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SI Methods
Staining and Serial Sectioning Protocol. Wholemounts of the intes-
tines were prepared and stained with X-Gal as previously described
(7). Sections were then postfixed in 10% formalin overnight and
stored in 70% ethanol. The full intestinal tract was photographed
and digitized as described previously (7). All tumors were excised in
four of the seven aggregation chimeras, but only a subset was re-
moved from the remaining three because the multiplicitiy of tumors
was so high, making it impractical to analyze every one. Tumors were
embedded in paraffin, serially sectioned in toto, and arrayed as two
5-μm sections per slide. Every 10th slide was counterstained with

hematoxylin and eosin. When a more complete analysis was re-
quired, additional slides were counterstained with nuclear fast red.
A homotypic tumor could be composed of cells from a single pro-
genitor or else from cells from multiple progenitors with the same
R26 status, whereas a heterotypic tumor is polyclonal in origin.

Immunohistochemistry. Immunohistochemistry for β-catenin was
carried out using theHistomouseMax Broad Spectrum (DAB) kit
as instructed by the manufacturer (Invitrogen) except for the fol-
lowing modification: antigen unmasking was performed by boiling
the samples for 20 min in citrate buffer (pH 6.0). The primary
antibody was mouse anti-β-catenin (1:50; BD Biosciences, clone
14). This assay was performed to confirm the impression of the
pathologists because nuclear localization of β-catenin is a marker
for neoplastic transformation. Note that some but not all sections
were amenable to this assay owing to the X-Gal staining pro-
cedure, which involves two fixation steps and an overnight in-
cubation at 37 °C.

Tumor Phenotype Probabilities. Initiation density. The pattern of
chimerism throughout the entire intestine of each chimeric mouse
was recorded in 2D binary images, with five sections per intestine.
Each image thus holds a binary function cðxÞ∈ f0; 1g (coding
white and blue), for positions x in the section on test, treated as
a flat planer region. The recruitment model forms a tumor in
a section by first initiating a clone at a single randomly generated
position X. Then all (full recruitment) or just some (partial re-
cruitment) cells within a given distance of X are ancestral to the
observed tumor cells. The cooperation model requires two ini-
tiation events X and Y to occur within a given distance and has
tumors form from the descendants of these two cells. In either

case, initiations are considered to arise from a possibly non-
uniform density f ðxÞ over the section on test. Specifically,

f ðxÞ= α+ ðβ− αÞcðxÞ:

Because f ðxÞ integrates to unity over the section, the initiation
rates α and β were calibrated to reflect the amount of white and
blue tissue in the section, the relative size of the section, and
presumed rates ðλw; λbÞ of tumor initiation within pure white or
blue animals. We set these whole-animal rates at 100 tumors for
Min/+, 1 for 1638N/+, and 0 for +/+, although a range of values were
considered in sensitivity analysis. For section j in animal i, we used:

Phenotype probabilities, full recruitment. When a tumor is formed
from descendants of all cells within distance δ of a single initi-
ation event X randomly drawn from density f ðxÞ, it is pure blue if
and only if both the initiation point is blue ðcðXÞ= 1Þ and if all
points within the disk DðX ; δÞ are blue. Thus

PðbluejrecruitÞ=P½cðXÞ= 1 and cðyÞ= 1 ∀y∈DðX ; δÞ�
=

Z
cðxÞf ðxÞ1½cðyÞ= 1 ∀y∈Dðx; δÞ�  dx

= β

Z
cðxÞgðx; δÞ  dx;

where gðx; δÞ= 1½cðyÞ= 1 ∀y∈Dðx; δÞ�. Following ref. 1, inte-
grals of this type are readily computed from distance maps
computed from the chimeric image fcðxÞg. First, a distance
map image assigns to position x the minimal distance, dminðxÞ
say, to a pixel of opposite color. We used the distmap function
in the R package EBImage (2) to compute the distance map image
fdminðxÞg. Fig. S1 provides an example. Continuing from above,

PðbluejrecruitÞ= β

Z
cðxÞ1½dminðxÞ> δ�  dx

= β

� Z
cðxÞ  dx

�
  ½1−FblueðδÞ�

= β× areaðblueÞ× ½1−FblueðδÞ�;

where Fblue is the empirical cumulative distribution function
(ecdf) of distances fdminðxÞ : cðxÞ= 1g in the distance map asso-
ciated with blue pixels. Similarly,

PðwhitejrecruitÞ= α× areaðwhiteÞ× ½1−FwhiteðδÞ�
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and

PðheterotypicjrecruitÞ= 1−PðbluejrecruitÞ−PðwhitejrecruitÞ:
Phenotype probabilities, cooperation. The cooperation model asserts
that two independent initiation events must occur in close
proximity to generate a tumor. With X and Y random draws from
f ðxÞ, and for some proximity δc, the probability of a blue tumor is

PðbluejcoopÞ=P  ½cðXÞ= cðY Þ= 1jdðX ;Y Þ≤ δc�
= k  P½cðXÞ= cðY Þ= 1 &  dðX ;Y Þ≤ δc� 
= k

Z Z
f ðxÞf ðyÞcðxÞcðyÞ1½dðx; yÞ≤ δc�  dx  dy

= kβ2
Z Z

cðxÞcðyÞ1½dðx; yÞ≤ δc�dx  dy

= kβ2
Z

cðxÞ
�Z

cðyÞ1½dðx; yÞ≤ δc�  dy
	
  dx

= k p β2
Z

cðxÞhðx; δcÞ  dx;

where hðx; δcÞ= 1
πδ2c

R
cðyÞ1½dðx; yÞ≤ δc�dy is a smoothed version of

the chimeric image fcðxÞg and where kp is a normalizing con-
stant. The function makeBrush within the package EBImage
enables the required smoothing, with separate computations
for each radius δc on a grid. At each radius, two smoothed im-
ages were computed and averaged (one in which background was
replaced by blue, and one in which background was replaced by
white) to accommodate this boundary effect. Analogously,

PðwhitejcoopÞ= k p α2
Z

½1− cðxÞ�½1− hðx; δcÞ�  dx

PðheterotypicjcoopÞ= k p αβ

Z
f½1− cðxÞ�hðx; δcÞ

+ cðxÞ½1− hðx; δcÞ�g  dx:
Phenotype probabilities, partial recruitment.Tumor cells descend from
a single random initiation point X governed by density f ðxÞ to-
gether with a fixed number ν of partners, sampled randomly
within the disk DðX ; δÞ (rather than with all points in the disk).
Denoting Z1;Z2; . . . ;Zν by the positions of the ν partners, the

tumor is pure blue if and only if cðXÞ= 1 and cðZiÞ= 1 for all
i= 1; 2; . . . ; ν. The probability is

PðbluejpartialÞ=P½cðXÞ= cðZ1Þ= . . . = cðZνÞ= 1�
=

Z
f ðxÞcðxÞP½cðZiÞ= 1∀ijX = x�  dx

= β

Z
cðxÞP½cðZiÞ= 1∀ijX = x�  dx 

= β

Z
cðxÞfP½cðZ1Þ= 1jX = x�gν   dx

= β

Z
cðxÞ½hðx; δÞ�ν   dx;

where fhðx; δÞg is the smoothed chimeric image, as in the co-
operation calculation. Furthermore,

PðwhitejpartialÞ= α

Z
½1− cðxÞ�½1− hðx; δÞ�ν   dx

and

PðheterotypicjpartialÞ= 1−PðbluejpartialÞ−PðwhitejpartialÞ:

Notice, for example, that as ν→∞, ½hðx; δÞ�ν → gðx; δÞ from above
(Phenotype probabilities, full recruitment), and thus partial recruit-
ment with more partners behaves like full recruitment.

Likelihood. Each observed tumor t had a phenotype phenoðtÞ
(blue, white, heterotypic) and was associated with a chimeric
pattern image fctðxÞg from the intestinal section where the tu-
mor arose. For each of the models (recruitment, cooperation,
partial recruitment) and with necessary parameters fixed, the log
likelihood function was

X
t

log  PrðphenoðtÞjmodelÞ:

Fig. S2 presents the log likelihood as a function of interaction dis-
tance for various recruitment models.

Source Code. R scripts are given in Dataset S1.
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Fig. S1. Example chimera intestinal section (Upper) and various computed summaries used for statistical inference.
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Fig. S2. Formation of polyclonal tumors is best explained by the full or partial recruitment of neighboring cells over a relatively short distance. The maximum
log likelihood was calculated at different interaction distances and with a different number of partners (ν). Note that the maximum log likelihood dropped
quickly as the interaction distance increased. A simple explanation is that the calculations must account for homotypic tumors and as, the interaction distance
increases, the affected area comes to include blue and white cells owing to the fine-grained pattern of chimerism.
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