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Biased competition between Lgr5 intestinal
stem cells driven by oncogenic mutation induces
clonal expansion
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Abstract

The concept of ‘field cancerization’ describes the clonal expansion
of genetically altered, but morphologically normal cells that pre-
disposes a tissue to cancer development. Here, we demonstrate
that biased stem cell competition in the mouse small intestine can
initiate the expansion of such clones. We quantitatively analyze
how the activation of oncogenic K-ras in individual Lgr5+ stem cells
accelerates their cell division rate and creates a biased drift
towards crypt clonality. K-ras mutant crypts then clonally expand
within the epithelium through enhanced crypt fission, which
distributes the existing Paneth cell niche over the two new crypts.
Thus, an unequal competition between wild-type and mutant
intestinal stem cells initiates a biased drift that leads to the clonal
expansion of crypts carrying oncogenic mutations.
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Introduction

The adenoma-carcinoma sequence of colorectal cancers (CRCs),

defined histopathologically, has been postulated to occur as the

consequence of an ordered series of mutations in a limited set of

cancer genes (e.g. APC, KRAS, P53, Smad4) [1]. There is a consen-

sus that APC mutations initiate intestinal neoplasias. KRAS muta-

tions are believed to play an important role in progression towards

adenocarcinomas [1]. Yet, a priori, there is no reason to expect

that these mutations must be acquired in this order [2]. For

instance, oncogenic mutations in K-ras have been detected in his-

tologically normal epithelium that surrounded resected colorectal

cancers of patients [3, 4]. For a wide variety of epithelial cancers,

clinical evidence accumulates that cancer development can start

with the clonal expansion of mutant cell clones that, although his-

tologically normal, predispose the tissue for subsequent tumor

growth [5].

The small intestinal epithelium of mice provides an attractive

model system to study adult stem cell biology and the role of stem

cells in cancer development due to its structural organization of pro-

liferating and differentiated cells [6]. Approximately 16 proliferative

‘Crypt Base Columnar’ (CBC) cells, representing the Lgr5+ stem

cells of the intestine, are present at the base of each crypt, optimally

distributed between Paneth cells that, together with the surrounding

mesenchyme, constitute the stem cell niche [7–9]. The fate of intes-

tinal stem cells is determined through neutral competition for niche

occupancy. Stem cells that become displaced from Paneth cell con-

tact lose stemness and enter the transit amplifying (TA) compart-

ment. As a result, clones within the niche can either expand or

contract. Eventually, one clone will outcompete all other stem cell

clones, thus rendering the crypt monoclonal [7, 10] (supplementary

Fig S1).

Using mouse models, deletion of APC, or constitutive activa-

tion of oncogenic b-catenin in the Lgr5 stem cell compartment of

the small intestine identified them as cells-of-origin of intestinal

neoplasia [11, 12]. Moreover, the Lgr5+ cell population within

existing intestinal adenomas maintain stem cell activity and fuels

the growth of the tumor [13]. Although oncogenic mutated K-ras

that is driven from the endogenous locus induces hyperplasia in a

variety of tissues, including the colon, no morphologically detect-

able abnormalities are observed in the proximal small intestine

[14–18] (supplementary information), despite its role in progress-
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ing intestinal adenomas towards a more aggressive adenomacarci-

noma [16].

The term ‘field cancerization’ was first proposed by Slaughter

et al in 1953 [19]. Currently, it is used to describe clonally expand-

ing fields of genetically altered, but histologically normal cells that

predispose tissues for cancer development [20]. Despite increasing

clinical recognition and evidence, underlying processes that initiate

expansion of such clones are not well understood [21]. Here, upon

sporadic activation of oncogenic K-ras, we provide insights into

how an unequal competition between intestinal stem cells initiates a

biased drift to crypt clonality that is followed by clonal expansion

through enhanced crypt fission.

Results and Discussion

Clonal expansion of K-ras mutated stem cells
To investigate the effect of an oncogenic mutation on intestinal stem

cell behavior, we sporadically activated oncogenic K-rasG12D in

Lgr5+ intestinal stem cells, whose fate could be followed via the

simultaneous activation of the multicolor Cre-reporter R26R-Confetti

(supplementary information). Thereby we created a mosaic situation

of WT stem cells with a few marked mutant stem cells. There was no

obvious difference in clone density (number of clones per unit area

of tissue) between K-rasG12D and WT ‘Confetti’ clones indicating that

the induction efficiency was comparable (Fig 1A). A subtle differ-

ence in clone size appeared after 72 h of tracing. On average, clones

in K-ras mice contained more cells than WT (supplementary Fig S2).

This effect became more pronounced after 7 and 14 days of tracing.

At these time points, a significant frequency of ‘clonal fixations’

(i.e. crypts in which all stem cells belong to the same clone) was

observed in K-ras mice, a feature never seen in WT (Fig 1B).

Next, we quantified the size and stem cell content of clones.

After 48 h of tracing, the average size of K-ras clones was almost

identical to WT, although the weight was slightly skewed towards

higher stem cell number (supplementary Fig S2A). After 72 h of

tracing, K-ras clones were significantly larger than WT, and con-

tained proportionately more Lgr5hi stem cells. Moreover, clonal

‘extinction’ (i.e. complete loss of stem cells within a marked clone)

occurred less frequently in K-ras mice (21%) compared to WT

(34%), suggesting that K-ras mutant stem cells have a survival

advantage over their WT neighbors (supplementary Fig S2).

By 1 week of tracing, many of the clonal progeny had migrated

into the villus compartment, outside the microscope detection range,

making it impossible to score complete clone sizes. Nevertheless, the

expansion of clones within the stem cell population could be traced.

To focus on a defined population, we restricted our analysis to ‘sur-

viving’ clones, defined as those that retain at least one Lgr5hi stem

cell and noticed that the average stem cell content in surviving K-ras

clones increased much faster over time than that of WT (Fig 1B).

Clonal expansion as a result of competitive advantage
Previous studies have shown that the model of neutral drift dyna-

mics can be used to develop quantitative insights into the pattern of

clonal evolution in WT tissue. In particular, labeled clones in the

stem cell compartment expand or contract in a ‘random walk’-type

process at a rate set by the frequency of loss (displacement from the

niche) and replacement. For this process, it is straightforward to

determine the predicted clone size distribution as a function of the

loss/replacement rate, k, and the effective stem cell number in the

crypt, N ([10] and supplementary theory).

Our observations suggest that K-ras activation in stem cells con-

fers a survival advantage over their WT neighbors. However, the

bias appears to be limited, since the chance of ‘extinction’ for K-ras

clones is still present albeit diminished. To accommodate this bias,

we supposed that a K-ras mutant clone can expand by stochastic

stem cell division displacing a WT stem cell neighbor at a rate

k(1+d), while the reverse process (duplication of a WT stem cell

leading to displacement and loss of K-ras mutant stem cell neigh-

bor) occurs at a rate k(1-d). The parameter d controls the size of

the imbalance (supplementary theory). In WT, any one of the stem

cells in a crypt can give rise to crypt colonization with equal proba-

bility. By contrast, following K-ras activation, the K-ras mutant

clone has a higher probability of colonizing a crypt than its WT

neighbors.

To apply the neutral and biased drift model to the WT and K-ras

data, we must first define the effective stem cell number, N. Recent

studies based on multi-day imaging of lineage traced clones that are

initiated in Lgr5 intestinal stem cells, suggest that stem cells posi-

tioned near the boundary of the niche are temporally biased towards

displacement from the niche and loss of stemness, suggesting

the effective stem cell number is less than the number of Lgr5hi

cells (L. Ritsma, S.I.J. Ellenbroek, J. Van Rheenen, personal commu-

nication). These findings are corroborated by a recent lineage trac-

ing study by Kozar et al [22] that defines a small ‘functional’ stem

cell population. Here, based on the quantitative analysis of Ritsma

et al, we take a figure of N = 8, noting that, while we are concerned

with the relative difference between WT and K-ras mutant cells, our

conclusions are largely insensitive to the precise choice.

Then, following a fit of the model dynamics to the average clone

size using the clonal fate data from the study of the WT crypts [7],

we find an overall stem cell loss/replacement rate of k = 0.25 � 0.05

per day (Fig 2A and B, supplementary theory). With this rate, we

find that the corresponding size distribution of clones agrees well

with the model prediction (Fig 2C). Then, using the same stem cell

loss/replacement rate to define the competition of WT cells with their

K-ras neighbors, viz. k(1-d) = 0.25 per day, a fit to the average clone

size of K-ras mutant clones gives a bias of d = 0.45 � 0.05 (Fig 2A

and B, supplementary theory). Once again, a comparison of the

model prediction with the observed clonal fate data provides good

agreement (Fig 2D). With such a bias, the survival probability of a

K-ras mutant cell in a WT background is around 65%, a factor of 4–5

larger than a WT cell in a WT background. Indeed, given that Cre-

recombination efficiency shows a degree of variability between

genetic loci, it is likely that this analysis provides a small underesti-

mate of the true scale of bias (supplementary information).

Considering the hyperplasia effects of oncogenic K-ras in tissues

other than small intestine [14–17], it is likely that the bias in sur-

vival potential in K-ras mutant stem cells finds its origin in an

increased cell division rate. To check the cell cycle status of intesti-

nal stem cells, a pulse of EdU was administered to assess the

frequency of CBC stem cells in WT and K-rasG12D epithelia that enter

the S-phase. Indeed, more EdU+ CBC stem cells were obtained per

crypt in K-ras mutant epithelia, while the number of Paneth cells,

crypt size and the overall morphology of the intestine looked normal

(Fig 2E and F), indicating that their cell cycle rate is faster. As
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intestinal stem cells are reported to undergo approximately one cell

cycle per day [23], an increase of one cell cycle per 15 h, a number

close to the 12–16 h cell cycle time reported for the transit amplify-

ing progenitors [24], would already be sufficient to produce the phe-

notypic effects as observed in our experiments. This increased cell

cycle rate explains, at least in large part, the underlying mechanism

by which K-ras mutant stem cells acquire a competitive survival

over WT stem cells.

Clonal expansion of mutant K-ras via crypt fission
In neonatal animals and humans, the intestinal epithelium grows

through the duplication of crypts by the process of crypt fission.

Although the rate of crypt fission in steady state epithelium is low,

the frequency can increase as a regenerative response to epithelial

injury or due to mutations [25–28]. Yet, most studies have not been

able to directly visualize crypt ancestry.

To determine the impact of an oncogenic K-ras mutation on crypt

fission in adult mouse intestine, we induced sporadic lineage tracing in

Lgr5 stem cells containing R26R-Confetti. Over time, a certain amount

of Confetti-marked Lgr5 stem cells will successfully colonize the entire

crypt as the stochastic outcome of neutral (in the case of WT) or biased

(for K-ras) drift dynamics. When such a marked crypt undergoes crypt

fission, the duplicated crypt will bear the same fluorescent mark.

After 8 weeks of tracing, we scored ‘labeled’ crypts (defined as

crypts in which more than 50% of the stem cell compartment is

labeled by a single color) involving any of three visible R26R-Confetti

Figure 1. Clonal expansion of sporadically induced K-rasG12D in Lgr5hi cells.

A Confocal scanning of the bottom of small intestinal crypts at indicated time points after sporadic activation of K-rasG12D mutation in intestinal stem cells (bottom
panels) or in WT controls (top panels). Lgr5 stem cells are marked with EGFP (green). Clones are randomly marked with YFP (pseudo color white), RFP (red) or
membrane tagged CFP (blue), driven from the R26R-Confetti locus. K-rasG12D clones expand faster over time than their WT counterparts, many crypts being fixated
within 14 days of tracing. Scale bars; 50 lm.

B Expansion of Lgr5hi cell numbers over time within clones that contain at least one Lgr5hi cell. The numbers represent the percentage of clones with a certain number
of Lgr5hi cells for each time point. As the average size of clones gradually increases in WT, the K-rasG12D activated clones colonize the stem cell compartment much
faster. Blue hues represent the relative frequency of Lgr5hi cell numbers per time point, 50% is blue; 0% is white. Left matrix is for WT clones, right matrix is for
K-rasG12D clones.

Data information: Data from WT clones is reproduced from [7].
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colors (Fig 3). Adjacent labeled crypts with the same fluorescent

marking were scored as ‘XX’ (ellipse). Crypt pairs with different col-

ors were scored as ‘XY’ (dashed ellipse). Note that ‘XX’ crypt pairs

can result either from crypt fission or from chance labeling of stem

cells in neighboring crypts, whereas ‘XY’ crypt pairs can only occur

by chance. The ratio of XX versus XY crypt pairs was significantly

higher in K-ras mice compared to WTs, indicating more crypt fission

events in K-ras mice (Fig 3A–C).

After 16 weeks of tracing, the number of crypt fission events in

WT mice had increased slightly. Crypt fission events did not occur

in a uniform fashion. Certain patches of epithelia had significantly

more crypt fission events than could be expected by the average

number of fissions. Some crypts probably duplicated multiple times

(Fig 3D, cluster of four red crypts at top of panel). In K-ras mice,

large patches of monochromatic crypts were observed after

16 weeks of tracing (Fig 3E–F). These patches contained up to eight

Figure 2. K-rasG12D mutated Lgr5hi cells follow a pattern of biased drift due to a faster cell cycle.

A Average size of K-ras clones within the Lgr5hi stem cell compartment over time, with WT data shown for comparison. Open and blue squares show experimental data
from the K-ras mutant and WT clones, respectively, at day 2, 3, 7 and 14 post-induction (data are represented as mean � SEM.) Black and blue lines show a modeled
fit of the biased drift dynamics to the data. The parameter d controls the degree of imbalance; with d = 0.45�0.05 (biased) d = 0 (unbiased) (supplementary theory).
In both cases, we separated the crypt in octants, translating the effective stem cell number, n = 8.

B Extrapolation of the growth curves from (A) over a longer period of time showing the speed with which the biased drift dynamics converges towards monoclonality of
the crypt.

C Clone size distribution of the marked clones in the WT background shows an excellent fit of the experimental data (bars) to the neutral drift model (squares) in (A).
D Clone size distribution of the K-rasmutant clones shows an excellent fit of the experimental data (bars) to the biased drift model when the bias is set to d = 0.45 (squares).
E Confocal image of proximal small intestinal epithelium; either WT or K-rasG12D activated, illustrate similar EdU (red) incorporation and no abnormal morphology after

activation of K-rasG12D. Paneth cells are stained for lysozyme (green). Arrows point to EdU+ intestinal CBC stem cells. Scale bars; 50 lm.
F Quantification of EdU+ CBC stem cells and Paneth cells in whole crypts, and EdU+ TA cells per cross-section, in WT and K-rasG12D mice. More CBC stem cells per crypt

enter the S-phase when mutant for K-rasG12D, indicating a faster cell cycle (> 100 crypts; 3 mice per group).

Data information: In (A), (C), (D), error bars denote SEM and in (F), error bars denote STDEV.
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crypts, implying a significantly higher rate of crypt fission. Of note,

in WT mice, patches of more than four crypts were not observed

after 16 weeks or even 30 weeks of tracing.

Quantitative analysis of enhanced crypt fission rate
To address the significance of the crypt fission data and to infer the

fission rate in WT and K-ras mice, we turned to a more quantita-

tive analysis. By focusing on the 8 and 16 week timepoints to ana-

lyze the fission data, we could neglect details of the internal

composition of labeled crypts since the majority of clones that sur-

vived up to that time already colonized the entire crypt (supple-

mentary theory). In addition, the recombination efficiency was

approximately equal for the three different colors. Therefore, the

relative contribution of independent recombination events versus

crypt fission could be enumerated (supplementary theory). To

estimate the contribution from crypt fission, the chance of a mono-

clonal crypt undergoing n rounds of fission can be modeled by

a birth-type process (supplementary theory). In analyzing the

data, we determined that the impact of crypt death is minimal

(supplementary theory).

Figure 3. K-rasG12D mutant clones expand through enhanced crypt fission.

A Small intestinal crypts with sporadically activated Lgr5hi stem cells. Lgr5 stem cells are in green. R26R-Confetti clones are visualized and marked with YFP (pseudo
color white), RFP (red) or membrane tagged CFP (blue). After 8 weeks, the majority of surviving WT clones dominated their crypt as the outcome of neutral drift
dynamics. Adjacent labeled crypts either had the same color ‘XX’ (ellipse), or different colors ‘XY’ (dashed ellipse).

B As in (A) but for K-ras mutant clones.
C Quantification of labeled crypt clusters for WT and K-ras mice 8 weeks after labeling. The number of XX crypt pairs is significantly higher than in the WT situation.
D–F As in (A–C) but after 16 weeks of tracing. Patches of multiple adjacent labeled crypts appeared. Patches were larger and more frequent in K-ras mutant crypts.
G Probability of obtaining two neighboring monoclonal crypts of the same (PXX) or different (PXY) color in WT normalized by the chance that an isolated crypt is fully

labeled, Px. PXXX represents the probability to finding a cluster of three crypts with the same color, normalized by the probability Px. Points represent experimental
data derived from B, and the lines represent the modeled fit of the crypt fission dynamics with induction frequency p0

WT = 0.006 � 0.001 per crypt and a crypt
fission rate of fWT=0.01�0.002 per 8 weeks per crypt (main text and supplementary theory).

H As in (G), but for K-ras mutant clones. In this case, a fit of the data leads to an induction frequency of p0
Kras = 0.004 � 0.001 per crypt and a crypt fission rate of

fKras=0.3�0.04 per 8 weeks per crypt.

Data information: In (G) and (H), error bars denote SEM. Scale bars, 100 lm.
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By comparing the frequencies of different crypt clusters (Fig 3C

and F), we found the induction frequency (resulting in monoclonal

crypts) for WT mice was set by p0
WT = 0.006 � 0.002 per crypt. By

fitting the scored clusters to the model, we found a crypt fission rate

of fWT = 0.01 � 0.002 per 8 weeks per crypt. This figure confirms

that crypt fission in steady state epithelium in adult mice is indeed

rare. For the K-ras mice, the clonal induction frequency was compa-

rable to WT mice at p0
Kras = 0.008 � 0.002 per crypt. However, the

crypt fission rate of fKras = 0.27 � 0.04 per 8 weeks per crypt, was a

factor of 30 higher. As well as providing an excellent prediction for

the 2 and 16 week timepoints, these figures also correctly predicted

the fraction of 3-crypt clusters, XXX (Fig 3G and H) as well as higher

order clusters (supplementary theory). In this case, crypt fission

following K-ras activation was predicted to generate an exponential

distribution of cluster sizes.

Crypt fission or branching has been known to occur during

growth, repair and homeostasis in mice as well as in humans [29,

30]. Crypt size tends to correlate with fission rate and the bifurca-

tion plane is randomly orientated with respect to the villus base

[25]. However, little is known how crypts bifurcate. Our experimen-

tal setting allowed a unique opportunity to provide mechanistic

insight (Fig 4A). Due to the fast crypt colonization of K-ras

mutated stem cells, we were able to score clonal crypts after 14 days

of tracing that still contained Paneth cells that already existed prior

to the clonal labeling. These Paneth cells were identifiable

by the absence of clonal Confetti labeling. Due to the enhanced

Figure 4. Existing Paneth cell niche is divided over both new crypts.

A Schematic representation of experimental setting. Due to fast colonization and enhanced crypt fission rate of K-ras mutant cells, we captured crypts undergoing
fission (physical connected between two halves higher up in the crypt) that contained Paneth cells that already existed prior to clonal marking (non-labeled).
Distribution of pre-existing Paneth cells over both halves suggests that fission involved splitting of the existing stem cell population and its niche, rather than single
stem cell derived clones that branches off the existing crypt.

B Left panels, bottom view of crypt undergoing fission. Lgr5hi cells (green) are all clonally marked by Confetti-YFP (pseudo color white). Pre-existing Paneth cells, not
marked by Confetti-YFP, are divided over both new crypts (yellow arrows). Arrowhead points to newly derived clonal Paneth cell. Right panel, 3D rendering of the
crypt fission to illustrate the connection still present between the two young crypts (yellow dashed line).

C Results using the experimental setting outlined in (A), but the clone is marked by Confetti-RFP (red) rather than Confetti-YFP.
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crypt fission rate of K-ras mutated crypts, a sufficient number of

these clonal crypts underwent fission. In all 12 events that we

scored as crypt fission after 14 days of tracing, we noticed distribu-

tion of pre-existing Paneth cells to both sides of the branching crypt

buds (Fig 4B and C), suggesting that crypt fission doesn’t involve a

single stem cell derived bud that branches off the parental crypt.

Future studies are needed to reveal how many stem cells per bud

are exactly required to establish a stable bifurcation that ultimately

transforms into two independent crypts.

Although we assumed that the timing between consecutive divi-

sions is statistically uncorrelated, the exact mechanistic process that

promotes crypt fission, such as an overload of stem cells and Paneth

cells, is unknown [25]. In our hands, as well as previously docu-

mented, the Lgr5 stem cell pool, as well as the average crypt size,

remains roughly unaltered after mutating K-ras [31]. Alternatively,

fission as a response to tissue injury might correlate with the non-

uniform spreading of crypt fission. Analysis of human samples

indeed suggests that fission is more common in crypts isolated from

adenomas and hyperplastic polyps [32].

During the last couple of years, more and more tissues reveal

homeostatic mechanisms that rely on neutral competition between

stem cells. Our results can therefore be considered in a much wider

perspective, as it offers new insights into how neutral drift phenom-

ena can be subverted by mutations to expand in fields of mutant

cells while not creating phenotypic abnormalities. The expansion

and spread of mutations that do not directly lead to morphological

abnormalities can nevertheless dramatically increase the ‘target

size’ for additional oncogenic mutations that may lead to tumor for-

mation. For instance, in a normal intestine, only the stem cell popu-

lation is reported to be the cell-of-origin for adenoma formation

[11]. However, virtually all the cells, including villus cells, represent

potential cell-of-origins for progressive adenoma development in an

epithelium with oncogenic K-ras mutations [33].

Clinical observations, such as polyclonal human colorectal ade-

nomas, suggest a pre-cancerous field defect that facilitated inde-

pendent adenoma formations in close proximity of each other

[34]. Indeed, similar genetic and epigenetic profiles are observed

in multiple colorectal cancers from individual patients [35]. The

ability to identify pre-tumorigenic cells and to understand and

manipulate their behavior may prove to be important for future

therapies.

Materials and Methods

Mice
Lgr5-EGFP-Ires-CreERT2 mice were bred with K-rasLSL-G12D and

R26R-Confetti mice. Triple heterozygous mice of 10 weeks of age

were used for experiments (referred to as K-ras mice). For WT

experiments, Lgr5-EGFP-Ires-CreERT2/R26R-Confetti mice were

used. Lgr5 cells are marked with green fluorescent protein EGFP

and express a tamoxifen-inducible version of Cre that can be used to

activate K-rasG12D and R26R-Confetti alleles. R26R-Confetti is a

multicolor Cre-reporter that expresses one out of four possible fluo-

rescent proteins (nuclear Green, Yellow, Red or membrane tagged

Blue) as a random outcome of the recombination process. Tissue

preparation and analysis by confocal microscopy was performed as

described (supplementary information) [7, 23].

Cre-recombination efficiency shows a degree of variability per

genetic locus. Therefore, clones exist that express oncogenic K-ras

but that are not marked with Confetti (false negatives, i.e. 169

clones/2000 crypts) and vice versa (false positives, i.e. 8 clones/

2000 crypts, versus 383 true positives/2000 crypts). Both scenarios

in fact skew the data towards an underestimation of true scale of

the bias.

EdU incorporation
K-rasLSL-G12D mice were bred with villinCreERT2 mice. Double

heterozygous mice of 10 weeks of age were used for experiments.

For WT controls, only villinCreERT2 heterozygous littermates

were used. Around 4 days after induction with 5 mg tamoxifen,

EdU (100 ll 10 mM) was injected 2 h prior to sacrifice. Crypts

were scanned using Leica Sp8X microscope, EdU+ and lyso-

zyme+ cells were scored in 3D over >100 crypts of 3 mice per

group. EdU+ TA cells were scored per cross-section over > 100

crypts of 3 mice per group. EdU+ cells adjacent to Paneth cells at

the crypt base were scored as EdU+ CBC cells. EdU detection

and lysozyme staining to mark Paneth cells was performed and

analyzed as described [23].

Supplementary information for this article is available online:
http://embor.embopress.org

Acknowledgements
The authors would like to thank Maaike van den Born and Carla Kroon-Veenb-

oer for their help with mouse experiments. HJS was supported by a research

cancer award from the Dutch Cancer Society (UU 2013-6070), and BDS by an

award from the Wellcome Trust (grant number 098357/Z/12/Z).

Author contributions
Conceived and designed the experiments: HJS, AGS. Performed the experi-

ments: HJS, AGS, JHvE. Analyzed the data: HJS, AGS, BDS. Project supervision:

HC. Wrote the paper: HJS, AGS, BDS and HC.

Conflict of interest
The authors declare that they have no conflict of interest.

References

1. Fearon ER, Vogelstein B (1990) A genetic model for colorectal tumori-

genesis. Cell 61: 759 – 767

2. Vogelstein B, Fearon ER, Hamilton SR, Kern SE, Preisinger AC, Leppert M,

Nakamura Y, White R, Smits AM, Bos JL (1988) Genetic alterations during

colorectal-tumor development. N Engl J Med 319: 525 – 532

3. Aivado M, Gynes M, Gorelov V, Schmidt WU, Roher HD, Goretzki PE

(2000) [“Field cancerization”–an additional phenomenon in development

of colon tumors? K-ras codon 12 mutations in normal colonic mucosa

of patients with colorectal neoplasms]. Chirurg 71: 1230 – 1234; discus-

sion 1234 – 1235

4. Zhu D, Keohavong P, Finkelstein SD, Swalsky P, Bakker A, Weissfeld J, Sri-

vastava S, Whiteside TL (1997) K-ras gene mutations in normal colorec-

tal tissues from K-ras mutation-positive colorectal cancer patients.

Cancer Res 57: 2485 – 2492

5. Baker AM, Graham TA, Wright NA (2013) Pre-tumour clones, periodic

selection and clonal interference in the origin and progression of gastro-

EMBO reports Vol 15 | No 1 | 2014 ª 2013 The Authors

EMBO reports Clonal expansion of K-ras mutated Lgr5 stem cells Hugo J. Snippert et al

68



intestinal cancer: potential for biomarker development. J Pathol 229:

502 – 514

6. van der Flier LG, Clevers H (2009) Stem cells, self-renewal, and differen-

tiation in the intestinal epithelium. Annu Rev Physiol 71: 241 – 260

7. Snippert HJ, van der Flier LG, Sato T, van Es JH, van den Born M, Kroon-

Veenboer C, Barker N, Klein AM, van Rheenen J, Simons BD, Clevers H

(2010) Intestinal crypt homeostasis results from neutral competition

between symmetrically dividing Lgr5 stem cells. Cell 143: 134 – 144

8. Sato T, van Es JH, Snippert HJ, Stange DE, Vries RG, van den Born M,

Barker N, Shroyer NF, van de Wetering M, Clevers H (2011) Paneth cells

constitute the niche for Lgr5 stem cells in intestinal crypts. Nature 469:

415 –418

9. Farin HF, Van Es JH, Clevers H (2012) Redundant sources of Wnt regu-

late intestinal stem cells and promote formation of Paneth cells. Gastro-

enterology 143: 1518 – 1529 e1517

10. Lopez-Garcia C, Klein AM, Simons BD, Winton DJ (2010) Intestinal stem

cell replacement follows a pattern of neutral drift. Science 330: 822 – 825

11. Barker N, Ridgway RA, van Es JH, van de Wetering M, Begthel H, van den

Born M, Danenberg E, Clarke AR, Sansom OJ, Clevers H (2009) Crypt stem

cells as the cells-of-origin of intestinal cancer. Nature 457: 608 – 611

12. Zhu L, Gibson P, Currle DS, Tong Y, Richardson RJ, Bayazitov IT, Popple-

ton H, Zakharenko S, Ellison DW, Gilbertson RJ (2009) Prominin 1 marks

intestinal stem cells that are susceptible to neoplastic transformation.

Nature 457: 603 – 607

13. Schepers AG, Snippert HJ, Stange DE, van den Born M, van Es JH, van de

Wetering M, Clevers H (2012) Lineage tracing reveals Lgr5+ stem cell

activity in mouse intestinal adenomas. Science 337: 730 – 735

14. Haigis KM, Kendall KR, Wang Y, Cheung A, Haigis MC, Glickman JN,

Niwa-Kawakita M, Sweet-Cordero A, Sebolt-Leopold J, Shannon KM, Set-

tleman J, Giovannini M, Jacks T (2008) Differential effects of oncogenic

K-Ras and N-Ras on proliferation, differentiation and tumor progression

in the colon. Nat Genet 40: 600 – 608

15. Trobridge P, Knoblaugh S, Washington MK, Munoz NM, Tsuchiya KD, Ro-

jas A, Song X, Ulrich CM, Sasazuki T, Shirasawa S, Grady WM (2009)

TGF-beta receptor inactivation and mutant Kras induce intestinal neo-

plasms in mice via a beta-catenin-independent pathway. Gastroenterol-

ogy 136: 1680 – 1688 e1687

16. Sansom OJ, Meniel V, Wilkins JA, Cole AM, Oien KA, Marsh V, Jamieson

TJ, Guerra C, Ashton GH, Barbacid M, Clarke AR (2006) Loss of Apc allows

phenotypic manifestation of the transforming properties of an endoge-

nous K-ras oncogene in vivo. Proc Natl Acad Sci USA 103: 14122 – 14127

17. Ray KC, Bell KM, Yan J, Gu G, Chung CH, Washington MK, Means AL

(2011) Epithelial tissues have varying degrees of susceptibility to Kras

(G12D)-initiated tumorigenesis in a mouse model. PLoS One 6: e16786

18. Luo F, Brooks DG, Ye H, Hamoudi R, Poulogiannis G, Patek CE, Winton

DJ, Arends MJ (2007) Conditional expression of mutated K-ras acceler-

ates intestinal tumorigenesis in Msh2-deficient mice. Oncogene 26:

4415 – 4427

19. Slaughter DP, Southwick HW, Smejkal W (1953) Field cancerization in

oral stratified squamous epithelium; clinical implications of multicentric

origin. Cancer 6: 963 – 968

20. Braakhuis BJ, Tabor MP, Kummer JA, Leemans CR, Brakenhoff RH (2003)

A genetic explanation of Slaughter’s concept of field cancerization: evi-

dence and clinical implications. Cancer Res 63: 1727 – 1730

21. Graham TA, McDonald SA, Wright NA (2011) Field cancerization in the

GI tract. Future Oncol 7: 981 – 993

22. Kozar S, Morrissey E, Nicholson AM, van der Heijden M, Zecchini HI,

Kemp R, Tavare S, Vermeulen L, Winton DJ (2013) Continuous clonal

labeling reveals small numbers of functional stem cells in intestinal

crypts and adenomas. Cell Stem Cell 13: 626 – 633

23. Schepers AG, Vries R, van den Born M, van de Wetering M, Clevers H

(2011) Lgr5 intestinal stem cells have high telomerase activity and ran-

domly segregate their chromosomes. EMBO J 30: 1104 – 1109

24. Marshman E, Booth C, Potten CS (2002) The intestinal epithelial stem

cell. Bioessays 24: 91 – 98

25. Totafurno J, Bjerknes M, Cheng H (1987) The crypt cycle. Crypt and

villus production in the adult intestinal epithelium. Biophys J 52:

279 – 294

26. Park HS, Goodlad RA, Wright NA (1995) Crypt fission in the small intes-

tine and colon. A mechanism for the emergence of G6PD locus-mutated

crypts after treatment with mutagens. Am J Pathol 147: 1416 – 1427

27. Bjerknes M (1995) The crypt cycle and the asymptotic dynamics of the

proportion of differently sized mutant crypt clones in the mouse intes-

tine. Proc Biol Sci 260: 1 – 6

28. Bjerknes M (1996) Expansion of mutant stem cell populations in the

human colon. J Theor Biol 178: 381 – 385

29. Bjerknes M (1986) A test of the stochastic theory of stem cell differentia-

tion. Biophys J 49: 1223 – 1227

30. Greaves LC, Preston SL, Tadrous PJ, Taylor RW, Barron MJ, Oukrif D,

Leedham SJ, Deheragoda M, Sasieni P, Novelli MR, Jankowski JA, Turnbull

DM, Wright NA, McDonald SA (2006) Mitochondrial DNA mutations are

established in human colonic stem cells, and mutated clones expand by

crypt fission. Proc Natl Acad Sci USA 103: 714 – 719

31. Feng Y, Bommer GT, Zhao J, Green M, Sands E, Zhai Y, Brown K, Bur-

berry A, Cho KR, Fearon ER (2011) Mutant KRAS promotes hyperplasia

and alters differentiation in the colon epithelium but does not expand

the presumptive stem cell pool. Gastroenterology 141: 1003 – 1013

e1001 – 1010

32. Wong WM, Mandir N, Goodlad RA, Wong BC, Garcia SB, Lam SK,

Wright NA (2002) Histogenesis of human colorectal adenomas and

hyperplastic polyps: the role of cell proliferation and crypt fission. Gut

50: 212 – 217

33. Schwitalla S, Fingerle AA, Cammareri P, Nebelsiek T, Goktuna SI, Ziegler

PK, Canli O, Heijmans J, Huels DJ, Moreaux G, Rupec RA, Gerhard M, Sch-

mid R, Barker N, Clevers H, Lang R, Neumann J, Kirchner T, Taketo MM,

van den Brink GR, et al. (2013) Intestinal tumorigenesis initiated by

dedifferentiation and acquisition of stem-cell-like properties. Cell 152:

25 – 38

34. Thirlwell C, Will OC, Domingo E, Graham TA, McDonald SA, Oukrif D, Jef-

frey R, Gorman M, Rodriguez-Justo M, Chin-Aleong J, Clark SK, Novelli

MR, Jankowski JA, Wright NA, Tomlinson IP, Leedham SJ (2010) Clonality

assessment and clonal ordering of individual neoplastic crypts shows

polyclonality of colorectal adenomas. Gastroenterology 138: 1441 – 1454,

1454 e1441 – 1447

35. Nosho K, Kure S, Irahara N, Shima K, Baba Y, Spiegelman D, Meyerhardt

JA, Giovannucci EL, Fuchs CS, Ogino S (2009) A prospective cohort study

shows unique epigenetic, genetic, and prognostic features of synchro-

nous colorectal cancers. Gastroenterology 137: 1609 – 1620 e1601 – 1603

ª 2013 The Authors EMBO reports Vol 15 | No 1 | 2014

Hugo J. Snippert et al Clonal expansion of K-ras mutated Lgr5 stem cells EMBO reports

69


