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Detecting truly clonal alterations 
from multi-region profiling of 
tumours
Benjamin Werner1,2, Arne Traulsen2, Andrea Sottoriva1 & David Dingli3,4

Modern cancer therapies aim at targeting tumour-specific alterations, such as mutations or neo-
antigens, and maximal treatment efficacy requires that targeted alterations are present in all tumour 
cells. Currently, treatment decisions are based on one or a few samples per tumour, creating uncertainty 
on whether alterations found in those samples are actually present in all tumour cells. The probability 
of classifying clonal versus sub-clonal alterations from multi-region profiling of tumours depends on 
the earliest phylogenetic branching event during tumour growth. By analysing 181 samples from 10 
renal carcinoma and 11 colorectal cancers we demonstrate that the information gain from additional 
sampling falls onto a simple universal curve. We found that in colorectal cancers, 30% of alterations 
identified as clonal with one biopsy proved sub-clonal when 8 samples were considered. The probability 
to overestimate clonal alterations fell below 1% in 7/11 patients with 8 samples per tumour. In renal cell 
carcinoma, 8 samples reduced the list of clonal alterations by 40% with respect to a single biopsy. The 
probability to overestimate clonal alterations remained as high as 92% in 7/10 renal cancer patients. 
Furthermore, treatment was associated with more unbalanced tumour phylogenetic trees, suggesting 
the need of denser sampling of tumours at relapse.

Recent advances in next-generation sequencing have led to the widespread identification of somatic changes in 
the genomes of a large number of tumours, raising the hope to transform cancer therapy based on patient-specific 
data1. Novel treatments aim at targeting cancer genomic alterations, or prime the immune system to neo-antigens 
expressed by tumour cells, allowing personalised cancer medicine2–11.

The success of this therapeutic strategy however, relies on selecting the correct targets in each patient8,12–14. The 
number of potentially targetable tumour specific alterations is continuously increasing. However, any approach 
that targets sub-clonal alterations will at best eradicate only a proportion of cells in the tumour. For a maximal 
effective therapy (and any prospect of tumour eradication), tumour-specific alterations that are present in all cells 
of the tumour and thus are “truly” clonal must be targeted by therapy13,15–17.

However, intra-tumour heterogeneity and sampling bias complicate the correct classification of truly clonal 
and sub-clonal alterations. Independent multi-region profiling of spatially distinct tumour samples increases 
the information on individual tumours and allows the reconstruction of phylogenetic trees18–26. Truly clonal 
alterations must appear in the “trunk” of these trees. However, the opposite is not necessarily true. An alteration 
that appears truncal in the “sampled” tree, may still be sub-clonal in the whole tumour because we cannot profile 
every cell in the neoplasm23,27, see also Fig. 1. Taking larger, more or spatially distant samples can mitigate the 
problem19,22–25, but the fundamental question remains: how many samples of a tumour do we need to identify the 
list of all truly clonal alterations with a certain confidence?

Results
Let us consider the complete phylogenetic tree of a tumour. Each leaf of this tree is a cancer cell. Leaves are sep-
arated by bifurcations representing cell divisions prone to inheritable alterations, which could be single nucleo-
tide polymorphisms, gene duplications, translocations or any other genomic change. Alterations that are in the 
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trunk of the tree must be present in all cells of the tumour, if we neglect unlikely events of back mutations. The 
first bifurcation divides the tumour into two populations of fraction f and 1 −​ f. The sizes of these fractions are 
the result of potentially complicated processes, e.g. clonal selection, immune system escape or random drift. If 
we were to sample from both sides of the tree, all alterations that appear clonal in both samples will also be truly 
clonal in the whole tumour. But if we only sample from either side, we will misclassify a fraction of sub-clonal 
alterations as clonal, see Fig. 1. Thus the critical question is, how likely are we to sample from both sides of the 
tree in a multi-sampling strategy? Assuming we analysed i independent spatially separated tumour samples, the 
probability to sample from both sides of the tree is

= − − −p i f f( ) 1 (1 ) , (1)f
i i

see Methods for details. The information gained from multi-region sequencing follows a single universal curve 
and the balancing factor f determines the shape of this curve, see Fig. 1d. The probability to classify all truly clonal 
alterations correctly from a single sample is expected to be zero (pf(i =​ 1) =​ 0). Including more samples i to the 
analysis increases the probability to classify truly clonal alterations correctly. The probability increases fastest for 
trees in which the first bifurcation splits the tumour population approximately in half (f =​ 1/2). These are often 
referred to as ‘balanced’ phylogenetic trees, and are often, but not always, consistent with neutral growth (i.e. all 
the tumour driving alterations were present in the trunk of the tree)27. In this case, the information is gained 
exponentially = −

−( )p i( ) 1
i

1/2
1
2

1
 with the number of samples i. Two tumour samples have a probability of 50% 

to correctly classify all truly clonal alterations and the probability increases to 99% for 8 independent samples. 
However, the probability increases more slowly in unbalanced tumours, e.g. in cases of strong on-going sub-clonal 
selection during tumour growth or as a result of treatment. For example, if one side of the tree is 5 times larger 
compared to the other side, two independent tumour samples result in a probability of 28% to correctly classify 
all alterations and increases to 73% for 8 independent samples (Fig. 1). Given that the spatial distribution of muta-
tions in the tumour cannot be known a priori, there cannot be a unique sampling strategy, as different tumours 

Figure 1.  The sampling bias of a multi region analysis depends on a tumour’s evolutionary history.  
(a,b) The most recent common ancestor of all cells in the tumour contains all alterations that are truly clonal 
(top square). The first bifurcation from the ancestor divides the tumour into two populations that will constitute 
a fraction of f and 1 −​ f at diagnosis. These fractions are the result of complex processes (e.g. clonal selection) 
and tumours might be balanced (both populations reach a similar size, f =​ 0.5), or one population gains a 
significant fitness advantage and the tumour becomes unbalanced (f ≪ 0.5). During growth, cells accumulate 
further alterations that contribute to intra tumour heterogeneity at diagnosis. (c) This implies that different 
multi-region samples will identify different alterations and different combinations of samples will identify 
different sets of clonal and sub-clonal alterations. Only if we sample cells from both sides of the phylogenetic 
tree, we can identify all true clonal alterations. (d) The probability that at least one out of i samples is from each 
side of the phylogenetic tree depends on the relative sizes of both sides f and is given by pf =​ 1 −​ fi −​(1 −​ f)i. 
Balanced trees (f =​ 0.5) need few samples to identify all true clonal mutations with high confidence, while 
unbalanced trees (e.g. f =​ 0.166) require more samples for the same confidence.
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might present with different relative f and the uncertainty to identify truly clonal alterations might be dramatically 
different for two patients with the same number of samples. Ideally, the sampling strategy should be adjusted to 
account for each tumour’s individual evolutionary trajectory.

The balancing factor f can be inferred from multi-region profiling of individual tumours, see Methods for 
details. In short, comparing the lists of clonal alterations identified by all permutations of tumour samples gives 
a measure for the average information gained by additional sampling. This information gain should fall onto 
the universal curve (1) after adjusting for finite sampling (see Equation (8) in the Method section for details). 
For example, if we have 10 tumour samples in total, we can generate 45 unique combinations of 2 subsamples. If 
the tumour were perfectly balanced (f =​ 0.5), half of the subsample combinations would recover the exact min-
imal list of clonal alterations. For unbalanced tumours (f <​ 0.5) fewer combinations of subsamples will recover 
the minimal list of alterations. This procedure is then continued for all possible combinations of subsamples. 
Comparing the shape of the universal curve (8) to the actual information gain from the data allows  assigning an 
empirical balancing factor f to a tumour. Each tumour-specific balancing factor provides a rational of whether 
the current number of tumour samples is sufficient, or if additional sampling is necessary to ascertain the identity 
of truly clonal alterations in that particular patient. In addition, the value of f would determine whether it makes 
sense to sequence additional parts of the tumour, if the expected information gain from each sample is very small.

First, we tested if the information on clonal alterations gained from multi-region sequencing data falls onto 
the theoretically predicted universal curve (8). We evaluated ten cases of multi-region sequenced clear cell renal 
carcinoma (between 5 and 11 samples per tumour, 74 samples in total) recently published by Gerlinger et al.18,22. 
Each sample had a volume of approximately 0.25mm3 and thus each sample contained ~108 cells. The protein cod-
ing region of the genome (exome) was sequenced with a depth of >​70x for all samples, allowing the identification 
of clonal mutations within each single bulk sample with high precision.

Intra-tumour heterogeneity was high in all 10 tumours. The number of coding mutations identified within 
a single sample ranged from 9 to 76 across tumours, see Fig. 2 panel a1 to j1. Considering more samples in the 
analysis decreases the number of what appeared to be clonal mutations, as well as the variability in all 10 cases, 
e.g. 8 samples from the same tumour reduced the list of clonal mutations on average by 40% compared to a single 
sample and the reduction ranged from 14 to 72% in individual patients, see also Fig. 2 panel a1 to j1.

Strikingly, the universal curve (8) describes the information gain from additional samples very well in all 10 
cases and we can assign balancing factors to all 10 tumours. We found balanced phylogenetic trees (f =​ 0.5) in 
only two tumours, see Fig. 2 panel a2 to j2. In these cases, eight tumour samples suffice to identify all truly clonal 
mutations with a probability of 99%. One tumour had a slightly unbalanced tree (f =​ 0.35), while 7 tumours 
appeared to be highly unbalanced (f <​ 0.01). In the latter cases, distinct clonal expansions were likely driven by 
selection, supporting the original findings of the authors of on-going clonal selection and convergent evolution 
in the majority of the patients analysed18,22. In these cases, a study with fewer or different samples on the same 
tumour would have identified very different sets of clonal mutations. Based on the data, two samples have a 
median probability of 68% (a 95% CI of 55 to 77%) to overestimate the number of clonal mutations, highlighting 
the potential risk of suboptimal treatment strategies due to incomplete information on clonal genomic changes of 
tumour cells. Adding more tumour samples to the analysis of the 7 unbalanced tumours would likely reduce the 
list of putative clonal mutations further, allowing for a better-informed course of treatment.

We note that the balancing factor f was independent from the total number of uniquely detected mutations 
(Spearman Rho =​ −​0.38, p =​ 0.3), or the percentage of uniquely detected mutations defined as clonal across all 
samples of a single tumour (Spearman Rho =​ 0.18, p =​ 0.62). The mutational load of a tumour is the result of 
many potentially interacting factors, e.g. the age of a patient or the intrinsic (potentially elevated) mutation rate. 
Furthermore the majority of mutations are likely neutral passengers or provide only a weak selective advantage 
to the tumour and correlations might be masked by treatment induced selection biases. This suggests that a sam-
pling strategy based on mutational diversity alone may not be optimal. As we show, the change of diversity across 
independent tumour samples is the variable of interest.

We then tested the robustness of our estimates by applying our analysis to a subset of tumour samples. We 
inferred the balancing factor f for all possible combinations of subsets with a minimum of 4 samples. For example, 
all combinations of 6 out of 12 tumour samples yield 924 independent estimates for f. The distributions of values 
for f are summarised in Fig. 2 panel a3 to j3. Most combinations of samples resemble the balancing inferred from 
the full data set. We observe a trend towards a bimodal distribution for small sample numbers (e.g. Fig. 2 d3, i3 
and j3). This might be a direct consequence of the spatial sampling scheme. Few samples in close spatial proximity 
are more likely to show balanced (neutral) growth characteristics, whereas samples with maximal spatial distance 
likely diverged early during tumour development23,27,28. This suggests that conclusions about the evolutionary 
history of tumours based on only a few samples can be misleading. Sufficiently many spatially distant tumour 
samples are required for a reliable inference (and interpreted in the context of f).

Interestingly, 6/7 unbalanced tumours received treatment before resection (and sequencing) and all 7 cases 
developed metastatic disease. In contrast, 2/3 balanced tumours were treatment naive at the time of sequencing 
and the only 2 tumours without metastatic disease (Fig. 2i,j) were balanced. Indeed, tree unbalancing was associ-
ated with treatment (p =​ 0.02, t-test), indicating that treatment likely contributes to high selection pressures that 
lead to unbalanced phylogenetic structures. This has important biological and clinical implications, suggesting 
that treated tumours may require more samples to design the optimal therapeutic strategy based on truly clonal 
alterations. In addition, it appears that multi-region sequencing before initiation of any therapy may simplify the 
identification of truly clonal abnormalities that could be the targets of therapy. Future studies are needed to test 
this observation further. It will also be important to stratify patients for potentially other confounding factors, 
such as tumour size, tumour stage, and the spatial distribution of tumour samples.

Next, we tested if the information on copy number changes also follows our theoretical prediction (8). We 
reevaluated copy number changes in multiple single crypts (each crypt contains ~104 cells) of 11 treatment naive 
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Figure 2.  Information gain from multi-region sequencing in patients with clear cell renal carcinoma. 
(Panels a1 to j1): If from a set of n multi-region samples from a patient we consider different subsets of samples 
(n is between 5 and 11 per patient) with size i =​ 1,2,…​n, we will identify different numbers of putatively clonal 
alterations, with great variation between different sets of the same size. The more samples we consider, the closer 
we get to the minimal identifiable set of clonal mutations, i.e. mutations that may have appeared clonal with 
one or few samples, turn out to be indeed sub-clonal in the whole tumour. (Panels a2 to j2): The probability 
to find the minimal set of clonal mutations falls onto the universal curve (8). Dots represent the data; lines 
correspond to best fits of f via Equation (8). In 2 cases (c2 and j2) we find a balanced left and right side (f =​ 0.5). 
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colorectal tumours (7–13 crypts per tumour, 107 samples in total) previously published in ref. 23. Again the infor-
mation gain from multiple tumour samples is well described by our theoretical model (see Fig. 3 panels a2 to k2).  
Five tumours are characterised by balanced phylogenetic trees (f ≈​ 0.5), two cases show slightly unbalanced trees 
(f =​ 0.19 and f =​ 0.3) and four cases have unbalanced trees (f <​ 0.01). Based on this data, two samples have a 
median probability of 58% (95% CI of 38 to 75%) to overestimate the number of clonal copy number changes. 
Overall, these results support previous observations of largely a single clonal expansion in a majority of colorectal 
tumours that would lead to more balanced phylogenetic trees19,27. In these cases, a few samples can identify truly 
clonal copy number changes. However, we also identified four cases with an unbalanced phylogenetic history, 
similar to the 7 cases in renal cell carcinoma. Treatment strategies for these patients might benefit from an anal-
ysis of additional samples.

There was no correlation between tumour balancing and the total number of unique copy number changes 
(Spearman Rho =​ 0.16, p =​ 0.63). However, we observed a strong positive correlation between the balancing fac-
tor f and the percentage of unique copy number changes (Spearman Rho =​ 0.76, p =​ 0.007). Balanced tumours 
(f ≈​ 0.5) acquired fewer sub-clonal copy number changes (relative to the number of clonal copy number changes) 
compared to unbalanced tumours. This is in contrast to the mutational burden in renal cancer patients, where 
we could not observe a similar correlation. There are several potential reasons for this observation. All colon 
cancer samples were treatment naive. Copy number changes occur less frequently compared to mutations and do 
not accumulated with age in healthy tissues. Furthermore it seems plausible that a larger fraction of copy num-
ber changes is under selection (either positive or negative), whereas the majority of mutations are likely neutral 
passengers. The balancing estimates on all possible combinations of tumour samples yield results similar to the 
mutational burden in renal cancer (Fig. 2 panels a2 to j2 and Fig. 3 panels a2 to k2). The majority of subsamples 
resemble balancing estimates from the full data set. Again, we observe the trend of a bimodal distribution of the 
balancing factor f for small numbers of tumour samples.

We note that our analysis does not depend on the detailed effects of selection, i.e. whether selection acts on 
copy number changes, mutations or epigenetic alterations. Changes in tree balance caused by any type of fit-
ness advantage could potentially be detected. Moreover, the evolutionary mechanisms that generate balanced 
or unbalanced trees can be arbitrarily complex29. Our method is agnostic to the specific evolutionary dynamics 
of the tumour, but instead it leverages on the existing data and in particular on the topology of the phylogenetic 
tree. Our approach is based on the assumption that multi-region profiling represents the tumour’s evolutionary 
history, e.g. the samples are equally spatially distributed throughout the whole tumour and are not restricted to 
a small region only.

Discussion
Accumulating evidence indicates that future personalised treatment strategies of human malignancies must be 
based on information from multi-region profiling of tumours8,30. Once multi-region sampling becomes available 
in routine clinical practice, physicians will have to make informed decisions on how many samples per tumour in 
the individual patient need to be independently sequenced for optimal therapy. Our study provides a rationale for 
how many samples are necessary to achieve a certain level of confidence that truly clonal alterations in a tumour 
have been identified from multi-region profiling. Assigning clonality to specific alterations implies also the iden-
tification of sub-clonal alterations. The distribution of sub-clonal alteration contains important information on 
the evolutionary history of tumours25,27. However, here we investigated the impact of standard multi-region pro-
filing on treatment decision and focused on clonal alterations. Our method allows tailoring of the number of 
independent samples that is necessary for each individual tumour. Although the cost of genome sequencing is 
decreasing rapidly, the prospect of multiple sample profiling in each patient may present a new and daunting 
financial burden on healthcare systems, especially as the identification of truly clonal alterations in unbalanced 
tumours (f ≪ 0.5) may be difficult and perhaps less cost-effective, posing new challenges. However, in many cases 
the required number of independently sequenced samples appears surprisingly manageable.

Our approach is independent of any threshold that is often imposed from a statistical analysis of the distribu-
tion of mutations identified in a tumour. Our analysis also suggests that the optimal time to perform genome pro-
filing in tumours is at the time of diagnosis since therapy appears to introduce strong selection that may interfere 
with the identification of the therapeutically relevant truly clonal mutations or immune therapeutic targets8,18. 
Tumours at relapse might require denser sampling compared to treatment naive tumours. The list of truly clonal 
mutations identified by our approach will potentially include tumour driver alterations that could be a targeted 
for therapy. Although our approach cannot identify a priori the driver mutations, this method will significantly 
restrict the search for such drivers. This study represents one of many necessary steps to advance from purely 
descriptive tumour sequencing towards individualized therapies based on quantitative evolutionary principles.

One case (i) appears slightly unbalanced (f =​ 0.32) while all other cases are unbalanced (f <​ 0.01), supporting 
the presence of convergent evolution and on-going clonal selection. All patients but (i2) and (j2) developed 
metastasis. Only patients (h2 to j2) are treatment naïve. For balanced tumours, the information on the true set 
of clonal alterations quickly plateaus with few samples (for example 5 samples in patient (j)). (Panels a3 to j3): 
We repeat the inference of the balancing factor f on all available combinations of subsets of tumour samples with 
a minimum of 4 samples. The violin plots show the corresponding distributions of f values for each possible 
combination of i =​ 4,5,…​n −​ 1 subsets. Most combinations of samples resemble the balancing inferred from 
the full data set. However, there is a trend towards a bimodal distribution for small i, which might be a direct 
consequence of the spatial evolution of tumours. Note that violin plots show the probability density distribution 
of the f-values. The actual f-values are never negative. Data from Gerlinger et al.22.
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Figure 3.  Information gain from multi-region copy number profiling in patients with colorectal cancer. 
Copy number changes were inferred from spatially distributed single glands of 11 colorectal tumours. Based on 
the shape of the universal curve (Equation (8)), 7 tumours appear balanced or nearly balanced and 4 tumours 
appear unbalanced. Balanced tumours require fewer samples to identify truly clonal copy number changes, 
whereas uncertainty remains high in unbalanced trees. Data from Sottoriva et al.23.
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Methods
Mathematical model.  Let us consider the complete phylogenetic tree of a tumour at a certain time t (e.g. 
at diagnosis). Each leaf of this tree is a cell. Assume there are N leaves and therefore N − 1 bifurcations in the 
tree. By definition, alterations present in the trunk of this tree are truly clonal and thus are present in all cells 
of the tumour. The first bifurcation splits the tumour into two subpopulations, the “left” side with proportion f, 
and the “right” side with proportion 1 −​ f. If we were to take a single tissue sample, many alterations carried by 
this subpopulation would likely not be truncal. If we took a second tissue sample, we would increase our chance 
to identify truly clonal alterations. In this case, we have three possibilities: with probability f2 we have two tissue 
samples from one side, with probability (1 −​ f)2 we have two tissue samples from the other side, and with prob-
ability 2f(1 −​ f) we have one tissue sample from each side. Only in this last case, the alterations common to both 
samples would represent the true set of truncal (clonal) alterations and consequently must be present in all cells 
of the tumour. With n independent samples, the probability p to have picked both sides of the tumour becomes

= − − −p n f f( ) 1 (1 ) , (2)f
n n

resulting in a non-linear dependence of the probability to find the true set of clonal mutations through n samples. 
A single sample never provides the full information, as pf(1) =​ 0 for n =​ 1. The expected gain of information with 
an additional sample n +​ 1 is

+ − = − + − .p n p n f f f f( 1) ( ) (1 ) (1 ) (3)f f
n n

For example consider the case of a perfectly balanced tree (e.g. a neutrally expanding tumour27). This implies 
f =​ 0.5 and the expected gain of information from sample n to sample n +​ 1 is

+ − =





 .p n p n( 1) ( ) 1

2 (4)f f

n

The information gain due to the inclusion of additional samples decreases exponentially, in other words: in the 
case of balanced trees with f ~ 0.5, such as neutral or nearly-neutral trees, relatively few independent tumour 
samples are needed to identify all true clonal alterations. If we define the remaining uncertainty to have missed 
the true clonal alterations to be σ =​ 1 −​ p, we can rearrange Equation (2) for the case of a balanced tree with f =​ 0.5 
and find the required number of samples n necessary for a certain confidence

σ= − .n 1 log ( ) (5)2

For example, a remaining uncertainty of 1% requires only n ≈​ 8 independent tumour samples. This level of res-
olution has already been reached in several recent multi-region sequencing studies18,20,23,25 and poses a realistic 
target for daily clinical care in the near future.

However, one “side” of the tumour could be very small with f ≪ 0.5 (i.e. the tumour is highly unbalanced), 
implying that different parts of the tree have grown at radically different rates, e.g. due to clonal selection. In this 
case, Equation (2) can be approximated by pf → 0(n) ≈​ nf and the remaining uncertainty decreases linearly in n. For 
sufficiently small n, the gain of information by an additional tumour sample becomes incremental

+ − ≈ .→ →p n p n f( 1) ( ) (6)f f0 0

In this case, many tumour samples are required to reach a high level of confidence of finding all true clonal 
alterations. However, a very slowly growing side contributes very little, if at all, to the overall aggressiveness of 
the tumour, especially if this side virtually vanishes (f →​ 0). Although, many samples are needed to infer all true 
clonal alterations in this situation, the clonal alterations of the extremely dominant and tumour-driving side are 
of practical interest and again fewer samples may suffice. However, very small ancient sub-clones might drive 
tumour relapse, as is for example observed in certain leukaemias31,32.

In general, the remaining uncertainty is given by

σ = − −f f(1 ) , (7)f
n n

which lies between a linear (f →​ 0) and an exponential (f →​ 1/2) gain of confidence with additional samples n.

Data analysis.  Here we propose a method to calculate the probability pf(n) to find all clonal alterations from 
n independent tumour samples. This method allows us to infer the balancing factor f of a tumour with respect to 
the first bifurcation and thus to estimate the expected gain of information with respect to truly clonal alterations 
by including additional tumour samples in the analysis:

(i)	 Collect n samples of a tumour.
(ii)	 Analyse the n samples and determine all alterations.

(iii)	 Take the intersection of all alterations of all n tumour samples.
(iv)	 Take the intersection of all alterations of all possible combinations of 1 to n −​ 1 tumour samples.
(v)	 Calculate the probability that the alteration identified in step (iii) and (iv) coincide.

By definition, this probability approaches 1 for the combination of all n samples.
To allow a comparison with Equation (2), we have to normalise accordingly and get
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=
− − −
− − −

p i n f f
f f

( , ) 1 (1 )
1 (1 ) (8)f

i i

n n

Here, n is the maximal number of available samples and i =​ 1,…​,n denotes possible sub-samples. The only free 
parameter of this equation is f. Thus fitting Equation (8) to actual tumour data allows us to infer f, see for example 
Figs 2 and 3. We use standard least square regression to infer the single free parameter f.

Our algorithm is sensitive to misclassified mutations, e.g. mutations not found in a subset of samples due 
to normal contamination or limitations of sequencing depth (false negatives). Those are inevitable problems in 
multi-region sequencing studies, leading to a few mutations that seem to contradict the phylogenetic history 
of these tumours, the so-called “homoplasy” events. Standard phylogenetic reconstruction algorithms, such as 
Maximum Parsimony, discard those, hence we filtered the few homoplasy events present in a small subset of renal 
patients (3/10) from our analysis.

References
1.	 Vogelstein, B. et al. Cancer Genome Landscapes. Science 339, 1546–1558 (2013).
2.	 Chin, L., Andersen, J. N. & Futreal, P. A. Cancer genomics: from discovery science to personalized medicine. Nature Medicine 17, 

297–303 (2011).
3.	 van’t Veer, L. J. & Bernards, R. Enabling personalized cancer medicine through analysis of gene-expression patterns. Nature 452, 

564–570 (2008).
4.	 Sawyers, C. L. Targeted cancer therapy. Nature 432, 294–297 (2004).
5.	 Schrama, D., Reisfeld, R. A. & Becker, J. C. Antibody targeted drugs as cancer therapeutics. Nat Rev Drug Discov 5, 147–159 (2006).
6.	 Bozic, I. et al. Evolutionary dynamics of cancer in response to targeted combination therapy. eLife 2, e00747 (2013).
7.	 Gatenby, R. A., Silva, A. S., Gillies, R. J. & Frieden, B. R. Adaptive Therapy. Cancer Research 69, 4894–4903 (2009).
8.	 Nicholas McGranahan et al. Clonal neoantigens elicit T cell immunoreactivity and sensitivity to immune checkpoint blockade. 

Science 351, 1463–1469 (2016).
9.	 Palucka, A. K. & Coussens, L. M. The Basis of Oncoimmunology. Cell 164, 1233–1247 (2016).

10.	 van der Burg, S. H., Arens, R., Ossendorp, F., van Hall, T. & Melief, C. J. M. Vaccines for established cancer: overcoming the 
challenges posed by immune evasion. Nature Reviews Cancer 16, 219–233 (2016).

11.	 Schumacher, T. N. & Schreiber, R. D. Neoantigens in cancer immunotherapy. Science 348, 69–74 (2015).
12.	 Yates, L. R. & Campbell, P. J. Evolution of the cancer genome. Nature Reviews Genetics 13, 795–806 (2012).
13.	 Sawyers, C. L. The cancer biomarker problem. Nature 452, 548–552 (2008).
14.	 Bedard, P. L., Hansen, A. R., Ratain, M. J. & Siu, L. L. Tumour heterogeneity in the clinic. Nature 501, 355–364 (2013).
15.	 Greaves, M. & Maley, C. C. Clonal evolution in cancer. Nature 481, 306–313 (2012).
16.	 Swanton, C. Intratumor Heterogeneity: Evolution through Space and Time. Cancer Research 72, 4875–4882 (2012).
17.	 Morrissy, A. S. et al. Divergent clonal selection dominates medulloblastoma at recurrence. Nature 529, 351–357 (2016).
18.	 Gerlinger, M. et al. Intratumor Heterogeneity and Branched Evolution Revealed by Multiregion Sequencing. New England Journal 

of Medicine 366, 883–892 (2012).
19.	 Sottoriva, A. et al. Intratumor heterogeneity in human glioblastoma reflects cancer evolutionary dynamics. Proceedings of the 

National Academy of Science 110, 4009–4014 (2013).
20.	 Martincorena, I. et al. High burden and pervasive positive selection of somatic mutations in normal human skin. Science 348, 

880–886 (2015).
21.	 Siegmund, K. & Shibata, D. At least two well-spaced samples are needed to genotype a solid tumor. BMC Cancer 26, 1–8 (2016).
22.	 Gerlinger, M. et al. Genomic architecture and evolution of clear cell renal cell carcinomas defined by multiregion sequencing. Nature 

Genetics 46, 225–233 (2014).
23.	 Sottoriva, A. et al. A Big Bang model of human colorectal tumor growth. Nature Genetics 47, 209–216 (2015).
24.	 de Bruin, E. C. et al. Spatial and temporal diversity in genomic instability processes defines lung cancer evolution. Science 346, 

251–256 (2014).
25.	  Ling, S. et al. Extremely high genetic diversity in a single tumor points to prevalence of non-Darwinian cell evolution. Proceedings 

of the National Academy of Sciences 112, E6496–E6505 (2015).
26.	 Altrock, P. M., Liu, L. L. & Michor, F. The mathematics of cancer: integrating quantitative models. Nature Reviews Cancer 15, 

730–745 (2015).
27.	 Williams, M. J., Werner, B., Barnes, C. P., Graham, T. A. & Sottoriva, A. Identification of neutral tumor evolution across cancer types. 

Nature Genetics 48, 238–244 (2016).
28.	 Waclaw, B. et al. A spatial model predicts that dispersal and cell turnover limit intratumour heterogeneity. Nature 525, 261–264 

(2015).
29.	 Heard, S. B. Patterns in Tree Balance among Cladistic, Phenetic, and Randomly Generated Phylogenetic Trees. Evolution 46, 

1818–1826 (1992).
30.	 Welch, J. S. et al. TP53 and Decitabine in Acute Myeloid Leukemia and Myelodysplastic Syndromes. New England Journal of 

Medicine 375, 2023–2036 (2016).
31.	 Ford, A. M. et al. Origins of ‘late’ relapse in childhood acute lymphoblastic leukemia with TEL-AML1 fusion genes. Blood 98, 

558–558 (2001).
32.	 Ford, A. M. et al. Protracted dormancy of pre-leukemic stem cells. Leukemia 29, 2202–2207 (2015).

Acknowledgements
B.W. is supported by the Geoffrey W. Lewis Post-Doctoral training fellowship, A.S. is supported by the Chris 
Rokos fellowship in Evolution and Cancer. This work was supported by the Wellcome Trust (105104/Z/14/Z). The 
authors also gracefully acknowledge the constructive comments of 3 anonymous reviewers.

Author Contributions
B.W, A.T., A.S., and D.D. conceived the study, B.W., A.T. and D.D. developed the model, B.W. and A.S. contributed 
to data analysis, all authors wrote the manuscript.

Additional Information
Competing Interests: The authors declare no competing financial interests.
How to cite this article: Werner, B. et al. Detecting truly clonal alterations from multi-region profiling of 
tumours. Sci. Rep. 7, 44991; doi: 10.1038/srep44991 (2017).



www.nature.com/scientificreports/

9Scientific Reports | 7:44991 | DOI: 10.1038/srep44991

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Detecting truly clonal alterations from multi-region profiling of tumours

	Results

	Discussion

	Methods

	Mathematical model. 
	Data analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ The sampling bias of a multi region analysis depends on a tumour’s evolutionary history.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Information gain from multi-region sequencing in patients with clear cell renal carcinoma.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Information gain from multi-region copy number profiling in patients with colorectal cancer.



 
    
       
          application/pdf
          
             
                Detecting truly clonal alterations from multi-region profiling of tumours
            
         
          
             
                srep ,  (2017). doi:10.1038/srep44991
            
         
          
             
                Benjamin Werner
                Arne Traulsen
                Andrea Sottoriva
                David Dingli
            
         
          doi:10.1038/srep44991
          
             
                Nature Publishing Group
            
         
          
             
                © 2017 Nature Publishing Group
            
         
      
       
          
      
       
          © 2017 The Author(s)
          10.1038/srep44991
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep44991
            
         
      
       
          
          
          
             
                doi:10.1038/srep44991
            
         
          
             
                srep ,  (2017). doi:10.1038/srep44991
            
         
          
          
      
       
       
          True
      
   




