
 
 

 

Supplementary Figure 1 

Hierarchical clustering for four cases. 

Samples are indicated along the y axis, and variants are listed along the top of the diagram. Colors correspond to discrete tumor 
samples and follow the rainbow spectrum from the Treeomics phylogenies, scaling from ancestral to descendant, as indicated by the 
evolutionary relationships. Samples that are uncolored represent those analyzed by hierarchical clustering only. The variant status in 
each sample is shown in blue (for present), dark red (for absent), or light red (for unknown due to low coverage). Hierarchical clustering 
using UPGMA (unweighted pair group method with arithmetic mean) is indicated on the right y axes. Primary tumors are labeled as 
“PT” followed by a number, lymph node metastases are labeled as “NoM” followed by a number, liver metastases are labeled as “LiM” 
followed by a number, lung metastases are labeled as “LuM” followed by a number, and peritoneal metastases are labeled as “PeM” 
followed by a number. (a) Pam01. (b) Pam02. (c) Pam03. (d) Pam04. 
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Supplementary Figure 2 

Immunohistochemical analysis of proteins encoded by four major driver genes. 

Protein expression was evaluated in tumor tissues. Driver genes evaluated by immunohistochemistry are listed in columns, and tumor 
tissues from each case are presented in rows. In all images, red arrows point to positively staining non-neoplastic cells (internal 
controls) and black arrows point to positively staining nuclei in neoplastic cells. The patterns observed for the individual metastases 
sequenced in each patient were reproducibly observed in the primary carcinoma and other metastases of the same patient, as we have 

previously demonstrated
59

. Scale bar, 10 m.  
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Supplementary Figure 3 

Distributions of copy number variations in Pam02.  

Circos plots showing statistically significant CNVs in Pam02 whole-genome samples. For each sample ring, the y axis spans –2 to 2, 
with 0 representing a normal diploid copy number in unaffected regions, deletions represented as –1 or –2, and amplifications 
represented as 1 or 2. CNVs of >2 were scored as 2. All values were log2 transformed for visualization. The outermost ring shows the 
chromosomes in clockwise order. Deletions are shown in blue, while amplifications are shown in red. Gene names are those described 
in Supplementary Table 7. From innermost to outermost, the samples are PT18, PT4, PT9, LiM6, LiM5, LiM2, LiM8, LiM3, LiM7, and 
LiM1.  
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Supplementary Figure 4 

Distributions of copy number variations in Pam03. 

Circos plots showing statistically significant CNVs in whole-genome samples. For each sample ring, the y axis goes from –2 to 2, with a 
central black line representing a normal diploid copy number in unaffected regions, deletions represented as –1 or –2, and 
amplifications represented as 1 or 2. CNVs of >2 were scored as 2. The values are log2 transformed for visualization. The outermost 
ring shows the chromosomes in clockwise order. Deletions are shown in blue, while amplifications are shown in red. Gene names are 
those described in Supplementary Table 7. The innermost ring is PT12, followed by PT10, PT11, LuM3, LiM2, LiM4, LiM5, LiM3, 
LiM1, LuM1, and LuM2. 

 

Nature Genetics: doi:10.1038/ng.3764



 
 

 

Supplementary Figure 5 

Distributions of copy number variations in Pam04. 

Circos plots showing statistically significant CNVs in whole-genome samples. For each sample ring, the y axis goes from –2 to 2, with a 
central black line representing a normal diploid copy number in unaffected regions, deletions represented as –1 or –2, and 
amplifications represented as 1 or 2. CNVs of >2 were scored as 2. The values are log2 transformed for visualization. The outermost 
ring shows the chromosomes in clockwise order. Deletions are shown in blue, while amplifications are shown in red. Gene names are 
those described in Supplementary Table 7. The innermost ring is PT27, followed by PT2, PT26, PeM3, PeM2, PeM1, PeM6, PeM5, 
and PeM4. 
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Supplementary Figure 6 

B-allele frequencies for four Pam01 metastases. 

For tumors that were whole-genome sequenced, B-allele frequencies are plotted for >3,000 SNPs per chromosome. Each chromosome 
is aligned sequentially and colored according to the color spectrum. The y axis represents frequency; the normal range is represented 
by the middle blue bar. Major loss-of-heterozygosity events (black arrowheads) are observable in all metastases. The differences in the 
patterns of changes in B-allele frequency are likely caused by the varying neoplastic cell content in the different samples as well as 
other artifacts. 
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Supplementary Figure 7 

B-allele frequencies for Pam02 primary tumor sections and metastases. 

For tumors that were whole-genome sequenced, B-allele frequencies are plotted for >3,000 SNPs per chromosome. Each chromosome 
is aligned sequentially and colored according to the color spectrum. The y axis represents frequency; the normal range is represented 
by the middle blue bar. Major loss-of-heterozygosity events (black arrowheads) are observable in all primary tumor sections and 
metastases. The differences in the patterns of change in B-allele frequency are likely caused by the varying neoplastic cell content in 
the different samples as well as other artifacts. 

 

Nature Genetics: doi:10.1038/ng.3764



 
 

 

Supplementary Figure 8 

Structural variants identified in Pam01–Pam04 samples. 

Each type of structural variant is assigned a distinct color. Samples are labeled along the x axis, while numbers of structural variants 
are shown along the y axis. 
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Supplementary Figure 9 

Distributions of metastatic disease in the Pam13 and Pam16 patients with cancer. 

Anatomical locations of the primary carcinomas and discrete metastases used for whole-exome sequencing.  
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Supplementary Figure 10 

Inferred phylogeny of primary tumor sections and metastases for patient Pam03. 

(a) Time is represented on the left axis, and divergence is represented on the x axis. Colors correspond to discrete tumor samples and 
follow the rainbow spectrum, scaling from ancestral to descendant, as indicated by the evolutionary relationships. The ATM mutation 
was originally inferred to be wild type in primary tumor section PT1; however, targeted sequencing had insufficient coverage in PT1 and 
hence Treeomics misplaced the mutation (shown correctly here). (b) See Supplementary Table 3 for sample identity. Primary tumors 
are labeled at “PT” followed by a number, and the remaining samples are metastases labeled by organ. Hypothetical subclones are 
indicated by “SC” followed by the subclone number. The numbers of acquired mutations are in blue with a plus sign. Percentages 
denote bootstrapping values. Phylogeny was inferred by Treeomics

43
. (c) The dimensions of the original primary tumor in centimeters. 

(d) Primary tumor slices are numbered according to the original sectioning and plane order. See Supplementary Table 3 for sample 
identity. Metastases are labeled by organ followed by a metastasis number. 
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Supplementary Figure 11 

Inferred phylogeny of primary tumor sections and metastases for patient Pam04. 

(a) Time is represented on the left axis, and divergence is represented on the x axis. Colors correspond to discrete tumor samples and 
follow the rainbow spectrum, scaling from ancestral to descendant, as indicated by the evolutionary relationships. The KRAS mutation 
was originally inferred to be wild type in primary tumor section PT1; however, targeted sequencing had insufficient coverage in PT1 and 
hence Treeomics misplaced the mutation (shown correctly here). (b) See Supplementary Table 3 for sample identity. Primary tumors 
are labeled at “PT” followed by a number, and the remaining samples are metastases labeled by organ. Hypothetical subclones are 
indicated by “SC” followed by the subclone number. The numbers of acquired mutations are in blue with a plus sign. Percentages 
denote bootstrapping values. Phylogeny was inferred by Treeomics

43
. (c) The dimensions of the original primary tumor in centimeters. 

(d) Primary tumor slices are numbered according to the original sectioning and plane order. See Supplementary Table 3 for sample 
identity. Metastases are labeled by organ followed by a metastasis number. 
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Supplementary Figure 12 

Inferred phylogeny for Pam01. 

Time is represented on the left axis, and divergence is represented on the x axis. See Supplementary Table 3 for sample identity. 
Colors correspond to discrete tumor samples and follow the rainbow spectrum, scaling from ancestral to descendant, as indicated by 
the evolutionary relationships. Hypothetical subclones are indicated by “SC” followed by the subclone number. The numbers of 
acquired mutations are in blue with a plus sign. Percentages denote bootstrapping values. Phylogeny was inferred by Treeomics

43
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Supplementary Figure 13 

Inferred phylogeny for Pam13. 

Time is represented on the left axis, and divergence is represented on the x axis. See Supplementary Table 3 for sample identity. 
Colors correspond to discrete tumor samples and follow the rainbow spectrum, scaling from ancestral to descendant, as indicated by 
the evolutionary relationships. Hypothetical subclones are indicated by “SC” followed by the subclone number. The numbers of 
acquired mutations are in blue with a plus sign. Percentages denote bootstrapping values. Phylogeny was inferred by Treeomics

43
. The 

KRAS variant was visualized in every tumor sample during manual review. 
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Supplementary Figure 14 

Inferred phylogeny for Pam16. 

Time is represented on the left axis, and divergence is represented on the x axis. See Supplementary Table 3 for sample identity. 
Colors correspond to discrete tumor samples and follow the rainbow spectrum, scaling from ancestral to descendant, as indicated by 
the evolutionary relationships. Hypothetical subclones are indicated by “SC” followed by the subclone number. The numbers of 
acquired mutations are in blue with a plus sign. Percentages denote bootstrapping values. Phylogeny was inferred by Treeomics

43
. 
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1 Mathematical Modeling Summary

To quantify the genetic similarities and differences among metastases, we
use the “Jaccard similarity coefficient” defined as the fraction of mutations
shared by two given cells, out of all somatic mutations in either of them.
The similarity coefficient considers only somatic mutations. Thus cells taken
from identical twins have a similarity coefficient of 0 by definition (because
they do not share any somatic mutations). At the opposite extreme, two
cells that are identical at every nucleotide have a similarity coefficient of 1.

For reference points to the similarity coefficients among tumors, we cal-
culate theoretical values of this similarity coefficient for two cells randomly
sampled from the same organ in a single individual. In contrast to the ob-
served homogeneity in tumors, we find that the expected similarity coeffi-
cient in healthy tissue is always below 0.2 (Fig. 2b). These values depend on
whether or not the organ tissue is self-renewing. We consider three scenarios
(Fig. A1):

T Twell-mixed

Scenario 1 Scenario 2 Scenario 3
(a) (b) (c)

Figure A1: Schematic illustration of the three scenarios for somatic evolution
in an organ. (a) In Scenario 1, an organ grows according to a pure birth pro-
cess up to size N and no further cell division occurs. (b) In Scenario 2, a pure
birth process leads to Ncrypt stem cells, each of which founds a single crypt.
Cells in different crypts do not replace each other. (c) In Scenario 3, a pure
birth process leads to Nstem stem cells, which replace each other according
to the Moran model of a well-mixed population.

Scenario 1: Non-self-renewing tissue. First we consider an organ that
has grown to size N via a pure birth branching process. With each cell

1
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division, each daughter cell has a Poisson-distributed number of somatic mu-
tations with mean u. In this case, the expected fraction of shared mutations
is approximately 1/ log2(N) for large N . Thus for N = 1010, the expected
similarity coefficient is about 0.03. Figure A2 shows the expected value of
this coefficient as a function of the organ size N . The expected similarity
coefficient is less than ln 4 − 1 ≈ 0.39 for any population size N . For rele-
vant population sizes (N > 100), the expected similarity coefficient is always
below 0.2 (Fig. A2).
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Figure A2: Similarity coefficient (expected fraction of shared mutations) for
two cells sampled from a single organ in a single individual under Scenario 1.
The population is exponentially growing, according to a pure-birth branching
process of rate 1, up to size N . This fraction is bounded above by ln 4 −
1 ≈ 0.39, while for large N it is approximately 1/(log2N). For relevant
population sizes (N > 100), the expected similarity coefficient is always
below 0.2.

Scenario 2: Self-renewing tissue with spatially segregated stem
cells. Second we consider an organ such as the small intestine or colon,
whose tissue is divided into crypts, with a small number of organ-specific
stem cells per crypt. To model this situation we suppose that a pure birth

2

Nature Genetics: doi:10.1038/ng.3764



process leads to some number of cells (Ncrypt), each of which is the initial
stem cell that founds a crypt. Genetic evolution then occurs separately in
each crypt. We note that the similarity coefficient can only decrease from
the time that the crypts are initiated, since they each acquire somatic muta-
tions separately. Thus the expected similarity coefficient is bounded above
by 1/ log2(Ncrypt), as long as Ncrypt is large. For example, if Ncrypt = 107

then the expected similarity coefficient is less than 0.04.

Scenario 3: Self-renewing tissue with a well-mixed stem cell pop-
ulation. Finally we consider a cell population such as hematopoietic cells
which is maintained by a subpopulation of Nstem stem cells. We assume the
stem cells replace each other according to the Moran model of a well-mixed
population. We find that, for reasonable numbers of generations T , the sim-
ilarity coefficient is less than what it would be for a pure birth process alone,
which is approximately 1/ log2(Nstem).

Note that all three models quantify the homogeneity among stem-cell-like
cells. Accounting for possibly additional mutations in short-lived terminally
differentiated cells would further increase the heterogeneity within an organ.

Genetic distance. As a measurement for “genetic divergence”, we also
calculate the expected genetic distance for two cells randomly sampled from
the same organ of an individual (Maley et al., 2006). The somatic genetic
distance between two cells is defined as the total number of nonshared genetic
mutations present in two cells. For this characterization we focus on dividing
tissue (Scenario 2). We find that the expected genetic distance across the
exome of two random normal cells is approximately 140 (Section 6).

Last, we calculated confidence intervals for the observed similarity coef-
ficients and genetic distances. We find that for reasonable parameter values
the observed similarity coefficient often underestimates the true coefficient
(Section 7).

2 Modeling heterogeneity in normal tissue

The Jaccard similarity coefficient (also known as Jaccard index) is defined as
the fraction of mutations shared by two cells, out of the total mutations in
either of them: Mshared/(Mshared + Mnonshared). To obtain theoretical values
of this coefficient for cells sampled from non-cancerous tissue, we use the
coalescent perspective. We consider the lineages of the two cells in question

3
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τ2 τ2

τ1

conception

Figure A3: Theoretical values of the similarity coefficient for healthy tissue
are obtained using coalescent theory. The lineages remain together for time
τ1, and then are separate for time τ2, where τ1 and τ2 are random variables
whose distributions depend on the process in question. The expected fraction
of shared mutations is τ1/(τ1 + 2τ2).

starting from conception. The lineages remain together for some amount of
time τ1, and then are separate for another amount of time τ2 (see Fig. A3).
τ1 and τ2 are random variables whose distributions depend on the scenario
considered. Time is scaled so that cells divide at rate 1.

Overall, the lineages of the two cells have branch length τ1 in common
out of a total (shared and non-shared) branch length of τ1 + 2τ2. We assume
that the number of mutations on a branch is Poisson distributed with rate
proportional to branch length. With this assumption, and given specific
values of τ1 and τ2, the expected fraction of shared mutations (similarity
coefficient) is

E
[

Mshared

Mshared +Mnonshared

]
=

τ1
τ1 + 2τ2

(A1)

Note that this expected fraction does not depend on the mutation rate.
Additionally, if we also condition on a particular value m for the total

number of mutations, i.e., Mshared + Mnonshared = m, then the number of
shared mutations is binomially distributed:

Mshared ∼ Binom

[
m,

τ1
τ1 + 2τ2

]
. (A2)

4
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3 Scenario 1: Pure birth

Scenario 1 describes an organ that grows to full size, at which point cell
division ceases. We assume this growth occurs via a pure birth branching
process that is terminated when the number of cells reaches N .

3.1 Distribution of splitting times

Using the coalescent perspective, we consider the population backwards in
time as it shrinks from N cells to 1. At each step, a random pair of individuals
is chosen to coalesce (meaning that they derive from the same parent in the
previous step).

Consider two cells in the organ at its final size. Let G(n) denote the
probability that their lineages have not coalesced (are still apart) when the
population size is n. Note that G(n) − G(n − 1) is the probability that the
two lineages coalesce at the step when the population shrinks from n cells
to n − 1. This probability can be expressed as the probability G(n) that

coalescence has not already occurred, multiplied by the probability
(
n
2

)−1
that the correct pair is chosen to coalesce at this step. Thus

G(n)−G(n− 1) = G(n)

(
n

2

)−1
=

2 G(n)

n(n− 1)
. (A3)

This recurrence relation has an exact solution:

G(n) = C
n− 1

n+ 1
, (A4)

valid for any constant C. Noting that G(N) = 1, since the two original cells
are distinct, we have C = (N + 1)/(N − 1), and thus

G(n) =
n− 1

n+ 1

N + 1

N − 1
. (A5)

Interestingly, for large N , G(n) is approximately independent of N :

G(n) ≈ n− 1

n+ 1
. (A6)

To get the probability of coalescence as a function of time, we approximate
the total cell number by deterministic exponential growth, so that n = et for

5
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Figure A4: Cumulative distribution function F (t) for the time τ1 from con-
ception to splitting in a pure birth process (Scenario 1), as given by Eq. (A7).
This is the half-logistic distribution conditioned on its value being less than
lnN .

all t. Then the probability that the lineages have split by time t is

F (t) ≡ P[τ1 ≤ t] =
et − 1

et + 1

N + 1

N − 1
. (A7)

This is the half-logistic distribution (Balakrishnan, 1985) conditioned on its
value being less than lnN . As N →∞ this converges in law to the (uncon-
ditioned) half-logistic distribution. Figure A4 shows the cumulative distri-
bution function of τ1 (i.e., the probability of splitting by time t) for N = 107.

The probability density of splitting at time t is

f(t) = F ′(t) =
2et

(et + 1)2
N + 1

N − 1
. (A8)

The expected splitting time is

E[τ1] =

∫ ∞
0

tf(t) dt

=
N + 1

N − 1
ln 4− 2

N − 1

[
(N + 1) ln(N + 1)−N lnN

] (A9)
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In the limit of large population size, the expected splitting time converges to
ln 4:

lim
N→∞

E[τ1] = ln 4. (A10)

Thus the lineages of two randomly chosen cells in a large population are
expected to split ln 4 units of cell division time after the population is ini-
tialized. This quantity is nearly independent of final size of the organ. This
is similar to a classic result obtained by Slatkin and Hudson (1991), except
that these authors found that the expected splitting time is asymptotically
equal to Euler’s constant γ ≈ 0.577. The difference arises because we use
a pure birth process, whereas Slatkin and Hudson consider an exponentially
growing variant of the Wright-Fisher process.

3.2 Distribution of shared mutations given the total
number

We have obtained the probability distribution for the amount of time τ1
that the lineages remain together. Since the lineages of the two considered
cells diverged at time τ1 and we approximate the total population size by
exponential growth, the total time τ1 + τ2 is assumed to equal to lnN ; thus
τ2 = lnN − τ1.

Now suppose we know that in total m mutations are present among the
two cells: Mshared +Mnonshared = m. Then, conditional on this event and on a
particular value of the splitting time τ1, the number of shared and nonshared
mutations are binomially distributed:

Mshared ∼ Binom

[
m,

τ1
2 lnN − τ1

]
. (A11)

Now we allow τ1 to vary, but maintain the total number of mutations as
m. The probability distribution of Mshared can be obtained by integrating
over all possible values of τ1:

P[Mshared = k |Mshared +Mnonshared = m]

=
N + 1

N − 1

(
m

k

)∫ lnN

0

tk
[
2(lnN − t)

]m−k
(2 lnN − t)m

2et

(et + 1)2
dt. (A12)

This integral does not evaluate to closed form, but it can be approximated
numerically. Note that this distribution does not depend on the mutation
rate u (because the total number of mutations is fixed).
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3.3 Fraction of shared mutations

To calculate the expected value of the similarity coefficient, we evaluate the
expectation of Eq. (A1) over the probability density (A8) for τ1:

E
[

Mshared

Mshared +Mnonshared

]
=
N + 1

N − 1

∫ lnN

0

t

2 lnN − t
2et

(et + 1)2
dt. (A13)

Again, this integral does not evaluate to closed form. Figure A2 plots this
fraction as a function of T . Interestingly, as N → 1, the fraction of shared
mutations approaches ln 4 − 1. This quantity is an upper bound for the
expected fraction of shared mutations.

4 Scenario 2: Segregated crypts

Scenario 2 describes an organ consisting of Ncrypt spatially segregated crypts,
with each crypt founded by a single stem cell. These founder cells are as-
sumed to arise via a pure birth process. We also assume that cells in one
crypt cannot be replaced by cells in another. Once the crypts develop, they
evolve separately for T units of cell division time. (We always rescale time so
that cell divisions occur at rate 1. Thus the time scale for when the crypts
remain stable and segregated may differ from the time scale of the pure birth
process).

This coalescent process is modeled exactly as in Scenario 1, except that
(a) the pure birth process is terminated when the cell population reaches size
Ncrypt, and (b) the lineages of two cells from different crypts must remain
apart for time T until they can coalesce. Thus the distribution of τ1 is given
by Eq. (A7) with N replaced by Ncrypt, and τ2 = T + lnNcrypt − τ1. From
Eq. (A1) it follows that the similarity coefficient for two cells from different
crypts decreases monotonically with T .

5 Scenario 3: Well-mixed stem cell pool

Scenario 3 describes an organ whose cell population is maintained by a well-
mixed subpopulation of stem cells. We model this as a pure birth process
followed by a Moran process. The pure birth process represents the initial
development of the stem cell pool, and is terminated when the stem cell

8
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population reaches a certain size Nstem. At this point, the stem cell popula-
tion evolves as a Moran process, which lasts for T generations (where each
generation consists of Nstem steps of the Moran process).

Again we consider a coalescent process starting with two cells. Two possi-
bilities arise: the lineages of these cells may coalesce during the Moran phase,
or they may remain separate during the Moran phase and coalesce during the
pure birth process. Coalescent theory says that coalescence during the Moran
phase occurs as a Poisson process with rate Nstem/2 (in units of cell division
time). Thus coalescence occurs during the Moran phase with probability
1− e−2T/Nstem , and during the growth phase with probability e−2T/Nstem .

5.1 Case 1: Coalescence during the Moran process

Given that coalescence occurs during the Moran process, the distribution for
the coalescence time τ2 is given by the exponential distribution with rate
Nstem/2, conditioned on its value being less than T . Since the total time is
lnNstem + T , we have τ1 = lnNstem + T − τ2

5.2 Case 2: Coalescence during the pure birth process

In this case the two lineages remain apart for time T , after which their
coalescence follows the process described in Scenario 1. The time τ1 that
their lineages are together has probability distribution given by Eq. (A7)
with N replaced by Nstem. Since the total time is lnNstem + T , we have
τ2 = lnNstem + T − τ1.

5.3 Overall fraction of shared mutations

Combining our analyses of the two cases with Eq. (A1), we obtain the ex-
pected similarity coefficient for this scenario:

E
[

Mshared

Mshared +Mnonshared

]
=

2

Nstem

∫ T

0

lnNstem + T − t
lnNstem + T + t

e−2t/Nstem dt

+ e−2T/Nstem
Nstem + 1

Nstem − 1

∫ lnNstem

0

t

2 lnNstem + 2T − t
2et

(et + 1)2
dt. (A14)
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Interestingly, for fixed N , the similarity coefficient is nonmonotonic in T
(Fig. A5). For T � N/2, Case 2 dominates in probability. In this case, the
lineages likely split during the birth phase, with an expected splitting time of
ln 4. Thus increasing T only increases the amount of time that the lineages
are apart in this case. For T � N/2, Case 1 dominates in probability. In
this case the expected coalescence time is N/2, and increasing T increases the
time that the lineages spend together. Thus overall the similarity coefficient
first decreases and then increases in T .
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Figure A5: Similarity coefficient in Scenario 3, as a function of the number
T of generations of self-replacement after all stem cells have been produced.
Number of stem cells Nstem = 104. Relevant values of T are below 1, 000
generations, for which case the similarity coefficient is less than it would be
for a pure birth process alone.

In Fig. A5 we assumedNstem = 104 (approximating the human hematopoi-
etic stem cell population). Relevant values of T are below 1, 000 genera-
tions (as stem cells in the hematopoietic system divide approximately once a
month). For such values, the similarity coefficient is less than in a pure-birth
process alone. For larger stem cell populations the similarity coefficient is
even smaller.
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Figure A6: Expected number of nonshared mutations in Scenario 2, ac-
cording to Eq. (A15). In this scenario, a pure-birth process gives rise to
Ncrypt crypts, each of which follow a self-renewal process for T generations.
Here we have set u = 0.0225 and N = 107. For these parameters, the vast
majority of mutations occur after all crypts have developed, and therefore
E[Mnonshared] ≈ 2uT .

6 Scenario 2: Numbers of shared and non-

shared mutations

To calculate the expected number of shared and nonshared mutations, we use
the probability distributions for the amount of time τ1 and τ2. Both times
are defined as numbers of cell divisions and hence by multiplying with a
mutation rate u we directly obtain the number of acquired mutations in this
period of time. The expected numbers of shared and nonshared mutations,
respectively, are given by

E[Mshared] = uE[τ1] = u ln 4

E[Mnonshared] = 2uE[τ2] = 2u(T + lnNcrypt − ln 4).
(A15)

The number of nonshared mutations is shown as a function of T in Fig. A6.
To obtain comparison values for the measured genetic distance of coding

mutations among the metastases, we assume a mutation rate of u = 0.0225
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(expected number of acquired mutations across the exome per cell division
assuming a point mutation rate of 5 · 10−10 and 45 megabases covered by
the sequencing machine) and T = 60 · 52 (cell divides once per week for 60
years). This calculation yields an expected genetic distance of 141.1 for two
random cells sampled from the same organ.

7 Confidence intervals for the similarity co-

efficient and genetic distance

Here we consider how the sensitivity and specificity of bulk sequencing errors
may affect observed values of the similarity coefficient and genetic distance.
Because we used a very conservative scheme for when a mutation is counted
as observed, we consider only type II errors (false negatives), in which a
mutation that is present is not observed. False positives, in which a mutation
is observed but is not actually present, are sufficiently rare under our scheme
so as not to significantly affect the similarity coefficient or genetic distance
(see Online Methods for the calculated false positive rate).

7.1 Notation

We consider two tissue samples taken from different metastases in the same
patient. We define

• A is the true set of mutations in the first sample

• B the true set of mutations in the second sample

• mshared = |A ∩B| is the true number of shared mutations

• mnonshared = |A ∩ BC | + |AC ∩ B| is the true number of nonshared
mutations (superscript C denotes set complement).

Then the true similarity coefficient is

J =
|A ∩B|
|A ∪B|

=
mshared

mshared +mnonshared

.

The true genetic distance is

D = |A ∩BC |+ |AC ∩B| = mnonshared.

12
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We let p denote the false negative rate, so that a true mutation is observed
with probability 1−p and otherwise (with probability p) is missed. The sets of
observed mutations are denoted Â and B̂. The observed similarity coefficient
is

Ĵ =
|Â ∩ B̂|
|Â ∪ B̂|

.

The observed genetic distance is

D̂ = |Â ∩ B̂C |+ |ÂC ∩ B̂|.

7.2 Analysis of probabilities

We partition the total set of true mutations A∪B into three disjoint subsets:
A∩BC , AC ∩B, and A∩B, Whether or not the mutations in these sets are
observed can be considered independent events.

• For each mutation in A ∩BC ,

– With probability 1−p it is observed and is therefore in
(
A ∩BC

)
,

– With probability p it is not observed and is not in Â ∪ B̂.

• For each mutation in AC ∩B,

– With probability 1− p it is observed and is therefore in Â ∩ B̂C ,

– With probability p it is not observed and is therefore not in Â∪B̂.

• For each mutation in A ∩B,

– With probability (1 − p)2 it is observed in both samples and is
therefore in Â ∩ B̂

– With probability p(1−p) it is observed in the first sample but not
the second, and is therefore in Â ∩ B̂C ,

– With probability p(1− p) it is observed in the second sample but
not the first, and is therefore in ÂC ∩ B̂,

– With probability p2 it is not observed in either sample, and is
therefore not in Â ∪ B̂.

We define the following random variables:

13
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• M̂1 =
∣∣∣(A ∩BC

)
∩
(
Â ∩ B̂C

)∣∣∣+∣∣∣(AC ∩B
)
∩
(
ÂC ∩ B̂

)∣∣∣ is the number

of mutations that are correctly observed to be in only one sample. M̂1

is distributed as Binom[mnonshared, 1− p].

• M̂2 =
∣∣∣(A ∩B) ∩

(
Â ∪ B̂

)∣∣∣ is the number of mutations in both samples

that are observed at all. M̂2 is independent of M̂1 and is distributed as
Binom[mshared, 1− p2].

• M̂3 =

∣∣∣∣(A ∩B) ∩
(
Â ∩ B̂

)C∣∣∣∣ is the number of mutations that are truly

in both samples, but observed in only one sample. M̂3 is dependent on
M̂2. Conditioned on M̂2 = m, M3 has distribution Binom[m, 2p(1 −
p)/(1− p2)].

• M̂shared =
∣∣∣Â ∩ B̂∣∣∣ is the number of mutations that are observed to be

in both samples (correctly so, since there are no false positives). M̂shared

is dependent on M̂2. Conditioned on M̂2 = m, Mshared has distribution
Binom[m, (1− p)2/(1− p2)]. Clearly we also have M̂3 + M̂shared = M̂2.

7.3 Probability distribution for observed similarity co-
efficient

The observed similarity coefficient Ĵ can be written as

Ĵ =
M̂shared

M̂1 + M̂2

(A16)

The cumulative distribution function (CDF) for the observed similarity co-
efficient is then

P
[
Ĵ ≤ j

]
=

mshared∑
m=0

P
[
M̂2 = m

]
P
[
Ĵ ≤ j

∣∣M̂2 = m
]

=

mshared∑
m=0

(
mshared

m

)
(1− p2)mp2(mshared−m)

× P
[
M̂shared ≤ j(M̂1 +m)

∣∣M̂2 = m
]
.

(A17)
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Figure A7: Cumulative distribution functions for the observed similarity
coefficient Ĵ when the true mutation numbers are mshared = mnonshared = 50.
The false negative rates are p = 0.01 for the left panel and p = 0.1 for the
right. Note that the true similarity coefficient is 0.5 for these examples. With
these parameters and p = 0.01, the 95% confidence interval is 0.47 ≤ Ĵ ≤
0.51. For p = 0.1, the 95% confidence interval is 0.37 ≤ Ĵ ≤ 0.49. This shows
that, with a false negative rate of 10%, the observed similarity coefficient is
almost certainly an underestimate of its true value. Calculations were done
using the Probability function in Mathematica.
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Figure A7 illustrates the CDF for two different false negative rates and
number of shared and nonshared mutations of mshared = mnonshared = 50.
These values for the number of mutations roughly correspond to the num-
bers measured in the data (Supplemental Figs. 1-4). The number of truly
nonshared mutations might be higher because bulk sequencing can not de-
tect mutations at very low frequencies. However, since we are interested in
the mutations present in the founding cells of the metastases, the observed
number of mutations should be an upper bound on what was present when
the metastasis was seeded. We note that the observed values of the similar-
ity coefficient tend to be smaller than the true value (Fig. A7), because false
negatives allow shared mutations to be classified as nonshared.

7.4 Probability distribution for observed genetic dis-
tance

The observed genetic distance Ĝ can be written as

Ĝ = M̂1 + M̂3 (A18)

The cumulative distribution function (CDF) for the observed similarity co-
efficient is then

P
[
Ĝ ≤ g

]
= P

[
M̂1 + M̂3 ≤ g

]
=

mshared∑
m=0

(
mshared

m

)
(1− p2)mp2(mshared−m)

× P
[
M̂1 + M̂3 ≤ g

∣∣M̂2 = m
]
.

(A19)

Figure A8 illustrates the CDF for two different false negative rates.
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Figure A8: Cumulative distribution functions for the observed genetic dis-
tance Ĝ when the true mutation numbers are mshared = mnonshared = 50. The
false negative rates are p = 0.01 for the left panel and p = 0.1 for the right.
Note that the true genetic distance is 50 for these examples. With these
parameters and p = 0.01, the 95% confidence interval is 47 ≤ Ĝ ≤ 53. For
p = 0.1, the 95% confidence interval is 47 ≤ Ĝ ≤ 62. Calculations were done
using the Probability function in Mathematica.
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Supplemental Table 1. Clinical characteristics of pancreatic cancer patients studied.

Pam01 59M Stage IV PDAC No 7 mo 5 Liver, Lymph 
Node WGS/Discovery Set

Pam02 69F Stage IV PDAC No 0.5 mo >100 Liver WGS/Discovery Set

Pam03 79M Stage IV PDAC No 10 mo 50 Liver, Lung WGS/Discovery Set

Pam04 74M Stage IV PDAC No 3 mo >100 Peritoneum WGS/Discovery Set

Pam13 85F Stage IV PDAC No 2 mo >100 Liver WES/Validation Set

Pam16 88F Stage IV PDAC No <1 mo >100 Liver, Lymph 
Node WES/Validation Set

*PDAC: pancreatic ductal adenocarcinoma
† from diagnosis to death
‡ total number of metastases at autopsy based on gross and histologic assessment

Organ Sites 
Affected Use in StudyCase Number Age/Sex Diagnosis* Treatment Survival† Metastatic 

Burden‡
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Supplemental Table 2. Samples used for Whole genome (WGS) and directed sequencing or Whole exome sequencing (WES).

Tissue type # of samples # used for 
WGS/WES

# used for 
Targeted 

Sequencing
Normal tissues 1 1 1

Distinct parts of primary tumors 2 0 2
Metastases 4 4 4

 
Normal tissues 1 1 1

Distinct parts of primary tumor 18 3 18
Metastases 8 8 8

Normal tissues 1 1 1
Distinct parts of primary tumor 12 3 12

Metastases 12 8 12

Normal tissues 1 1 1
Distinct parts of primary tumor 27 3 27

Metastases 6 6 6

Normal tissues 1 1 -
Pam13 Distinct parts of primary tumor 1 1 -

Metastases 3 3 -

Normal tissues 1 1 -
Pam16 Distinct parts of primary tumor 2 2 -

Metastases 2 2 -

Pam01

Pam02

Pam03

Pam04
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Evolutionary analysis results. The inferred phylogenetic tree of Pam01 indicates that the pelvic 

lymph node metastasis 1 (NoM1) was apparently seeded significantly earlier than portal lymph 

node metastasis (NoM2) and the liver metastasis (LiM1) (Supplementary Figure 1a and 12). The 

portal lymph node metastasis and the liver metastasis originate from a genetically similar 

subclone (Supplementary Figure 12).    

For Pam02, we found that many of the liver metastases were more closely related to one 

of the primary tumor sections than they were to each other (Supplementary Figure 1b).  This 

provided strong evidence that coexistent metastases within the liver were more likely to be 

derived from different subclones (or regions) in the primary tumor than from each other (Figure 

4). Interestingly, we also noted that these regions were not obviously related to adjacent regions, 

and were often more related to distant subclones within the primary tumor (Figure 4d).  

In Pam03, we evaluated four additional metastases (LiM6-9) to assist our phylogenetic 

analysis. Our inferred phylogenetic tree showed that the two liver metastases (LiM2 and 4) were 

closely related (Supplementary Figure 1c, and 10). The analyses also indicate that the lung 

metastasis diverged earlier in the evolution of this tumor than the liver metastases 

(Supplementary Figure 10). 

For Pam04, the low neoplastic cell content hindered the derivation of robust phylogenies 

(Supplementary Figure 11). Interestingly, the primary tumor for this case demonstrated a similar 

mixed pattern without evidence for strictly spatially distinct subclones (Supplementary Figure 

11). It was notable that this patient was the only one with a peritoneal pattern of metastasis, a 

form of metastasis unrelated to hematogenous spread58.  Exchange of cells within the peritoneum 

could in theory explain the difficult tree reconstructions.  
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We also inferred phylogenies for the two patients for which we had whole exome 

sequencing. For Pam13 (Supplementary Figure 13), two liver mets (LiM1 and LiM3) evolved 

from the same subclone. The third liver met (LiM2) was inferred to be more closely related to 

the primary tumor (PT1) than to the other two liver mets. For Pam16 (Supplementary Figure 14), 

the lymph node and liver met were more closely relate to one primary tumor section (PT2) than 

the other (PT1). 

Immunohistochemistry for driver gene expression (continued). In all examples the 

expression patterns of each driver (whether abnormal or not) remained unchanged among the 

primary tumor subclones and metastases within each case and do not change our conclusions or 

interpretations of the genetic data for each patient (Supplementary Figure 2).	We also used this 

approach to determine the expression patterns in the primary tumor and metastasis samples for 

Pam01. The presence of nuclear labeling observed for both SMAD4 and ARID1A are consistent 

across all samples, indicating that these genes were not affected by copy number alterations (i.e. 

homozygous deletions) that may have been missed by our method (Figure 2b).		

The expression patterns among all samples from individual patients were identical, 

consistent with previous results59.  The expression patterns of the driver genes were also 

concordant with expectations from the sequencing data.  For CDKN2A, we observed a loss of 

expression in all four patients among all tumor cells: this is an example of a driver gene with no 

point mutations detected by sequencing but with loss of expression, indicating either methylation 

or a homozygous deletion. For TP53, Pam02 demonstrated p53 at stabilized, high nuclear levels 

as expected from the p. L344P missense mutation identified by WGS.  By contrast Pam01 and 

Pam03 showed loss of p53 expression in the cancer cells (internal control normal cells were 

positive) despite not finding a mutation by sequencing, also indicating a homozygous deletion in 
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these two tumors. This is consistent with our prior observation of a homozygous deletion of 

exons 1-3 in Pam01, (known as Pa04C in that study)36.  Pam04 p53 expression patterns showed 

weak positive labeling of tumor nuclei, and no mutation was identified by sequencing, consistent 

with the presence of a wild type TP53 gene.  Interestingly, SMAD4 expression was retained in 

Pam01, Pam02, and Pam03, consistent with the fact that SMAD4 loss is not a requirement for 

metastasis formation in pancreatic cancer. Pam04, the only tumor with a SMAD4 p.D351G 

missense mutation detected by sequencing, showed scattered positive nuclear labeling. This 

expression pattern is consistent with prior observations of retention of low levels of mutant 

nuclear SMAD4 protein expression when the missense mutation is located in the mutation cluster 

region of the gene (codons 330-370 within the MH2 domain)60. For ARID1A, a p.Y579X 

nonsense mutation was identified in Pam02 and immunolabeling for the ARID1A gene project 

indicated loss of protein expression.  Arid1A expression was retained in Pam01, Pam02 and 

Pam03 that were wild type per sequencing.	

59. Yachida, S. et al. Clinical significance of the genetic landscape of pancreatic cancer and 
implications for identification of potential long-term survivors. Clin. Cancer Res. 18, 
6339–47 (2012). 

60. Iacobuzio-Donahue, C. A. et al. Missense mutations of MADH4: characterization of the 
mutational hot spot and functional consequences in human tumors. Clin. Cancer Res. 10, 
1597–604 (2004). 
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