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FIGURES 
 

 
 
Figure 1 | Correlation of the mutation burden with age of collection and parity in the healthy breast  
(a-c) Representative images of non-continuative serial sections of a healthy mammary gland from a 
29-year-old nulliparous woman. (a) Hematoxylin and eosin staining showing two terminal ductular 
lobular units (TDLU) surrounded by stroma. (b) Pre- and (c) post- laser-capture microdissection of the 
TDLU highlighted in (a) The section was first stained with an enzymatic reaction, which reacts to the 
activity of the mitochondrial cytochrome C oxidase and allow easy identification of the epithelial cells. 
Scale bar = 150μm. 
(d,e) Mutation burden shown as one dot for each donor (n = 25 donors, some dots overlapping). 
Pearson correlation (r) with age and P values (P) from linear regression are shown for the (d) epithelial 
and (e) stromal compartment.  
(f,g) Mutation burden and (h,i) median variant allele frequency of SNV shown as one dot for each 
donor (n = 13 parous, n = 12 nulliparous donors, some dots overlapping) in the (f,h) epithelial and (g,i) 
stromal compartment. Pearson correlation (r) with age and P values (P) from linear regression are 
shown for each group (NP = nulliparous, P = parous).  
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Figure 2 | Mutation burden of driver genes in the healthy parous and nulliparous breast 
(a,b) Fraction of nulliparous (n = 12) and parous (n = 13) samples carrying a mutation in known breast 
cancer associated genes, for both epithelial and stromal compartment.  
(c,d) Scatter plots of cumulative mutation burden in relation to age, represented as number of 
mutations in all driver genes, per sample, in (c) the epithelium and (d) the stroma. For both plots, 
n = 13 parous, n = 12 nulliparous donors (some dots overlapping) and Pearson correlation (r) with age 
and P values (P) from linear regression are shown. NP = nulliparous, P = parous. 
(e,f) Variant allele frequency of unique recognized driver events in different samples in the (e) 
epithelial and (f) stromal compartment. The mutations shown in the graphs are: TP53 (p.R273H), KRAS 
(pG12V), PIK3CA (p.H1047R), PTEN (p.R130G).  
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Figure 3 | Characteristics of somatic mutations acquired in human healthy breast 
(a,b) Relative contribution of different mutation types to the mutation spectrum for the epithelial and 
stromal compartment for all samples (n=25) . Error bars indicate the standard deviation. (c-e) Scatter 
plot representing the correlation between the relative contribution of selected mutation types with 
age and pregnancy (n = 13 parous, n = 12 nulliparous donors, some dots overlapping) in the (c) 
epithelium and (d,e) stroma. Only mutation types with significant trends in at least one parity group 
are shown. Pearson correlation (r) with age and P values (P) from linear regression are shown are 
shown for both nulliparous (NP) and parous (P) samples. (f-g) Absolute and (h-i) relative contribution 
of each mutational signature from the COSMIC database and de novo mutation HB1 for each sample, 
divided in (f,h) epithelial  and (h,i) stromal compartment. Samples are shown in the x axis and sorted 
by age of collection. 
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Figure 4 | Model of expansion of a single mutated clone in the healthy breast 
The scheme simplifies the probability of a clone, mutated with a single pre-existing mutation (light 
blue dots), to expand during age and pregnancy in the mammary epithelium (pink). Pregnancy-
associated clone expansions or regression are represented by blue arrows; age-related clone 
expansion is represented by green arrows. In the event of life-long nulliparity (central panel), the 
mutated clone will expand with age, on a rate which is dependent on the mutation fitness. In the 
event of an early pregnancy (upper panel), the clone will be undergoing significant expansion, 
followed by shrinkage due to post-partum involution. The remaining clone will then keep growing at 
a slower rate in the breast until, possibly, a new wave of shrinkage will occur during lobular involution 
(not shown).  In the event of a late pregnancy (bottom panel), the clone, already expanded during the 
years, will be undergoing even more significant expansion. However, lobular involution may not be 
able to significantly reduce the size of this clone, which could then progress in colonizing the 
epithelium.   
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METHODS 
 
Human breast samples 
Twenty-nine frozen normal breast tissue samples from patients not affected by cancer were obtained 
from the Susan G. Komen Tissue Bank at IU Simon Cancer Center, following patient consent and 
approval from the local research ethics committee (IRB Protocol number is 1011003097). See 
Supplementary Table 1 for clinical information. Out of these, 4 individuals were analyzed as a 
subgroup, represented in Supplementary Figure 7. 
To confirm the normal histology, hematoxylin and eosin (H&E) staining was performed on the first 
section from each sample.  Each section was cut at 5μm thickness, hydrated in decreasing 
concentration of ethanol and stained using Gills hematoxylin and 1% Eosin, as per standard protocol.  
 
Enzyme histochemistry  
To allow visualization of the epithelium, an enzyme histochemistry targeted at a mitochondrial 
enzyme was performed on the section. Cytochrome C oxidase (CCO) enzyme histochemistry was 
performed on 16μm thick serial sections cut onto PALM membrane slides (MembraneSlide 0.17 PEN,  
Zeiss, Munich, Germany), as previously described34. Briefly, thawed sections were incubated in 
cytochrome c medium (100mM cytochrome c, 4mM diaminobenzidine tetrahydrochloride, 20μg/ml 
catalase in 0.2M phosphate buffer, pH 7.0; all from Sigma Aldrich, Poole, UK) for approximately 50min 
at 37°C or until satisfactory visualization of the brown color, followed by washes in PBS, pH7.4, for 3 
× 5min. Sections were allowed to dry in air before proceeding to microdissection. CCO-wild type cells, 
present in the majority of the normal epithelium, are visible in brown, in contrast with the surrounding 
colorless stroma.  
 
Laser-capture microdissection and DNA extraction 
Stained areas from the mammary epithelium, containing mammary ducts and terminal duct lobular 
units (TDLUs), were microdissected on a laser capture system (Zeiss PALM Microbeam) at a uniform 
laser power and cutting width. Approximately 30 sections were dissected for each individual. 
Surrounding stromal tissue with absence of detectable epithelium was superficially cut with the laser 
and successively isolated under a macrodissecting microscope (Leica Microsystem, Germany). 
Dissection and DNA extraction of the stroma and epithelium of each individual sample was performed 
at separate times to avoid contamination.  
Pre and post dissection images were captured using a digital slide scanner and viewed using the 
integrated viewer software (NanoZoomer SQ, Hamamatsu Photonic, Shizuoka, Japan). 
DNA was extracted using QIAamp DNA Micro kits (Qiagen, Hilden, Germany) and measured on Qubit 
3.0 Fluorimeter, using Qubit dsDNA HS Assay kit (Life Technologies, Paisley, UK), according to the 
manufacturer’s recommendation. 
 
Library preparation and DNA sequencing 
Library preparation and sequencing was carried out by the Beijing Genomic Institute (Shenzhen, 
Guangdong, China). In brief, isolated DNA (100ng) was fragmented by Covaris technology to obtain 
fragments of an average 350bp length. The repaired/dA tailed DNA fragments were then ligated to 
both ends with the adapters and amplified by ligation-mediated PCR (LM- PCR), followed by single 
strand separation and cyclization. A rolling circle amplification (RCA) was performed to produce DNA 
Nanoballs (DNBs). The qualified DNBs were loaded into patterned nanoarrays and 100bp pair-end 
read sequences were read on the BGISEQ-500 platform, which studies have shown to be of 
comparable sensitivity to other commercial platforms35. 
  
Mutations calling and downstream analysis 
Alignment of the reads and calling were carried out by the bioinformatic team at the Beijing Genomic 
Institute, following the guidelines of the Broad Institute Genome  Analysis Toolkit (GATK, 
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https://www.broadinstitute.org/gatk/guide/best-practices). Briefly, cleaned data for each individual 
sample was mapped to the human reference genome (GRCh37/HG19) with Burrows-Wheeler Aligner 
(v0.7.12) and duplicated reads were removed by Picard-tools (v1.118) with default settings. Details of 
quality control, coverage and mapping can be found in Supplementary Table 2.  
Somatic short mutations, including SNV, small insertions and deletions, were called via local assembly 
of haplotypes with Mutect2 (v4.1.4.1, https://gatk.broadinstitute.org/hc/en-
us/sections/360007458971-4-1-4-1) with an adaptation of the “tumor with matched normal” 
function, where tumor was substituted with normal epithelium, and matched normal was substituted 
with matched normal stroma. Default settings for tumor-normal pairs were used. Called variants were 
successively filtered with FilterMutectCalls (v4.1.4.1, https://gatk.broadinstitute.org/hc/en-
us/sections/360007458971-4-1-4-1), and only mutations categorized with PASS, representing 
confidently called somatic mutations, were used in the downstream analysis. VCF files were converted 
to Mutation Annotation Format (MAF) files according to National Cancer Institute specifications using 
Mskcc/vcf2maf (v1.6.17)36, adapting the format to include epithelial and stromal barcodes instead of 
tumor and normal barcodes, respectively. 
Annotated mutations were then further filtered for (1) total number of reads in both cellular 
compartment > 10; (2) mutated number of reads > 5;  variant allele frequency (VAF) >0.02%; (3) 
frequency > 0.1%  in the Genome Aggregation database (gnomAD, V2.1.1, exome and genome 
samples, https://gnomad.broadinstitute.org/), and in the 1000 Genome database 
(https://www.internationalgenome.org/). MAF were visualized and summarized using the R 
Bioconductor package, Maftools (v1.8.10)37 when necessary before proceeding to detailed analysis.  
Variants were categorized into synonymous and non-synonymous according to the impact on protein 
coding of each variants (Ensembl IMPACT rating). Non-synonymous variants with high or moderate 
IMPACT were: Frame shift deletions, Frame shift insertions, Nonsense mutations, Nonstop mutations, 
Splice sites, Translation start sites, In frame deletions, In Frame Insertions, Missense mutations. 
Synonymous mutations with low or modifier IMPACT were: 3' Flank, 5' Flank, 3' UTR, 5' UTR, Intron, 
IGR, Splice regions, RNA, Silent mutations. 
Downstream analysis was conducted in R38 and all figures were produced using the package 
ggplot2(v3.3.0)39, unless otherwise specified.  
 
Determination of mutations occurring in breast cancer-associated genes 
The list of identified breast cancer drivers which we have included in our analysis were taken from the 
paper “Landscape of somatic mutations in 560 breast cancer whole-genome sequences” by Nik-Zainal 
et al., Nature, 201623. Individual driver events were taken from the same manuscript and found in 
Supplementary Table 14: Driver events by mutation type 01052015.v2.  
 
Detection of positively selected genes 
To determine dN/dS (calculated on the observed/expected ratios of non-synonymous to synonymous 
mutations), we combined all the somatic mutations from the 29 individuals, and used the default 
settings of dNdScv (version 0.0.1.0)40, with significant genes determined at q<0.01. 
 
Identification of mutational signatures 
Mutational signatures were identified using the R Bioconductor package MutationalPatterns 
(v2.0.0)30. Briefly, VCF files were imported as GRanges object and the sequence context was derived 
from the imported Reference Genome hg19, installed with the R Bioconductor package BSGenome 
(v1.56.0)41. The contribution of known signatures from the COSMIC database25 was determined, and, 
for samples of adequate number of mutations but low cosine similarity with any known signature, two 
de novo signatures were extracted using non-negative matrix factorization (NMF). Mutational profile 
similarity was then evaluated to compare the two signatures with the ones from the COSMIC 
database, and to allow the inclusion of only one de novo signature, which we named HB1 (Healthy 
Breast 1).   
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Gene ontology analysis 
Each functional category was analyzed using the ToppGene portal42 (https://toppgene.cchmc.org/) to 
identify enrichments in Gene Ontology (GO) and pathways. Each p-value was corrected for multiple 
comparison with Bonferroni correction and shown in the graph as the inverse of log10 of the adjusted 
p-value (-log10(q)) for easiness of interpretation. Significant outputs were filtered out if each dataset 
contained less than 10 genes for group. Categories included in these studies were gene ontology (GO) 
annotations (biological process, cellular component and molecular function), and pathway 
annotations (Kyoto Encyclopedia of Genes and Genomes, KEGG).  
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EXTENDED DATA FIGURES 
 

  
 
 
Extended Data Figure 1 | Correlation of the mutation burden with age of collection and parity in the 
healthy breast 
(a-h) Mutation burden shown as one dot for each donor (n = 25 donors, some dots overlapping). 
Pearson correlation (r) with age and P values (P) from linear regression are shown for the epithelial 
(left) and stromal (right) compartment. (a-h) Correlation between substitutions, indel, non-
synonymous and synonymous burden with age is shown. (i-p) correlation between substitutions, 
indel, non-synonymous and synonymous burden with age and pregnancy is shown. For parity plots, 
n = 13 parous, n = 12 nulliparous donors (some dots overlapping) and Pearson correlation (r) with age 
and P values (P) from linear regression are shown. NP = nulliparous, P = parous. 
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Extended Data Figure 2 | Total mutation burden and clonality in the healthy parous and nulliparous 
breast  
(a,e) Violin plots of variant allele frequencies of (a,b) SNV and (c,e) indels and complex substitutions 
for each parity group for the epithelial (left) and stromal (right) compartment. Samples are binned in 
regular 4-years age intervals. Black dots represent median values. The bigger variation in the [29,32] 
age range is due to a particularly mutated individual (d,f) Plots of median variant allele frequency of 
indels and complex substitutions for each parity group.  For both plots, n = 13 parous, n = 12 
nulliparous donors (some dots overlapping) and Pearson correlation (r) with age and P values (P) from 
linear regression are shown. NP = nulliparous, P = parous. 
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Extended Data Figure 3 | Heterogeneity of driver genes in the healthy breast 
(a,b) Number of non-synonymous mutations in breast cancer driver genes per individual for the (a) 
epithelial and (b) stromal compartment. Every tile represents one occurrence, with the exception of 
AKT1 (asterisk), which contained 2 splice site mutations.  Tiles bordered in black indicate parous 
individuals. 
(c,e) Heterogeneity in the mutational burden in driver genes is shown by samples for epithelium and 
stroma. Each color represents a distinct mutated driver gene. Samples without colored bar indicate 
lack of mutations in driver genes. (d,f) Scatter plot of mean mutational burden per gene per individual, 
for both (c) epithelium and (d) stroma.  For both plots, n = 25 donors (some dots overlapping) and 
Pearson correlation (r) with age and P values (P) from linear regression are shown. 
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Extended Data Figure 4 | Mutational signatures in the epithelium of the healthy breast 
(a,d) Scatter plot showing correlations with age for the mutation burdens attributable in each parity 
group (NP, nulliparous, n=12; P, parous, n=15; T, combined samples) for SBS1, SBS5, SBS12, SBS16 . 
(e-h) Reconstruction of mutational profiles using known COSMIC and de novo identified signatures. 
(e) Cosine similarity between the original mutational profile and the reconstructed mutational profile 
based on the optimal linear combination of all COSMIC v3.1 signatures for each sample. Threshold of 
cosine similarity is shown by the horizontal line. Samples are not shown in a particular order. (f) 
Heatmap showing the optimal relative contribution of COSMIC signatures v3.1 in each sample. Only 
signatures with at least 10% contribution in at least one of the samples are shown. Samples are shown 
in the format “parity_age_name”. (g) Heatmap showing the relative contribution of two mutations 
extracted de novo using NMF, HB1 and HB2, in each sample. Samples are shown in the same format 
as above. (h) Heatmap showing the cosine similarity of the extracted signatures in (g) with the COSMIC 
signatures v3.1. (i) Mutational profile of signature HB1 (conventional 96 mutation type classification). 
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Extended Data Figure 5 | Mutational signatures in the stroma of the healthy breast 
Reconstruction of mutational profiles using known COSMIC and de novo identified signatures. (a) 
Cosine similarity between the original mutational profile and the reconstructed mutational profile 
based on the optimal linear combination of all COSMIC v3.1 signatures for each sample. Threshold of 
cosine similarity is shown by the horizontal line. Samples are not shown in a particular order. (b) 
Heatmap showing the optimal relative contribution of COSMIC signatures v3.1 in each sample. Only 
signatures with at least 10% contribution in at least one of the samples are shown. Samples are shown 
in the format “parity_age_name”. (c) Heatmap showing the relative contribution of two mutations 
extracted de novo using NMF, HB1 and HB2, in each sample. Samples are shown in the same format 
as above. (d) Heatmap showing the cosine similarity of the extracted signatures in c with the COSMIC 
signatures v3.1. 
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Extended Data Figure 6 | Gene ontology enrichment analysis of mutated genes  
GO enrichment analysis of mutated genes was performed using ToppGene suite (see Methods). Only 
significantly or close to significant enriched GO terms in biological process, molecular function and 
cellular component categories and in KEGG pathways are shown. The Bonferroni-adjusted statistically 
significant values were negative 10-base log transformed.  Analysis is shown for: (a) genes mutated in 
the parous stroma and carrying mutations in 3’ UTR regions;  (b) genes mutated in the nulliparous 
stroma and carrying mutations in 3’ UTR regions; (c) genes mutated in the parous stroma and carrying 
missense mutations; (d) genes mutated in the nulliparous epithelium and carrying mutations in 5’ 
Flank regions. Asterisks represent significance thresholds:  q<0.05 (*); q<0.01 (**); q<0.001 (***). 
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Extended Data Figure 7 | Change of the mutation burden with years after partum in the healthy 
parous breast 
Mutation burden shown as one dot for each donor (n = 17 donors, some dots overlapping). Pearson 
correlation (r) with age and P values (P) from linear regression are shown are shown for the epithelial 
(a) and stromal (b) compartment.  
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