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Abstract
Background:For multifocal or multicentric breast cancer with two or more separated malignant foci in
ipsilateral breast, the origin of its multiple foci is still debatable: do they share a common origin or have
they developed independently?
Methods:By bulk exome sequencing combined with single cell whole genome sequencing using multiple
annealing and looping-based amplification cycles (MALBAC), we obtained genomic information of two
separated breast tumors and one metastatic lymph node in a multifocal breast cancer patient. We
performed single nucleotide variation (SNV) and single cell copy number variation (CNV) analyses of the
two breast tumors and lymph node.
Results:On SNV level, we found common origin and single focus metastasis in this patient, concretely
speaking that the two breast tumors were formed by the spread of one single tumor to another, instead of
being developed independently. Furthermore, the lymph node was metastasized from one of the two
tumors instead of co-metastasis by both of them. We also found that the SNV subclone architecture
always kept stable between the two breast tumors as well as from the breast tumors to lymph node. On
CNV level, in contrast, the frequency of CNV subclones changed dramatically from the breast tumors to
lymph node. Among them, frequency of Clone 2 increased significantly, indicating metastatic advantages
of it. By combining distinct clonal evolution patterns of SNVs and CNVs, we built an integrative
evolutionary model for this patient. CNV subclones were determined at a relative early time and kept
unchanged, and CNV Clone 2 with metastatic advantages was separated from the common ancestors
during intramammary spread and metastasis. In the meantime, SNVs were accumulated gradually.
Conclusions: In conclusion, we found distinct clonal evolution patterns on SNV and CNV levels in
multifocal breast cancer and identified a CNV clone with metastatic advantages.

Background
Multifocal or multicentric breast cancer is defined as two or more malignant tumor foci, separated by
normal mammary gland, presenting within the same quadrant or different quadrants in ipsilateral breast
[1]. The incidence of multifocal and multicentric breast cancer is around 20% [2, 3]. Compared with
unifocal breast cancer, multifocal or multicentric breast cancer has more axillary lymph node metastasis
and worse clinical outcome [4–7]. For origin of multifocal or multicentric breast cancer two hypotheses
exist: multiple foci may develop their own malignant tumors independently, or form through spread of
one single malignant tumor. So far, several studies have tried to explain this on the genetic level [8–10].
One study based on targeted sequencing of different lesions from 36 multifocal or multicentric breast
cancer patients found that 67% patients had mutations shared by all lesions and 33% patients did not
share any mutations [8], indicating that both of the two hypotheses existed. In addition, the more axillary
lymph node metastasis in multifocal or multicentric breast cancer implies that it may undergo a distinct
process compared with unifocal breast cancer.
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The origin and clonal evolution of multifocal or multicentric breast cancer can be studied on somatic
genomic alterations. Single nucleotide variations (SNVs) and copy number variations (CNVs) are two
major types of genomic alterations. SNVs are widely used in evolutionary history studies of cancer
because it is commonly accepted that SNVs are accumulated gradually without reverse mutations. The
phylogenetic trees of lung cancer, prostate cancer, renal cancer and other cancer types have been well
established [11–14]. CNVs also play important roles during cancer genesis and development. It was
reported that some tumors, belonging to the C class, were dominated by CNVs [15]. In breast cancer, CNV
subclones within an individual have been exhibited [16, 17].
Heterogeneity is a key feature of breast cancer on both inter- and intra- patient levels [18, 19], especially
for multifocal or multicentric breast cancer with multiple tumor foci. Due to heterogeneity it is difficult to
study the subclone architecture and clonal evolution by bulk sequencing. Single cell sequencing can
solve this problem, especially on CNV level. For SNVs, bulk sequencing shows a mixed result, and we can
still decode the subclonal SNVs to some extent by bioinformatic method. But for CNVs, bulk sequencing
can only gain the average level of copy numbers for each genomic region, making it almost impossible to
obtain the subclonal CNVs. In 2011, the first single cell genome sequencing method for human cells,
single-nucleus sequencing (SNS), was developed [16]. But the low genome coverage limited its
application in many fields. After that another method called multiple annealing and looping-based
amplification cycles (MALBAC) improved the coverage to 93% by using random priming and quasilinear
preamplification [20].
In this study, we enrolled one patient diagnosed with multifocal breast cancer and collected samples from
her right upper, outer breast tumors and metastatic axillary lymph node. We studied the subclone
architecture and constructed phylogenic tree on SNV level through bulk exome sequencing of the two
breast tumors and lymph node. To further analyze clonal evolution from the breast tumors to lymph node
on CNV level, we also performed single cell whole genome sequencing of total 125 cells using MALBAC.
By integrating the results on both SNV and CNV levels, we revealed the origin and lymph node metastasis
in this multifocal breast cancer patient.

Methods

Patient recruitment and sample collection
A multifocal breast cancer patient, female, 32 years old, was enrolled in our study. Three separated breast
tumor foci were detected by CT images, including the right upper (12:00 direction, 6cm from the papilla,
size 2×2cm), outer upper (10:00 direction, 4cm from the papilla, size 1.5×2cm) and outer (9:00 direction,
4cm from the papilla, size 2×2cm) breast tumors. All of the three breast tumors were diagnosed as
Luminal B subtype, IIIA stage and invasive ducal carcinoma. Multiple right axillary lymph nodes were
diagnosed positive. The frozen biopsy samples from the right upper, outer breast tumors and one right
positive axillary lymph node (size 2×2cm) were collected. Before the sample collection, this patient had
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not received systematic prior treatment. This study was approved by the Ethics Committee of Tianjin
Medical University Cancer Institute and Hospital with approval number bc2020003.

Frozen Tissue Dissociation And Single Nucleus Isolation
Half of each frozen biopsy sample was used for single cell sequencing. We dissociated the frozen
samples into nucleus suspension following the published paper [16]. Tissue samples were first placed in
the dish with 1-2ml of freshly prepared NST-DAPI buffer. After minced by surgical scissors, the samples
were continually kept on ice for 15min to dissociate thoroughly. Then the nucleus suspensions were
filtered through 70µm cell strainers. DAPI + single nuclei were sorted into 96 well plate by using BD
FACSAria III system. 96 single nuclei from each sample (a total of 288 nuclei) were isolated.

Single Nucleus Whole Genome Amplification And
Sequencing
Single nuclei were lysed in 5ul lysis buffer containing Triton X-100, DTT and QIAGEN protease. Then we
performed whole genome amplification by using MALBAC following the published paper [20]. First, nine
cycles of quasilinear amplification using random primers 5N3G and 5N3T were carried out. After that to
gain enough DNAs for library preparation, 20 cycles of PCR amplification targeting the common
sequence of 5N3G and 5N3T primers were followed. The quality of MALBAC products was checked by
qPCR at eight randomly selected loci. Single nuclei with Ct number < 30 at no less than five loci passed
the quality control. 44, 71 and 32 single nuclei from the upper, outer breast tumors and lymph node
passed to the next step respectively.
DNAs from the selected single nucleus were used to construct libraries. First we used Covaris S220
system to fragment these DNAs to around 300bp. Then end repair, 3’ dA tailing, adapter ligation and PCR
enrichment were performed by using KAPA Hyper Prep Kit and NEBNext Multiplex Oligos for Illumina. The
quality of libraries was checked by qPCR and fragment analysis using LabChip NGS3K. The qualified
libraries were sequenced by Illumina Hiseq X Ten 2×150bp.

Single Cell Cnv Analyses
For raw sequencing data, quality control and MALBAC primer sequence removal were performed by using
Trimmonatic-0.36 [21]. The quality control including removal reads containing adapter contamination,
low quality nucleotides and unrecognizable nucleotide. Then clean reads were mapped to hg19 human
reference genome by Burrows-Wheeler Aligner (BWA) 0.1.22 [22]. The CNV regions were identified with
Control-FREEC [23]. Cells with complete deletion of large chromosome fragment (the whole chromosome
or the whole chromosome arm) were identified to fail the single cell amplification, and cells with no
obvious CNV regions were identified to be non-tumor cells. These cells were removed from the following
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analyses. A total of 22 cells were removed, including four cells to fail the single cell amplification and 18
cells to be non-tumor cells.
Clustering on CNV level was performed using Euclidean distance method and complete cluster method at
a bin size of 1M. To infer the clonal evolution process from the breast tumors to lymph node, we used
TimeScape [24] by demonstrating the cellular prevalence changes of each CNV clone from the upper and
outer breast tumors to lymph node.

Bulk Dna Extraction And Exome Sequencing
The left frozen biopsy samples were used for genomic DNA extraction and exome sequencing. Genomic
DNAs were extracted by using QIAGEN QIAamp DNA Micro Kit following the manufacturer’s instructions.
We didn’t get non-tumor tissue or blood samples from this patient, so in order to make a normal control
for tumor samples to call somatic SNVs, we used the 18 single cells that were identified to be non-tumor
cells by single cell CNV analysis (with no obvious CNV regions). We mixed the MALBAC amplified
products of the 18 cells together as a control sample for exome sequencing.
For exome library preparation, DNAs were fragmented to around 180-280bp by Covaris S220 system,
followed by exome region capture and exome library construction using Agilent SureSelect Human All
Exon V6. First end repair, 3’ dA tailing, half-length adapter ligation and PCR enrichment were performed.
Then the DNAs were hybridized to the biotin labeled probes and magnetic beads with streptavidin were
used to capture the exome regions. Finally, the captured DNAs were enriched by another PCR
amplification. The quality of libraries was checked by qPCR and fragment analysis using LabChip
NGS3K. The qualified libraries were sequenced by Illumina Hiseq X Ten 2×150bp.

Snv Analysis
Quality control of raw sequencing data was performed by using Trimmonatic-0.36 [21] to remove reads
containing adapter contamination, low quality nucleotides and unrecognizable nucleotide. After that
clean reads were mapped to hg19 human reference genome by BWA 0.1.22 [22]. The aligned reads were
then sorted and merged with Samtools 1.0 [25] and the duplicated reads were marked by Sambamba
v0.4.7. Somatic SNVs were called by using muTect 1.1.4 [26].
To predict the functional impacts of nonsynonymous SNVs, three different software were used: Mutation
Assessor, SIFT and Polyphen-2. And protein annotations of representative SNVs were performed by
MutationMapper with the link https://www.cbioportal.org/mutation_mapper.
The original phylogenic tree was constructed by MEGA5 based on maximum parsimony algorithm [27].
The normal control sample was assigned to be outgroup. Then the tree was redrawn in Adobe Illustrator
with trunk and branch lengths proportional to the number of nonsynonymous SNVs acquired on the
corresponding trunk or branches. The trunk was colored in blue, the internal branch was colored in yellow
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and the terminal branches were colored in red. To study the subclone architecture of SNVs, we used
PyClone [28] to infer the cellular prevalence of SNVs and divide SNVs into different clusters. Then cellular
prevalence changes of SNVs and SNV clusters from the outer breast tumor to the upper breast tumor or
lymph node were demonstrated.

Results

SNV distribution among the two breast tumors and
metastatic lymph node
One unanswered question for multifocal breast cancer is the clonal relationship of its multiple foci. For
the patient enrolled in this study, the locations of the two separated breast tumors and one metastatic
axillary lymph node were shown in Fig. 1a. Both bulk exome and single cell whole genome sequencing
were performed. By bulk exome sequencing (with a DNA mixture from 18 non-tumor single cells as
control), we detected 451, 525 and 441 somatic SNVs from the upper, outer breast tumors and lymph
node respectively (Fig. 1b). Among them were 39, 38 and 40 nonsynonymous SNVs. Mutation types of
these SNVs showed no significant differences among the two breast tumors and lymph node (Fig. 1c),
indicating similar tumorigenesis mechanisms.
Then we focused on the nonsynonymous SNVs and drew a heatmap showing the distribution of 62
nonsynonymous SNVs (Fig. 1d). To find out the origin of the two breast tumors, we first compared
nonsynonymous SNVs between the upper and outer breast tumors. For 54 nonsynonymous SNVs, 42.6%
(23/54) were shared, and for 22 putative driver SNVs (also included in COSMIC database or KEGG:
pathways in cancer), 86.4% (19/22) were shared. Such high percentages of shared SNVs indicated that
the two breast tumors had a common origin. To study the clonal relationship of the metastatic lymph
node with the two breast tumors, we compared nonsynonymous SNVs between the upper or outer breast
tumors and lymph node separately. For the upper breast tumor and lymph node, among 58
nonsynonymous SNVs, 36.2% (21/58) were shared, and among 24 putative driver SNVs, 70.8% (17/24)
were shared. For the outer breast tumor and lymph node, the percentages were much higher. Among 46
nonsynonymous SNVs, 69.6% (32/46) were shared, and among 21 putative driver SNVs, 81.0% (17/21)
were shared. What’s more, all of the nonsynonymous SNVs shared by the upper breast tumor and the
lymph node also existed in the outer breast tumor. These results suggested that the lymph node was
much more likely to come from the outer breast tumor, following the lymphatic drainage pathway.
To further understand how these nonsynonymous SNVs may affect the functions of protein, we
performed the functional impact prediction by three methods: Mutation Assessor, SIFT and Polyphen-2
(Fig. 2a). Among all nonsynonymous SNVs, EPPK1 D2378H, which was shared by the two breast tumors
and lymph node, were predicted highly deleterious by all of the three methods. Besides, PKDREJ C1134Y,
LAGE3 L73F, VEPH1 A296D, ENG C182F, DIP2B N1321S, ZKSCAN2 G567D, etc. were also predicted
deleterious to varying degrees.
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For the 22 putative driver SNVs, NOTCH2 and TERT genes were also included in KEGG: pathways in
cancer. Figure 2b showed their positions and upstream or downstream proteins in pathways in cancer.
NOTCH2 gene encodes a member of Notch family, which plays a role in angiogenesis sustainment [29].
TERT gene encodes the protein component with reverse transcriptase activity of telomerase, which
maintains telomere ends by addition of the telomere repeat [30]. Mutation of NOTCH2 were shared by the
two breast tumors and lymph node, while mutation of TERT was specific to the upper breast tumor. 21/22
putative drivers SNVs (except for TERT gene) were also included in COSMIC database, and Fig. 2c
showed protein annotations for 8 SNVs from 5 genes. For EPPK1 gene, R2239H, R2364Q and D2378H
mutations affected its Plectin repeat domains, which are associated with intermediate filaments and cell
adhesion. And for RFPL1 gene, I167V mutation affected its SPRY-associated domain, which is
associated with innate immunity and inflammation. Mutations of EPPK1, NLRC5, NOTCH2 and RFPL1
genes were shared by the two breast tumors and lymph node, while mutation of PRPF38B gene was
specific to the lymph node.
Phylogenic tree on SNV level confirms common origin and single focus metastasis
To clearly demonstrate the evolutionary relationships among the two breast tumors and lymph node, we
constructed phylogenic tree based on nonsynonymous SNVs (Fig. 3a). In the phylogenic tree, the two
breast tumors and lymph node shared a common ancestor, which confirmed common origin of the two
breast tumors, just as indicated above. Besides, the outer breast tumor and lymph node shared a more
recent ancestor, confirming single focus metastasis in this case. In other words, the lymph node
metastasis came from the outer breast tumor instead of co-metastasis by both of the two breast tumors,
the same as shown above. Majority (17/24) of the putative driver SNVs were trunk mutations, such as
mutations of EPPK1, NLRC5, NOTCH2 and RFPL1 genes. While mutations of LRRC37A, TERT and PSG4
genes were branch mutations specific to the upper breast tumor, and mutations of PRB2 and PRPF38B
genes were branch mutations specific to the lymph node.
The mutation frequency distribution in Fig. 3b further supported these conclusions. For the upper and
outer breast tumors, more than half of the shared SNVs had close mutation frequencies, indicating their
similarity. And compared with the upper breast tumor and lymph node, more of the shared SNVs between
the outer breast tumor and lymph node had close mutation frequencies, meaning that they were more
similar at SNV level.
To further investigate the subclone architecture of these nonsynonymous SNVs, we used PyClone to
compare between the outer and upper breast tumors (Fig. 3c), and between the outer breast tumor and
lymph node (Fig. 3d). For the two breast tumors, SNVs were divided into four clusters and the cellular
prevalence of the four clusters kept stable from the outer to upper breast tumor. While for the outer breast
tumor and lymph node, the subclone architecture of SNVs became more complex, with a total of five SNV
clusters divided. And this complex subclone architecture (or the cellular prevalence of the five clusters)
still kept stable from the outer breast tumor to the lymph node. In general, no matter during separation of
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the two breast tumors or lymph node metastasis, the SNV subclone architecture still maintained
unchanged, without presence of any advantageous or disadvantageous SNV subclones.
CNV patterns of single cells from the two breast tumors and lymph node
Besides bulk exome sequencing, in the meanwhile we performed low depth single cell whole genome
sequencing of the two breast tumors and lymph node for CNV analysis. A total of 147 single cells were
sequenced. Among them 4 cells didn’t pass the quality control and 18 cells were identified as non-tumor
cells. Sequencing data from 40, 53 and 28 single cells (a total of 125 cells) in the upper, outer breast
tumors and lymph node were used in the following analysis. CNVs of the 125 single cells were shown in
the heatmap in Fig. 4a. Clustering based on whole genome CNVs divided all single cells (without regard
to origins) into three clones. Clone 1 and Clone 2 were major clones, accounting for 44% (55/125) and
51.2% (64/125) of all cells, and Clone 3 was a minor clone, accounting for only 4.8% (6/125). Majority of
cells in Clone 1 were from the outer breast tumor, and the left few cells were from the lymph node. For
Clone 2 cells were from the upper breast tumor and the lymph node. And Clone 3 included cells from the
outer breast tumor and the lymph node. In this respect, compared with the upper breast tumor, the outer
breast tumor may be more similar to the lymph node.
Then to find the characteristics of each clone, we draw the CNV patterns for the three clones in Fig. 4b.
Each clone had its specific CNV characteristics. Except for Clone 3, which showed only a few CNV
regions, Clone 1 and Clone 2 shared some CNV regions, for example, copy number gains at chr8q, 17q,
20q and 21q, and copy number losses at chr6q, 8p, 11q, 14q and 17p. Clone 1 and Clone 2 also had their
specific CNV regions. Specific CNV regions of Clone 1 included copy number gains at chr1q and 16p, and
copy number losses at chr10q, 16q, 17p and X. Specific CNV regions of Clone 2 included copy number
losses at chr1p, 2q, 3p, 4p, 4q, 5q, 7p, 7q, 9p and 18q.
Clonal evolution on CNV level identifies a subclone with metastatic advantages
To reveal the CNV level clonal evolution from the breast tumors to lymph node, we used TimeScape to
demonstrate this process. As shown in Fig. 4c, from the breast tumors to lymph node, the frequency of
Clone 3 kept stable, the frequency of Clone 1 decreased, and the frequency of Clone 2 increased
significantly. This indicated that compared with Clone 1 and Clone 3, Clone 2 had more metastatic
advantages.
Then we analyzed the specific CNV regions of Clone 2 and putative driver genes located in these regions,
as marked in Fig. 4b. In chr1p, with copy number losses in Clone 2, there were many famous cancer
related genes, such as ARID1A, MTOR and JAK1. ARID1A encodes a member of SWI/SNF family, which is
required for transcriptional activation of genes normally repressed by chromatin [31]. MTOR encoded
protein belongs to a family of phosphatidylinositol kinase-related kinases, which mediates cellular
responses to stresses such as DNA damage and nutrient deprivation [32]. JAK1 encoded protein is a
member of protein-tyrosine kinases, playing a crucial role in effecting the expression of genes that
mediate inflammation, epithelial remodeling and metastatic cancer progression [33]. Chr5q, with copy
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number losses in Clone 2, also contained many important genes associated with cancer, such as APC,
MAP3K1 and PIK3R1. APC encodes a tumor suppressor protein that acts as an antagonist of the Wnt
signaling pathway [34]. MAP3K1 encoded protein is a serine/threonine kinase and is part of some signal
transduction cascades, including the ERK and JNK kinase pathways as well as the NF-kappa-B pathway
[35]. PIK3R1 encodes the regulatory subunit of phosphatidylinositol 3-kinse, which plays an important
role in the metabolic actions of insulin [36]. Besides there were many other putative driver genes in Clone
2 specific CNV regions, for example ACVR2A, CXCR4 and LRP1B genes in chr2q with copy number losses,
PHOX2B, RHOH and SLC34A2 genes in chr4p with copy number losses, CASP3, FAT1 and FBXW7 genes
in chr4q with copy number losses, and BCL2, SETBP1, SMAD2 and SMAD4 genes in chr18q with copy
number losses. The copy number gains or losses of these regions or genes had a high probability to be
associated with lymph node metastasis.

Discussion
In our study, on SNV level the lymph node shared more SNVs with the outer breast tumor compared with
the upper breast tumor. While on CNV level, the lymph node was more similar to the upper breast tumor,
inconsistent with SNVs. Previous studies proved that in breast cancer CNVs and SNVs evolved in
different patterns [37]. CNVs occurred early in tumor evolution and remained highly stable during tumor
development. In contrast, SNVs evolved gradually. In our data we also observed distinct evolutionary
patterns of SNVs and CNVs. On SNV level, no matter between the outer and upper breast tumor, or from
the outer one to lymph node, the subclone architecture always kept stable. But on CNV level, from the
breast tumors to lymph node, the frequency of Clone 1 significantly decreased and the frequency of Clone
2 significantly increased, indicating that Clone 2 may have metastatic advantages.
To explain this discordance between SNVs and CNVs, we combined the clonal evolution patterns of both
SNVs and CNVs to build an integrative evolutionary model in this patient. As shown in Fig. 4d, CNVs
occurred at a relative early time, and three different CNV patterns generated before the two breast tumors
and lymph node separated. Then upon intramammary spread, part of CNV Clone 2 with metastatic
advantages were separated to form the upper breast tumor. After that occurred the lymph node
metastasis, the left CNV Clone 2 metastasized as the majority of the lymph node. And other CNV clones
without metastatic advantages, especially Clone 1, were left to form the outer breast tumor. In the
meanwhile, SNVs accumulated gradually, with trunk SNVs occurred before separation and branch SNVs
occurred after intramammary spread or lymph node metastasis. In conclusion, similarity between the
lymph node and outer breast tumor on SNV level was because they were evolutionarily closer and the
lymph node may just come from the outer breast cancer. While similarity between the lymph node and
upper breast tumor on CNV level was because this kind of CNV pattern had metastatic advantages and
both of the lymph node and upper breast tumor were formed by spread of tumor cells with this CNV
pattern.
The results above exhibited that from the breast tumors to lymph node, the SNV subclone architecture
maintained unchanged without any SNV subclones showing metastatic advantages. While frequency of
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CNV subclones changed obviously, with Clone 2 increased significantly, suggesting its metastatic
advantages. In previous studies based on circulating tumor cells from many different cancer types,
including lung cancer, breast cancer, gastric cancer, colon cancer and prostate cancer, the researchers
also validated the importance of CNVs in cancer metastasis [38, 39]. They found a strong CNV selection
toward metastasis, meaning that only cells with certain specific CNV patterns could be selected to form
the metastasis of cancer. For genetic studies of cancer, most researchers mainly focused on SNVs to find
molecular biomarkers for targeted therapy. These results above suggested us CNVs may also play
important roles in cancer, especially in cancer metastasis.
Compared with bilateral breast cancer, in multifocal or multicentric breast cancer the distances among
multiple tumor foci were much shorter. And multiple tumor foci in majority multifocal or multicentric
breast cancer patients shared similar molecular subtypes, clinical pathologic staging and classification
[40]. In our study, both of the two breast tumors were diagnosed as Luminal B subtype, IIIA stage and
invasive ducal carcinoma. Our genetic analyses on SNV level further confirmed common origin of them.
But our conclusion was limited by number of cases (only one patient was enrolled) and may not be
suitable for all multifocal or multicentric breast cancer patients. Previous studies based on a larger cohort
of multifocal or multicentric breast cancer patients (36 patients) exhibited that more than half (67%) of
the patients had common origins and the left (33%) developed independently. While in bilateral breast
cancer there may be a complex combination of different morphologic characteristics and hormonal
receptor statuses [41]. And a genetic study based on four bilateral breast cancer patients found that they
were all clonal independent [42]. These suggested the differences between multifocal or multicentric
breast cancer and bilateral breast cancer, which deserved further investigation.

Conclusions
In conclusion, by bulk exome sequencing combined with single cell whole genome sequencing, we
studied SNVs and single cell CNVs of two separated breast tumors and one metastatic lymph node and
built an integrated evolutionary model in a multifocal breast cancer patient. In addition, we discovered
distinct evolutionary patterns of SNVs and CNVs and CNV subclone with metastatic advantages.
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Figure 1
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SNV landscape of the two separated breast tumors and one metastatic axillary lymph node in a
multifocal breast cancer patient. aA diagram shows the locations of samples collected in this study,
including the right upper (12:00 direction, 6cm from the papilla), outer (9:00 direction, 4cm from the
papilla) breast tumors and lymph node. b Numbers of somatic SNVs detected in the upper (Upper), outer
(Outer) breast tumors and lymph node (LN). c Mutation types of somatic SNVs in the two breast tumors
and lymph node. d A heatmap shows the distribution of 62 nonsynonymous SNVs in the two breast
tumors and lymph node. Gene names are listed on the left and the putative driver SNVs (also included in
COSMIC database or KEGG: pathways in cancer) are in red.

Figure 2
Functional analyses of nonsynonymous SNVs. a Functional impact prediction of 62 nonsynonymous
SNVs by three methods: Mutation Assessor, SIFT and Polyphen-2. bThe positions of NOTCH2 and TERT
genes in KEGG: pathways in cancer with mutation frequencies in the two breast tumors and lymph node
(red: the upper breast tumor, yellow: the outer breast tumor, green: the lymph node). c Interpretation of
representative putative driver SNVs for EPPK1, NLRC5, NOTCH2, RFPL1 and PRPF38B genes with protein
annotations.
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Figure 3
Inferred clonal evolution on SNV level among the two breast tumors and lymph node. a Phylogenic tree of
the upper, outer breast tumors and lymph node. Blue line represents trunk, green line represents internal
branch, and red lines represent terminal branches. The lengths of trunk and branches are proportional to
the numbers of acquired nonsynonymous SNVs. Representative putative driver SNVs are labeled beside
the trunk and branches. b Mutation frequency distribution of nonsynonymous SNVs between the upper
and outer breast tumors (left), the upper breast tumor and lymph node (middle), and the outer breast
tumor and lymph node (right). c Inferred subclone architecture changes from the outer to upper breast
tumors. The plot on the left shows cellular prevalence of each SNV cluster. The plot on the right shows
cellular prevalence of each SNV included in different clusters with gene names labeled beside (genes in
red existing in both c and d). d Inferred subclone architecture changes from the outer breast tumor to
lymph node.
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Figure 4
Clonal evolution on CNV level among the two breast tumors and lymph node. aA heatmap shows whole
genome CNVs of 125 single cells from the two breast tumors and lymph node with CNV clustering on the
left. All single cells can be divided into three subclones according to CNVs. bConsensus CNV pattern of
each subclone. CNV regions specific to Clone 2 are squared, with red squares representing copy number
gain regions and blue squares representing copy number loss regions. The representative driver genes
included in the CNV regions are listed below. c Clonal evolution from the breast tumors (the upper and
outer breast tumors) to lymph node on CNV level with clonal frequencies labeled. dAn integrative clonal
evolution model on both SNV and CNV levels of the two breast tumors and lymph node in this multifocal
breast cancer patient.
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