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Summary
Background Late distant recurrence is a challenge for the treatment of invasive lobular carcinoma (ILC) of the
breast. Despite in-depth characterisation of primary ILC, the molecular landscape of metastatic ILC is still only par-
tially understood.

Methods We retrospectively identified 38 ILC patients from the tissue banks of six European institutions. DNA
extracted from patient matched primary and metastatic FFPE tissue blocks was whole genome sequenced to com-
pute somatic copy number aberrations. This, in turn, was used to infer the evolutionary history of these patients.

Findings The data show different metastatic seeding patterns, with both an early and late divergence of the meta-
static lineage observed in ILC. Additionally, cascading dissemination from a metastatic precursor was a dominant
rule. Alterations in key cancer driver genes, such as TP53 or CCND1, were acquired early while additional aberrations
were present only in the metastatic branch. In about 30% of the patients, the metastatic lineage harboured less aber-
rations than the primary tumour suggesting a period of tumour dormancy or prolonged adaptation at the distant
site. This phenomenon was mostly observed in tumours from de novo metastatic patients.

Interpretation Our results provide insights into ILC evolution and offer potential paths for optimised ILC care.
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Research in context

Evidence before this study

Invasive lobular carcinoma (ILC) of the breast is the most
common special type of breast cancer. Despite therapeu-
tic advancements, a substantial number of patients with
treated early-stage ILC will still relapse as late as 20 years
after the initial tumour diagnosis, thus understanding the
mechanisms by which genomic aberrations shape
tumour evolution from the primary to the metastatic site
is of crucial importance. However, the characterization
and timing of the genomic events that best portray the
trajectory of cancer cells from the primary tumour to
metastasis in ILC is still largely lacking.

Added value of this study

In this study, we employed whole genome sequencing
to unravel the underlying genomic aberrations and to
explore tumour evolution through the reconstruction of
phylogenetic trees. We demonstrate that different met-
astatic seeding patterns can occur in ILC, with both early
and late dissemination events possible. Genomic aber-
rations in key driver genes were detected early during
tumour evolution, however acquired new driver aberra-
tions were also observed. Notably, in a subset of
patients, the metastasis harbored less genomic aberra-
tions than the primary tumour, indicating that possibly
a decelerated tumour progression is in place, associat-
ing with de novo metastatic disease.

Implications of all the available evidence

Collectively, our study provided an understanding of
how ILC evolves through time, with potential implica-
tions for the clinical management of ILC.
Introduction
Recurrence in distant organs is the major cause of can-
cer-related deaths despite significant progress in the
understanding and the treatment of primary cancer.
Approximately 20-30% of patients treated for early-stage
breast cancer (BC) still develop metastatic disease1

whereby the route of metastatic dissemination can dif-
fer even within this single cancer type. In fact, previous
work from our group and others have shown that
primary BC can spread through the lymphatic or the
hematogenous route.2,3 Adding another layer of com-
plexity, the time at which overt distant recurrences man-
ifest is variable ranging from a few months up to twenty
years after primary tumour diagnosis and treatment.
For example, despite the therapeutic advancement lead-
ing to lower rates of distant metastasis and mortality for
patients with hormone receptor-positive BC treated with
adjuvant endocrine therapy, many patients will still suf-
fer late distant recurrence, even 10 or 20 years later.4,5

Invasive lobular carcinoma (ILC) of the breast is the
most common “special” type of breast cancer, after inva-
sive BC “of no special type” (known as invasive ductal
carcinoma) and accounts for approximately 5-15% of all
cases of invasive BC.6 It is defined by distinct biological,
morphological, and clinical characteristics like low histo-
logical grade and low proliferation rate; also, through the
expression of estrogen receptor (ER) (encoded by the
ESR1 gene), lack of HER2/neu (ERBB2) amplification, as
well as typically the lack of E-cadherin (encoded by the
CDH1 gene) which can occur through various mecha-
nisms that involve mutation, deletion and/or methyla-
tion. A number of somatic alterations, including
mutations in genes like ESR1, FOXA1, GATA3 or genes
from the PI3K pathway and large-scale aberrations
including recurrent gains, amplifications or deletions in
1q, 8q, 11q13 and 16q among other, paint the genome-
wide landscape of early ILC.7,8 Despite the in-depth char-
acterisation of early ILC, the molecular landscape of met-
astatic ILC has been only recently but yet still partially
portrayed, unravelling a number of acquired mutations
in key genes like ESR1, AKT1, NF1, MAP3K1 as well as
copy number aberrations including CCND1, CCNE1 and
IGF1R amplifications.9�12 Some of these mutations,
associated to endocrine resistance, could provide a link
and an explanation to the late recurrence observed in ER-
positive ILC. However, acknowledging the difficulties of
obtaining matched primary tumours and distant metas-
tases from the same patient, characterisation of the tim-
ing of metastatic dissemination and the intratumour
heterogeneity of metastatic ILC is still widely lacking.

Here we analysed somatic copy number aberrations
obtained from whole genome sequencing data of matched
primary tumour and metastases from 38 patients with
ILC. We inferred the evolutionary histories of these ILC
patients through phylogenetic reconstructions and
assessed driver gene heterogeneity between primary and
www.thelancet.com Vol 82 Month , 2022
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metastatic samples. We observed different patterns of met-
astatic seeding and described occurrences of a decelerated
tumour progression or tumour dormancy, providing fur-
ther insight into ILC evolution.

Methods

Patients’ selection and samples’ collection
We retrospectively identified a cohort of breast cancer
patients from the tissue banks of the Institut Jules Bordet
(Belgium), the Cliniques Universitaires Saint Luc (Bel-
gium), GZA Ziekenhuizen (Belgium), the European
Institute of Oncology (Italy), the Institut Paoli-Calmettes
(France) and the Institut Curie (France).12,9 Inclusion cri-
teria were patients with primary lobular breast tumour
and a confirmed distant organ metastasis of breast cancer
origin as per medical records. Eligible patients included
only those for whom at least one tumour and one distant
metastasis, as well as a histologically normal tissue sam-
ple as germline reference were available as formalin-fixed
paraffin-embedded tissue blocks.

Ethics
The project has been approved by the ethics committee
of the Institute Jules Bordet (N°2504). Given the retro-
spective nature of the study, the ethics committee did
not require the patients to sign an informed consent.

Histopathological characterisation
Histopathological evaluation of the FFPE tissue samples
involved histological subtyping, assessment of histologi-
cal grade, and determination of the percentage of
tumour epithelial cells. Samples with minimum
tumour cellularity of 20% (if <20%, then only consid-
ered if microdissection could be done) were kept.
Immunohistochemical evaluations of estrogen receptor,
progesterone receptor (PgR), human epidermal growth
factor receptor 2 (HER2) and Ki67 were retrieved from
local routine assessments. Stromal tumour infiltrating
lymphocytes (sTILs) were assessed by two experienced
BC pathologists (R.S and G V.D.E.) following the inter-
national guidelines.13 The average of the two scores was
considered as the final value for that sample. De novo
metastatic patients were defined as those patients with
metastatic BC at initial diagnosis.

DNA extraction and whole genome sequencing
DNA extracted from the tumour and normal matched
FFPE samples were sequenced at low pass whole
genome coverage in collaboration with the Vlaams Insti-
tuut voor Biotechnologie (Leuven, Belgium). Whole
genome shotgun libraries were prepared using the
KAPA library preparation kit according to the manufac-
turer's instructions from 100ng of double stranded
DNA. After quantification by qPCR, the resulting librar-
ies were sequenced on an Illumina HiSeq 4000 series
device in 51bp single-end mode.
www.thelancet.com Vol 82 Month , 2022
Low pass whole genome sequencing and phylogenetic
tree reconstruction
A total of 99 samples from 38 patients were sequenced
to an average target coverage of 0.5X. The raw sequence
reads were aligned to the human genome reference
hg19/GRCh37 using the BWA aligner14 and duplicate
reads were marked using Picard.15 In order to infer log2
ratio estimates of copy numbers from the depth of
sequence coverage, the sequenced reads from the
aligned and sorted BAM files were binned into equally
spaced 15kbp windows and corrected for library size and
GC content using CNVkit.16 Sequencing-inaccessible
regions like centromere and telomeres were removed.
The matched normal samples were used to compute a
reference calibration set and the corrected read depths
from the tumour samples were then transformed into
log2 ratio estimates by reference to the pool of normal
matched samples. The genome-wide log2 ratio profiles
were used to compute the median absolute pairwise
deviation (MAPD) and median auto-correlation (MAC)
as quality control metrics whereby a MAPD>0.3 or a
MAC>0.5 were used as thresholds to flag low quality
samples. The samples passing this quality control were
then segmented using the multitrack penalized least
square regression method of Nilsen et al.17 whereby all
samples belonging to a given patient were processed
simultaneously to define common breakpoints. The seg-
mented log2 ratios were further used as input to ABSO-
LUTE18 in order to infer the cancer cell fraction (CCF),
genomic mass, and segment wise copy numbers. As
final quality control, all samples with a CCF<0.1 were
discarded from downstream analyses.

To infer the phylogenetic trees, we obtained the con-
tinuous estimates of copy numbers and rounded them
to the nearest integer value. These values were used as
input to CNT-ILP,19 that was run with default parame-
ter values. For tree reconstruction, a pure diploid out-
group with no copy number aberrations at any loci is
assumed for rooting the phylogenies and reconstructing
the ancestral states. Statistical support for the phyloge-
netic trees was computed through bootstrapping. For
each patient, the N-by-n matrix of integer copy num-
bers, where N is the number of samples and n is the
number of genomic loci was resampled with replace-
ment along the n columns to create 50 similar sized
matrices which were used as input for phylogenetic
reconstruction. Bootstrap percentage values correspond
to the number of similar bipartitions between the
results trees and the original phylogeny.

Calculation of genetic distance
For analysing the genetic distances between primary
tumour and metastasis, in the subset of patients with
multiple primary/metastasis samples, we preserved
only one (1) primary-metastasis pair and recalculated
the phylogenetic trees. During this step, three patients
were removed from further analysis, due to large
3
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differences in the copy number profiles between the
matched primary and metastatic samples. For the
remaining patients, the representative pair was chosen
by applying the following rules: 1) In the case of multi-
ple metastatic samples clustering together but in a sep-
arate branch from primary samples, we kept the
metastatic sample with the highest purity; 2) In the
case of multiple primary samples clustered together in
a separate branch from metastatic samples, we kept
the primary sample with the highest purity; 3) In the
case of a branch containing a primary-metastasis pair
and clustered separately from other primary samples,
we kept that pair. For patient PT02, where the two
metastatic samples come from two different sites biop-
sied at different time points, we kept the bone metasta-
sis as it was obtained closer in time from the primary
tumour sample. Distances were calculated from the
phylogenetic tree as illustrated in Figure 3a. Specifi-
cally, dTrunk was calculated as the number of events
common to primary and metastasis, from the root
until the most recent common ancestor; dPrimary and
dMeta were calculated as the number of events starting
from the most recent common ancestor until primary/
metastasis sample tip. The normalised genetic distance
was calculated as:

Genetic distance ¼ dMeta� dPrimaryð Þ=
dPrimary=2þ dMeta=2þ dTrunkð Þ

Based on the genetic distance, we categorised
patients into three classes: 1) “positive” class with
genetic distance � 0.03; 2) “negative” class with genetic
distance < -0.03; 3) “neutral" class with -0.03< genetic
distance <0.03. Ploidy corrected copy number values
were used to call copy number changes with the follow-
ing thresholds: gain, between 2.5 and 4 copies; amplifi-
cation >4 copies, loss <1.6 copies and deep deletion
<0.7 copies. Potential driver genes were obtained from
Nik-Zainal et al.20

The trunk to primary ratio was calculated as:

ratio trunk=primary ¼ dTrunk= dPrimaryþ dTrunkð Þ
Statistical analysis
Comparisons between categorical variables were per-
formed using Fisher’s exact test while comparisons
between continuous variables were performed using
Mann-Whitney U test. All tests were two-sided and
p-values<0.05 were considered significant. The p-val-
ues generated are descriptive and were not adjusted
for multiple testing. All statistical analyses and plots
(including plotting of the trees) were done in R
v4.0.2. Heatmaps were plotted with R package
ComplexHeatmap.21

Role of funding source
The funders had no role in study design, data collection,
data analysis, interpretation or writing of the report.
Results

Patients and tumour characteristics
In order to investigate the evolutionary trajectories of
metastatic ILC, we retrospectively selected 38 patients
with matched primary and metastatic samples from 6
European institutes, as previously described.12,9 Low
pass whole genome sequencing was performed on 99
samples and the calculated copy number aberrations
(CNA) were used to draw phylogenetic trees for each
patient (Figure 1a). In total, 14 patients had multiple pri-
mary and/or metastatic samples available while 24
patients had a single sample for the primary and for the
matched metastatic lesion available. The primary
tumour samples ranged between 1-4 per patient while
the metastatic samples ranged from 1 to 3 per patient.
The most common metastatic sites were bone (n = 11),
digestive tract (n = 7), skin (n = 6), pleura (n = 5) and
liver (n = 4) followed by other sites (Supplementary
Figure S2). In brief, in our cohort 58% of patients were
postmenopausal, 16% were de novo metastatic and
76% had a tumour size more than 2cm. All primary
tumours were ER-positive, 74% (N = 28/38) were PgR-
positive, 5% (N = 2/38) were HER2-positive and 50%
(N = 19/38) were of classical histological subtype. Addi-
tionally, 95% (N = 36/38) of patients had received adju-
vant endocrine therapy and 60% (N = 23/38) had
received adjuvant chemotherapy. The detailed clinico-
pathological characteristics of the cohort are presented
in Table 1 and Table S1.
Phylogenetic reconstruction of metastatic ILC
The somatic copy number profiles of all patients were
used to obtain the phylogenetic trees (Supplementary
Figure S4). Detailed phylogenies were reconstructed for
patients with multiple matched primary and metastatic
samples, thus allowing us to explore the routes of meta-
static dissemination. Based upon the clustering pat-
terns, we observed that in 9/14 patients (PT02, PT04,
PT07, PT14, PT42, PT43, PT45, PT63 and PT64), the
metastatic sample(s) clustered separately from the pri-
mary samples indicating that the metastatic lineage
diverged early, at the point of the most recent common
ancestor. In the examples of patients PT07 and PT42,
all primary samples clustered together and separately
from the metastatic sample (bone and pleura respec-
tively) that continued to evolve and accumulate muta-
tions (Figure 1b-c). In parallel, in 5/14 patients (PT06,
PT36, PT55, PT58 and PT67) the metastatic sample
diverged at a later evolutionary stage during diversifica-
tion of the primary tumour. In the example of patient
PT06 who was de novo metastatic, the biopsied lesion
in bone was more genetically related to one region of
the primary tumour and thus clustered together, while
the additional primary samples evolved in a separate
branch. Similarly, in patient PT36 who was de novo
metastatic, we observed a co-clustering of one primary
www.thelancet.com Vol 82 Month , 2022



Figure 1. Phylogenetic reconstruction of lobular breast cancer genomes. a) schematic representation of the design study. Pri-
mary tumours (P) and metastatic samples (M) were obtained from 38 patients with lobular breast cancer. b-i) Phylogenetic trees of
representative patients.
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All patients N = 38

Age

<50 years 9 (23.7%)

>=50 years 29 (76.3%)

Menopause status

Pre/Peri 16 (42.1%)

Post 22 (57.9%)

De novo metastatic

Yes 6 (15.8%)

No 32 (84.2%)

Primary tumour size

<2cm 9 (24.3%)

�2cm 28 (75.7%)

Missing 1

Histological subtype

Classic 19 (50.0%)

Non-Classic 18 (47.4%)

Missing 1 (2.6%)

PgR status (primary)

Negative 10 (26.3%)

Positive 28 (73.7%)

HER2 status (primary)

Negative 34 (89.5%)

Positive 2 (5.3%)

Missing 2 (5.3%)

Tumour grade (primary)

1 7 (18.4%)

2 24 (63.2%)

3 7 (18.4%)

Nodal status

Negative 16 (42.1%)

Positive 21 (55.3%)

Missing 1 (2.6%)

Adjuvant endocrine therapy

Yes 36 (95%)

No 2 (5%)

Adjuvant chemotherapy

Yes 23 (60.5%)

No 15 (39.5%)

Table 1: Clinical features of the patient cohort.
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sample with the metastasis (skin lesion), separately
from the second primary sample (Figure 1d-e).
Together, these results show that both early and late
divergence of the metastatic lineage are possible in ILC,
associated with an underlying intratumour heterogene-
ity.22 Focusing on the four patients with multiple meta-
static samples sequenced (PT02, PT04, PT14 and
PT43), it was observed that in all cases, the metastases
were more closely related to each other than to the pri-
mary tumour (Figure 1f-i). Patient PT02 had metachro-
nous tumours in bone and skin biopsied at different
timepoints. The phylogenetic analysis revealed that the
two metastases clustered together and separately from
the primary tumour samples. Similarly, in patient
PT14, the primary tumour was an outgroup to all the
metastases, while the metastatic samples biopsied from
different lesions at different timepoints (two localised in
the small intestine, one in the colon) clustered together.
These data could point towards different explanations
for the phylogenetic similarity of the metastases in our
cohort. One possibility is that these metastases were
seeded independently by a primary tumour clone with
high metastatic capacity.23 An alternative explanation
could point out that these metastases were seeded from
a common metastatic precursor indicating a cascading
dissemination, as previously described.24

To further assess the underlying heterogeneity, we
analysed CNAs in a set of known driver genes20 by
using the matched primary and metastatic samples.
Gene change (loss or gain) was called if the correspond-
ing gene copy number is different from the sample’s
ploidy at different copy levels. In the case of patients
with multiple primary and/or metastatic samples, the
change was defined as present if the gene was altered in
at least one sample (see details in Material and Meth-
ods). As shown in Figure 2, multiple driver genes were
located in the trunk of the tree, which is being shared
by both the primary tumour and metastasis. The most
frequent alterations include deletions in CDH1, TP53,
RB1 and MAP2K4 (92%, 47%, 39% and 37% of patients
respectively) and gains in MYC, CCND1, ZNF217 and
MDM2 (32%, 21%, 21% and 16% of patients respec-
tively). In parallel, alterations private to the metastasis
(that are not altered in the matching primary sample)
were also observed, with the most frequent involving
deletions in FGFR2, PTEN and NCOR1 (21%, 18%, and
18% of patients respectively) and gains in AKT2,
ZNF217, CCND1 and EGFR (16%, 16%, 13% and 11% of
patients respectively). These results confirm the existing
evidence that aberrations in key driver genes are present
early during tumourigenesis but also that metastasis
continues to acquire aberrations even after dissemina-
tion.
Evidence of decelerated metastatic progression
While evaluating the sample trees of the whole cohort,
we observed that, for a subset of patients, the branch
length of the metastatic lineage was shorter than the
branch of the primary lineage suggesting a decelerated
metastatic progression. To better estimate the preva-
lence of this event, we first computed for each patient a
genetic distance defined as the difference in the number
of aberrations between the metastatic and the primary
samples normalised by the total tree length (Figure 3a).
While such a quantification is straightforward for
patients with a single primary/metastasis sample pair,
for those patients with multiple samples we only kept
one representative primary-metastasis pair for the analy-
sis (see details in Material and Methods). Patients were
www.thelancet.com Vol 82 Month , 2022



Figure 2. Distribution of copy number aberrations across 32 driver genes. The heatmap represents the status of copy number
aberrations in the trunk of the tree or in one of the branches (primary or metastasis). The asterisk indicates the presence of the aber-
ration only in the metastatic sample of that patient. Estrogen receptor (ER), progesterone receptor (PgR) and HER2 in the primary
(Prim) tumour and metastasis (Meta).
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then categorised based on their genetic distances into
three classes capturing distinct dynamics of metastatic
progression (Figure 3a). As illustrated in Figure 3b, we
observed a higher number of aberrations in the metasta-
sis as compared to the primary after diverging from the
common ancestor defined as the “positive” class in 20
out of 35 (57%) informative patients. Unexpectedly, for
11 out of 35 (31%) patients the metastatic branch was
shorter than the primary branch, indicating that the
metastasis accumulated less aberrations that the
matched primary tumour (“negative” class). A small
www.thelancet.com Vol 82 Month , 2022
subset of four patients (12%) had similar number of
aberrations in both the primary and the metastatic sam-
ples defined as the “neutral” class. Analysing the branch
lengths of the primary and metastatic lineages, we
observed a significant correlation between primary and
metastatic samples (Spearman’s correlation rho=0.66,
p-value=1.7e-05, Supplementary Figure S5). Lastly, the
genetic distance only loosely correlated with the time
passed between time of diagnosis of the primary
tumour and metastasis biopsy (Spearman’s correlation
rho=0.23, Figure 3c).
7



Figure 3. Presence of positive and negative genetic distances in lobular breast cancer.) Phylogenetic model trees indicating
examples of a positive and a negative genetic distance. Genetic distance is defined as by the equation. b) Distribution of genetic dis-
tances in the cohort (n = 35 informative patients). Each bar represents a patient. c) Genetic distance associated with the time from
diagnosis of primary tumour to metastatic biopsy (Spearman’s rank correlation). d) Boxplot indicating the genetic distance in de
novo metastatic (n = 6) and later relapsed patients (n = 29). e) Boxplots indicating the genetic distance at different metastatic sites.
f-g) Boxplots indicating the distribution of stromal TILs across the three classes of genetic distances, in primary and metastatic sam-
ples respectively. In d-g each dot represents a patient and P values were calculated using a two-sided Mann-Whitney U test.
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Clinicopathological and molecular characterisation of
genetic distance
Next, we compared the clinicopathological characteristics
of our cohort between the two opposing classes
(“positive” / “negative”). No difference/association was
observed with age, menopausal status, tumour size,
grade, PgR/HER2 status, nodal status, number of posi-
tive nodes or tumour histology regardless of using the
genetic distance as a continuous or as a dichotomous var-
iable. Interestingly, an association between the two clas-
ses and de novo metastatic status was observed, with the
majority (4/6) of the de novo patients being assigned to
the “negative” class (p-value=0.01, Fisher’s exact test)
and showing lower distance compared to the rest of the
relapsed patients (p-value=0.03, Mann-Whitney U test,
Figure 3d) despite the fact that the metastatic samples in
www.thelancet.com Vol 82 Month , 2022
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the de novo metastatic patients were taken later in the
history of the patient. In addition, patients metastasizing
to different sites showed varying distances, with liver and
bone metastases having the lowest distance and skin the
highest, albeit without significant differences between
the sites (Figure 3e). Finally, a trend highlighting higher
levels of stromal TILs in the primary tumour was
observed in the “negative” class compared to the
“positive” class (Figure 3f-g). At the genomic level, com-
paring the copy number aberrations of the 32 driver
genes in the primary only samples between the two
genetic distance classes revealed that NF1, AKT1 and
FGFR2 were more frequently altered in the “negative”
class compared to the “positive” class (p-value=0.04, 0.01
and 0.03 respectively, Fisher’s exact test, Supplementary
Figure S6). Additionally, the AKT1 gene was also more
often deleted in the trunk of the phylogenetic tree in the
“negative” class (p-value=0.04, Fisher’s exact test). On
the contrary, in the metastatic samples, no driver gene
was significantly different between the two classes. Taken
together, these data could denote a decelerated tumour
progression for at least a subset of patients, either in the
form of slower cell cycle or possibly dormant dissemi-
nated tumour cells. The absence of common copy num-
ber aberrations in these patients could also suggest that
the tumour microenvironment or other nongenetic pro-
cesses play an important role.

Lastly, using the single-pair phylogenetic trees, we
computed the ratio of the common trunk branch length
relative to the sum of the common trunk and the pri-
mary branch length, as to represent the number of aber-
rations that accumulate after the primary and
metastatic lineages divergence. As seen from our data
(Figure S1a), in 22/35 (63%) patients, the bulk of the
aberrations accumulated in the trunk of the phyloge-
netic tree thus having long trunks and short primary
branches whereas in 8/35 (23%) patients the length of
the trunks was shorter compared to the primary
branches (5/35 patients were classified as intermediate
cases). No differential copy number change in specific
driver genes between these two categories was observed.
Although no association was observed with clinico-
pathological characteristics or the genetic distance, we
found a loose, albeit not significant, inverse correlation
with relapse time (Spearman’s correlation rho=-0.28,
Figure S1b). These results show that in ILC, the major-
ity of CNAs are acquired early during tumour evolution.
Discussion
In this study, we described the evolutionary trajectories
and the intratumour heterogeneity of ILC though the
analysis of low pass whole genome sequencing data from
matched primary and metastatic samples. The delinea-
tion of the phylogenetic trees unraveled different mecha-
nisms of metastatic seeding. Namely, in 64% of the
patients, we observed a separate clustering of the
www.thelancet.com Vol 82 Month , 2022
metastatic and the primary samples, indicating an early
genetic diverging point. On the other hand, in 36% of
the patients, the metastatic sample was more genetically
related to a specific primary sample than the rest of the
primary samples, indicating that a specific parental pri-
mary clone seeded the metastasis. Furthermore, we
observed that in the cases of patients with multiple
metastases available, all the metastases clustered
together, suggesting seeding from a common “metastatic
precursor”. These results are in line with previous reports
indicating heterogeneity within multiple regions of the
same lesion and highlight the necessity of multiregion
genetic analysis of tumours.25 Such multiregion analysis
employed by previous studies in breast cancer showed
indeed that different scenarios of metastatic seeding
exist, with either a monoclonal or a polyclonal origin of
metastasis.24,3 Irrespective of the dissemination route,
known driver genes including TP53, RB1, MYC or
CCND1 were found to be altered early in the evolutionary
history of the tumour progression indicating that are
required for tumour initiation. Additionally, the clones
seeding the metastasis continue to accumulate altera-
tions as seen by aberrations private to the metastasis and
include deletions of PTEN and NCOR1 or gains of AKT2
and CCND1. Such aberrations have been previously
described being associated with endocrine resistance like
in the deletion in PTEN26 or with migration and invasion
like the amplification of AKT2.27

In parallel to the clonal relationship of primary
tumour and metastases, the accumulation of additional
mutations in the metastasis has been previously
described in numerous studies.28�30 By this definition,
one would expect that in the corresponding phyloge-
netic tree, the metastatic branch length would be longer
than the primary branch, owing to the additional accu-
mulated aberrations. Here, we showed that this is not
always the case, where approximately one third of the
patients showed shorter metastasis branch length than
their corresponding primary branch length, with the
majority of those patients having liver and bone metas-
tases, being de novo metastatic and having higher stro-
mal TILs concentration in the primary tumour. In
addition, copy number aberrations enriched in the
“negative” class patients were also detected, including
loss of AKT1 and NF1 and gain of FGFR2. The sum of
the above results could point in the direction of a form
of tumour dormancy. Indeed, disseminated tumour
cells can migrate to the bone marrow and stay for years
in a state of tumour dormancy, manifesting either as
cellular or tumour mass dormancy.31 Entering and exit-
ing dormancy can be regulated and affected by various
mechanisms that can include proliferation rate,
immune surveillance, an altered transcriptional pro-
gram and/or resistance to endocrine treatment.32

Although our results cannot provide direct evidence of
dormancy, they point in the direction of a decelerated
tumour progression for some patients. Finally,
9
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confirming previous reports,33 the signal of late dissemi-
nation as portrayed through the accumulation of most
of the aberrations in the trunk of the phylogenetic tree,
indicates that CNAs are acquired early but continue to
accumulate throughout the molecular time.

Our study has some limitations. For most of the
patients, only a single metastatic lesion was biopsied.
This could impact any analysis of intra-metastatic het-
erogeneity through the absence of information of geno-
mic alterations in other regions of the biopsied
metastasis or from other metastatic sites, including
clones with acquired treatment resistance.24,34 Further-
more, the phylogenetic trees were inferred from fully
clonal CNA without considering subclonal events. This
could lead to an alternative explanation of the deceler-
ated tumour progression observed in a subset of
patients, where higher clonal heterogeneity in the pri-
mary tumour could be misinterpreted as more CNA
events and subsequently as a negative genetic distance.
Moreover, all analyses are based on molecular time,
which is assumed to be related to real time under the
molecular clock hypothesis. However, it should not be
overlooked that some processes may lead to the accumu-
lation of a large number of CNAs in only a few cell
cycles.35 In this case, there could be a decoupling
between the molecular and real time, that may also
explain the negative genetic distances observed. Finally,
we acknowledge the small number of patients in this
cohort since paired primary tumour and metastatic
samples are essential for such a study. As an effect of
the small cohort size, the lack of statistical significance
in some of the analyses performed could be attributed
to the lack of statistical power. Such limitations empha-
sise the importance of engaging patients in research
through their contribution in donating samples and
genomic data that could lead to establishing large
cohorts with data from multiple regions of the primary
tumours and the metastatic sites.

Overall, our results validate the manifestation of intra-
tumour heterogeneity and point towards different mecha-
nisms of tumour evolution. As it has already been
described and discussed, the evidence of late dissemina-
tion in different types of cancer can have important clinical
implications. Indeed, the evidence of late dissemination
further highlights the importance of early detection
through cancer screening, which can be challenging in
lobular breast cancer,36 as well as the role of treatment
and surgical excision of the primary tumour with the goal
of preventing metastasis. Additionally, since primary and
metastatic samples share a number of mutations, the pri-
mary tumour could serve as a proxy for metastasis and
could guide potential treatment strategy.33,37 At the same
time, evidence of decelerated tumour progression or
tumour dormancy, as demonstrated by our work, further
adds to the existing discussion of how dormant dissemi-
nated tumour cells should be treated in the clinic.38�40

Confirming these results in larger cohorts, where potential
associations with clinical features and outcomes could be
better explored, is necessary and could potentially influ-
ence the clinical management of ILC.
Contributors
C.S. and D.N.B. conceived and designed the study. D.F.
and D.V. performed the analyses. C.M., F.B., O.M., M.
C., G.B., F.C., E.B., A.V.S., G.P. provided the clinical
specimens. G.E., R.S., D.L., C.G. and G.P. performed
the histopathological assessment of the samples. S.M.,
G.R. processed the samples. D.F., D.V., M.R., D.N.B., B.
B., M.M., D.L., C.D., F.R. and C.S. interpreted the
results. D.F., D.V., M.R., F.R. and C.S. wrote the manu-
script. C.S. and F.R. supervised the study. D.F., DV. and
C.S. have verified the underlying data. All the authors
read and approved the final manuscript.
Data sharing statement
Genome data has been deposited at the European
Genome-phenome Archive (EGA) which is hosted
at the EBI and CRG, under accession number
EGAD00001006393, as previously described.9 All proc-
essed data required to reproduce this analysis are avail-
able in the Supplementary Tables.
Declaration of interests
C.S.: advisory board (receipt of honoraria or consultations
fees): Astellas, Cepheid, Vertex, Seattle genetics, Puma,
Amgen. Participation in company sponsored speaker’s
bureau: Eisai, Prime Oncology, Teva, Foundation Medi-
cine. Other support (travel, accommodation expenses):
Roche, Genentech, Pfizer (outside the submitted work).
C.M. has received personal consultancy fees from Bayer,
Roche, AstraZeneca, Daiichi Sankyo outside the scope of
the submitted work; Grants from Italian Association for
Cancer Research (AIRC); honoraria for lectures, presen-
tations from Novartis. R.S. reports funding for research
not related to the current manuscript from Breast Cancer
Research Foundation; honoraria for lectures unrelated to
the current manuscript from Bristol Myers Squibb; con-
gress registration and travel not related to the current
manuscript from Merck and Bristol Myers Squibb; par-
ticipation on advisory boards unrelated to the current
manuscript from Roche and Bristol Myers Squibb. R.S.
has no conflicts of interests related to this project. G.E.
reports consulting fees as general medical affairs consul-
tancy from Thermofisher; role as secretary on the board
of the scientific working group of the Belgian Society of
Pathology and board member of the Belgian Society of
Pathology not reimbursed. All other authors have no con-
flicts of interest.

Acknowledgements
The authors would like to extend their gratitude to the
patients and their families for donating clinical samples
and for supporting cancer research.
www.thelancet.com Vol 82 Month , 2022



Articles
This work was supported by Les Amis de l’Institut
Bordet, MEDIC and the Breast Cancer Research Foun-
dation (BCRF). D.F., M.R. and C.S. are funded by the
Belgian Fonds National de la Recherche Scientifique
(F.R.S-FNRS). D.V. is partly supported by a grant of the
R�egion Wallonne.

Supplementary materials
Supplementary material associated with this article can
be found in the online version at doi:10.1016/j.
ebiom.2022.104169.

References
1 Guarneri V, Conte P. Metastatic breast cancer: therapeutic options

according to molecular subtypes and prior adjuvant therapy.
Oncologist. 2009;14:645–656. https://doi.org/10.1634/theoncolo-
gist.2009-0078.

2 Venet D, Fimereli D, Roth�e F, et al. Phylogenetic reconstruction of
breast cancer reveals two routes of metastatic dissemination associ-
ated with distinct clinical outcome. E Bio Medicine.
2020;56:102793. https://doi.org/10.1016/j.ebiom.2020.102793.

3 Ullah I, Karthik G-M, Alkodsi A, et al. Evolutionary history of meta-
static breast cancer reveals minimal seeding from axillary lymph
nodes. J Clin Invest. 2018;128:1355–1370. https://doi.org/10.1172/
JCI96149.

4 Colleoni M, Sun Z, Price KN, et al. Annual hazard rates of recur-
rence for breast cancer during 24 years of follow-up: results from
the international breast cancer study group trials I to V. J Clin Oncol.
2016;34:927–935. https://doi.org/10.1200/JCO.2015.62.3504.
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