Editorial Note: this manuscript has been previously reviewed at another journal that is not
operating a transparent peer review scheme. This document only contains reviewer comments
and rebuttal letters for versions considered at Nature Communications.

Reviewers' comments:
Reviewer #1 (Remarks to the Author):

Herein, the author’s have inferred phylogenetic trajectories in ten breast cancer patients, based on
both single nucleotide variants (SNV) and copy number alterations (CNA). Two types of metastatic
dissemination are observed: (1) monoclonal seeding of disseminated tumor cells, followed by
metastasis-to-metastasis seeding and (2) multiple seeding events from the primary tumor
(diffusely metastatic), alongside daughter metastasis-to-metastasis seeding. The former was
observed in 8/10 patients with early stage breast cancer, the later in 2/10 patients with advanced
stage disease.

1. Supplemental figure 1 - perhaps wrong figure uploaded? The figure itself shows ancestral state
reconstruction and associated phylogenetic trees for three patients, however the legend states that
this figure should show power calculations for patient 8/82. Appears to be a discrepancy....

2. Style: Overall, language could be improved, especially in the introduction and discussion.
Additionally, in the discussion, the authors do not need to justify the sample size. It is necessary
to provide this justification to the reviewers and editor, but detracts from communicating the
actual science and discovery here. Especially the second to last paragraph, which is entirely
dedicated to explaining why the author’s did not exclude patients based on clinical subtype. I think
this paragraph is entirely unnecessary.

3. Discussion Paragraph 2 on the rationale for primary surgery in patients with de novo metastasis
is confusing and not clearly reflecting the strong clinical data showing its lack of clinical benefit.
Primary surgery is not really entertained as a treatment option for the vast majority of patients
and the few prospective studies that have looked at this in a meaningful way show no benefit from
primary surgery. Only retrospective studies have ever suggested any benefit from primary
surgery, and these are strongly biased by attending selection. Instead, the authors might discuss
how the observation of metastasis-to-metastasis seeding might support a clinical trial to evaluate
whether resection of oligo-metastasis improves survival. Currently, there is no clinical data
evaluating the impact of resecting oligo-mets on survival.

4. The author's response to the initial point #4 in not satisfactory. The figures are not too complex
to add support values reflecting how well nodes are supported in the model used to generate the
phylogenetic tree. In fact, in the initial MEDICC publication, which the authors use and site as
superior, approximate support values are indicated on all trees to indicate how often each split was
observed in trees reconstructed after simple bootstrapping (resampling the distance matrix with
added Gaussian noise). The authors should further test their distance distribution for the molecular
clock hypothesis, as described in MEDICCquant; as this can also significantly increase
reconstruction accuracy.

5. The authors should include the secondary suggestion about scaling node with subclonal
frequency, or at least make all tree nodes the same size or explaining the meaning of the different
node sizes.

6. Doubts about the CNA based phylogenetic tree for patient 1/69, which places M5 as a very early
branching metastasis, would be alleviated by support values reflecting confidence in phylogenetic

tree construction.

7. It would be interesting to discuss how the amplitude of the normalized phylogenetic distance



(Figure 6A-B) is much higher for CNA as compared to SNV, and therefore allows for higher
resolution when mapping subclonal architecture...

Reviewer #2 (Remarks to the Author):
The authors have responded to each of the reviewers’ specific comments, performed several

additional analyses, and significantly revised the manuscript. The revised manuscript is improved.
Novelty and sample size are still an issue, but the findings are certainly worth reporting.

Reviewer #3 (Remarks to the Author):

The authors addressed most of the Reviewers' comments adequately for the most part in this
much improved manuscript. The paper would still be significantly strengthened with more cases.



Reviewers' comments:
Reviewer #1 (Remarks to the Author):

Herein, the author’s have inferred phylogenetic trajectories in ten breast cancer patients,
based on both single nucleotide variants (SNV) and copy number alterations (CNA). Two
types of metastatic dissemination are observed: (1) monoclonal seeding of disseminated
tumor cells, followed by metastasis-to-metastasis seeding and (2) multiple seeding events
from the primary tumor (diffusely metastatic), alongside daughter metastasis-to-metastasis
seeding. The former was observed in 8/10 patients with early stage breast cancer, the later
in 2/10 patients with advanced stage disease.

1. Supplemental figure 1 - perhaps wrong figure uploaded? The figure itself shows ancestral
state reconstruction and associated phylogenetic trees for three patients, however the
legend states that this figure should show power calculations for patient 8/82. Appears to
be a discrepancy....

There is, in fact, a discrepancy between the figure displayed and the legend. The Reviewer
will find the correct figure and legend which should appear as Supplementary Figure 1 of
the manuscript as Figure 1 at the end this point-by-point answer.

2. Style: Overall, language could be improved, especially in the introduction and discussion.
Additionally, in the discussion, the authors do not need to justify the sample size. It is
necessary to provide this justification to the reviewers and editor, but detracts from
communicating the actual science and discovery here. Especially the second to last
paragraph, which is entirely dedicated to explaining why the author’s did not exclude
patients based on clinical subtype. | think this paragraph is entirely unnecessary.

The authors take due note of the Reviewer’s comment. The authors have made revisions to
the introduction and discussion. Additionally, the paragraph detailing why patients were not
excluded has been removed.

3. Discussion Paragraph 2 on the rationale for primary surgery in patients with de novo
metastasis is confusing and not clearly reflecting the strong clinical data showing its lack of
clinical benefit. Primary surgery is not really entertained as a treatment option for the vast
majority of patients and the few prospective studies that have looked at this in a meaningful
way show no benefit from primary surgery. Only retrospective studies have ever suggested
any benefit from primary surgery, and these are strongly biased by attending selection.
Instead, the authors might discuss how the observation of metastasis-to-metastasis seeding
might support a clinical trial to evaluate whether resection of oligo-metastasis improves
survival. Currently, there is no clinical data evaluating the impact of resecting oligo-mets on
survival.

Indeed, the authors concur fully with the Reviewer as far as primary surgery in de novo
metastatic patients is concerned. Our data suggest that tumor resection could probably
limit metastatic dissemination from the primary tumor in advanced stage breast cancer.
However, in absence of the primary tumor, metastasis-to-metastasis disseminations may



still occur. There is no consensus about surgery at the primary site in the metastatic setting
as the literature does not show consistent data of improvement in patient survival:

a) Preclinical studies from animal models have shown that removing the primary tumor
might cause an increase in the metastatic spread (Fisher, Gunduz et al. 1989 &
Demicheli et al. 1997).

b) Numerous retrospective reviews found improved survival in patients who
underwent surgery for the primary tumor (Rapiti et al. 2006, Babiera, et al. 2006,
Gnerlich et al. 2007 & Neuman et al. 2010) and similarly, a recent meta-analysis
reported fewer competing medical comorbidities and lower metastatic burden in the
surgery group (Harris et al. 2013). However, as subsequently highlighted, these
results were likely tainted by a selection bias in patients.

c) To the best of our knowledge, only one prospective, randomized, controlled clinical
trial has been published (Badwe et al. 2015) and quite disconcertingly, the authors
did not find any survival benefit to loco-regional management. Similarly, another
prospective randomized study presented in abstract form did not find any benefit in
overall survival, although a trend towards survival benefit was observed in the
subgroup of patients with ER-positive disease and distant metastases limited to the
bone (Soran et al. 2013).

Due to the contradictory findings outlined above, the concept of resecting oligo-metastases
in early stage patients who underwent surgery and relapsed at a distant organ years after
the initial procedure in order to prolong survival is also very attractive. However, the same
argument as primary resection in de novo metastatic patients could be leveraged against
this. Namely, that making a decision on surgery is always a complex issue that has to be
dealt with on a case-by-case basis taking into account the accessibility of the organ for
surgical intervention, the extensiveness of the disease and other personal factors relevant
to the individual patient status. Thus, the authors make a brief comment on both in the
manuscript but remain conservative by concluding that to have a better understanding of
the problem, more prospective randomized clinical trials are needed.

The authors agree with the Reviewer at part (i) of his/her comment. Support values for each
split in the phylogenetic trees have been added to Supplementary Figure 9 of the
manuscript. For the Reviewer’s convenience, this has been added as Figure 2 of this point-
by-point answer. In addition, the authors found it useful to compute a global P-value for
each phylogenetic. As before, this was computed by resampling the pairwise distance matrix
of copy number aberrations 100X with added noise i.e. a random number generated from a
Normal distribution with mean equal to the distance between two samples and variance



equal to the square root of that distance. The 100 replicate trees were then compared to
the initial phylogenetic tree. However, instead of counting similar bipartitions, the
Robinson-Foulds distance was computed as a metric of tree likeness. We then exhaustively
generated all possible phylogenetic trees with n + 1 leaves for each patient, where n is the
number of samples. As before, we computed the Robinson-Foulds distance between these
phylogenetic trees and the initial tree built using MEDICC to obtain a null distribution of
Robinson-Foulds distances. The two distributions i.e. by distance matrix resampling using
MEDICCquant and by exhaustive generation of all trees with n + 1 leaves, were compared
using a one-sided two-sample Kolmogorov-Smirnov test for empirical cumulative
distribution functions. Table 1 of this point-by-point answer lists the P-values obtained.

Pertaining to part (ii) of the Reviewer’s comment about the molecular clock hypothesis, the
authors would like to highlight the following. If applied to the present case, the latter
hypothesis would entail that copy number aberrations and point mutations accumulate at a
constant rate in the different metastases. If this holds true, it would effectively mean that
the phylogenetic trees are ultrametric i.e. the sum of branch lengths from the root to any
branch tip are equal for all metastases. This property of phylogenetic trees should not be
confused with any measure of reconstruction accuracy. However, the authors agree with
the Reviewer that the story wouldn’t be complete without exploring this aspect.
MEDICCquant tests this hypothesis of a constant evolutionary rate along all branches by
summing over all leaves, the squared difference between a leaf node and its diploid root
divided by the square root of the given distance. Because of possible measurement errors,
this number is not a perfect multiple of n and thus, the null distribution is a Chi-squared
with n — 1 degrees of freedom. The P-values obtained from our data are presented in Table
2 of this point-by-point answer. Our results show that only one phylogenetic tree, that of
patient 5/87, is ultrametric and supports a constant evolutionary rate along all branches
whilst the remaining phylogenies show a strong tendency to the opposite. Whilst this might
at first glance appear surprising, it is not necessarily so. Indeed, patterns of copy number
aberrations in cancers are very often complex. For instance, the phenomenon of whole
genome duplication has been known for a while and its effect on accelerating chromosomal
instability and evolution of the cancer genome is only now being appreciated [10]. Similarly,
the recent publication of Gao et al. [11] who found that copy number aberrations are
acquired in short punctuated bursts rather than gradually further lends support, if need be,
to our results. Lastly, different metastases within the same patient are harboured at
different organ sites e.g. bone metastasis versus liver metastasis and likely to have different
rates of cell division thereby invalidating the assumption of a constant evolutionary rate
along all branches.

The main figures and the supplementary figures have been updated. All the nodes are now
of the equal size.



Figure 2 of this point-by-point answer show that the first split of the phylogenetic tree of
patient 1/69 was found in 100% of all trees generated by resampling with added Gaussian
noise using MEDICCquant.

The methodological aspect of inferring the subclonal architecture from a bulk tumor tissue
has received considerable attention in the literature [12-14]. These early modelling
frameworks have also been modified to account for multiple related samples using
phylogenetic trees [15]. The authors believe that the answer to the Reviewer’s question
should be nuanced as it is more a matter of practicality than personal liking. For instance, in
Figure 4 of the manuscript and Figure 1.4 of the initial point-by-point answer, we showed
that there was a horizontal transfer between the ovarian metastasis (M3) and the adrenal
gland metastasis (M2) of patient 2/57. This event was only detectable using point mutations
due to the subtle cellular composition of the sample and high accuracy of variant allele
fractions at high sequencing depth as evidenced by Figure 1.5 of the initial point-by-point
answer. This is not an isolated case as exemplified by Figure 1.9 of the initial point-by-point
answer detailing the case of patient 1/69. Yet other examples could be cited as for instance,
the work of Gundem et al. [16]. However, our data also suggest that, given the correlation
with time, for patients who have a long overall survival, the extent of copy number
aberrations private to or shared among a group of metastases is likely to be comparatively
larger than in de novo metastatic patients. Thus, the authors are of the opinion that at the
lower end of patient overall survival, both substitutions/indels and copy number aberrations
are required whilst at the other extreme, copy number aberrations are equally good as
point mutations for the purpose of phylogenetic reconstruction.



Supplementary Fig. 1
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Figure 1: Power calculations for samples of patient 8/82. (a) Required depth of sequencing
coverage as a function of CCF (%) and CNA in the worst-case scenario of one mutated copy
(1*) to reach a statistical power of 95% given a sequencing error rate e = 1.59E-2 and a FPR
= 5E-7 to index a fully clonal SNV. The black vertical lines indicate the CCF of samples. (b)
Same as a function of subclonal cell fraction (%).
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Figure 2: Phylogenetic trees with support values at each split.
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Table 1: Global P-values obtained using exhaustive enumeration

Patient P-value
1/69 9.719E-07
2/57 1.829E-05
3/92 3.307E-39
4/71° -

5/87 3.085E-04
6/91" )

7/67 9.219E-06
8/82 2.188E-20
9/68 9.219E-06
10/80 7.997E-23

" The phylogenetic trees contain n = 2 samples. Thus, the bootstrap values and the global P-
value are irrelevant



Table 2: P-values for test of molecular clock hypothesis

Patient P-value
1/69 0.995
2/57 0.889
3/92 0.551
4/71 0.952
5/87 0.048
6/91 0.916
7/67 0.970
8/82 0.990
9/68 0.832
10/80 0.327
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