in the interfol-
licular adult epidermis (Clayton et al., 2007). These SC divi-
sions too look symmetric by all current topological criteria 
but are in reality asymmetric with respect to cell fate. In em-
bryonic muscle progenitor cells, however, Numb can modulate 
both self-renewal and commitment in a context-dependent man-
ner during a lineage progression (Jory et al., 2009). In addi-
tion, mNumb controls other pathways and cell functions than 
Notch (Gulino et al., 2010), leaving open additional ways to 
specify subpopulations of SCs or downstream progenitors. 
For instance, mNumb regulates p53, which in mammary SCs 
is very important to their expansion (Colaluca et al., 2008).

Table 1. Quantification of asymmetric mNumb segregation in wt and LOBA+ and LOBA Apc14/+ crypts

Crypt types Cell positions n Asymmetric Symmetric Percentage of asymmetric

wt 1–6 31 19 12 61.2
wt >6 20 4 16 20
14LOBA+ 1–6 18 7 11 38
14LOBA+ >6 15 0 15 0
14LOBA 1–6 12 2 10 16.6
14LOBA >6 5 0 5 0
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3D measuring points function, the -tubulin–labeled spindle poles were 
marked, and a red line connecting them visualized the spindle axis. In 
cases in which spindle orientation with respect to the apical surface was 
not clear right away, a yellow line connecting the middle of the apical pole 
with the basal one was incorporated into the stack (Fig. 1, C–C). Viewing 
3D rotations of the F-actin signal combined with these axes allowed deter-
mining spindle axis orientation and, subsequently, the cleavage plane orien-
tation with respect to the apical–basal cell polarity. For studying BP formation 
and inheritance, cells in the crypt half touching the coverslip were used be-
cause the image quality here was optimal. EdU+ sister cell doublets were 
easily recognized by their similar EdU content and speckled distribution in 
serial optical sections and especially in animations of 3D reconstructions of 
their surroundings. The latter were systematically used for doublets sus-
pected to exhibit asymmetric Atoh1. The person doing the scoring had 
gained extensive experience from scoring Atoh+/+ and Muc+/+ EdU+ sister 
doublets. Even so, doublets that presented even a slight uncertainty were 
removed from the dataset. In crypts of the SI, EdU and antibody labeling 
worked as well, but because the proliferating cells were too crowded, the 
technique could not be used reliably. In certain cases, the centers of nuclear 
doublets were also linked by a red line to facilitate 3D viewing (Video 9).

Statistical analysis
Data were expressed as mean values ± SD of the number of measurements. 
The statistical significance between experimental models was assessed by 
the unpaired Student’s t test using R software whereby P < 0.05 was con-
sidered to be statistically significant.

Online supplemental material
Fig. S1 demonstrates that imaging of intact colon crypts and analysis of 
spindle orientation by measuring angles  and  in wt and Apc mutant mice 
show normal OCD in crypts from Apc1638N/+, ApcMin/+, and Apc14/+ mice 
but perturbation upon sudden loss of Apc in crypts of floxed Apc × Villin-
CreERT2 mice treated with tamoxifen, isolated 5 d after tamoxifen adminis-
tration, and upon LOH in ACF of Apc14/+ mice. Fig. S2 shows distribution of 
PCP proteins in colon crypts. Fig. S3 shows inheritance of the BP in dividing 
cells of the crypt bottom. Video 1 shows animated optical sections through 
intact crypts flat mounted on a coverslip. Video 2 shows animated maximal 
intensity projection (MIP) tilt series of the optical sections through a crypt 
comprising a telophase at position 5 displaying a large (>80°)  angle. 
Video 3 shows animated MIP tilt series of the cell in position 3 of the crypt in 
Fig. 1 A and depicted in Fig. 1 (C and C). Video 4 shows animated MIP 
tilt series of the prometaphase in Fig. 1 E. Video 5 shows animated MIP tilt  
series of a metaphase at position 5 after positioning it upright shows LOBA 
of a BP. Video 6 shows animated MIP tilt series of the cell in Video 1. Video 7  
shows 3D animation of the Atoh1+/ doublet sister cells shown in Fig. 5 
(C–C). Video 8 shows animation of optical sections and 3D of the Atoh1+/ 
doublet sister cells shown in Fig. 5 (D–D). Video 9 shows animation of optical 
sections through the telophase at position 3 shown in Fig. 4 (A and B). Video 
10 shows 3D animation of the telophase shown in Fig. 4 (A and B) and 
Video 6. Online supplemental material is available at http://www.jcb.org/ 
cgi/content/full/jcb.201204086/DC1.
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