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ABSTRACT Breast cancer occurring during pregnancy (PrBC) and postpartum (PPBC) is usually 
diagnosed at more advanced stages compared with other breast cancer, worsening 

its prognosis. PPBC is particularly aggressive, with increased metastatic risk and mortality. Thus, effective 
screening methods to detect early PrBC and PPBC are needed. We report for the first time that cell-free 
tumor DNA (ctDNA) is present in breast milk (BM) collected from patients with breast cancer. Analysis of 
ctDNA from BM detects tumor variants in 87% of the cases by droplet digital PCR, while variants remain 
undetected in 92% of matched plasma samples. Retrospective next-generation sequencing analysis in 
BM ctDNA recapitulates tumor variants, with an overall clinical sensitivity of 71.4% and specificity of 
100%. In two cases, ctDNA was detectable in BM collected 18 and 6 months prior to standard diagnosis. 
Our results open up the potential use of BM as a new source for liquid biopsy for PPBC detection.

SIGNIFICANCE: For the first time, we show that BM obtained from patients with breast cancer carries 
ctDNA, surpassing plasma-based liquid biopsy for detection and molecular profiling of early-stage 
breast cancer, even prior to diagnosis by image.
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INTRODUCTION
Breast cancer is the most common malignancy diagnosed 

and most common cancer-related death during pregnancy and 
lactation. Two entities are distinguished according to diagnosis 
momentum: breast cancer diagnosed during pregnancy (PrBC) 
and up to 5 to 10 years postpartum (PPBC; refs. 1, 2). Both 
subtypes encompass up to 55% of breast cancers diagnosed in 
women <45 years old (3). Considering that aging increases breast 
cancer risk and the tendency to delay pregnancy in developed 
countries, new cases are expected to rise in the years to come (4).

PrBC and PPBC are independently associated with poor sur-
vival but for different reasons. In the case of PrBC, it is mainly 
due to a delay in diagnosis and presentation at advanced stages 
(5, 6). The inability to detect tumors early during pregnancy 
results from the limited sensitivity of standard diagnostic 
imaging tools to reliably detect tumors amidst the morpho-
logic changes that mammary glands undergo, as well as an 
underestimation of symptoms by patients and health care 
professionals during this period (6). After adjusting for clin-
icopathologic factors, prognosis of PrBC patients was indis-
tinguishable from non-PrBC patients. On the contrary, PPBC 
has been shown not to present with a different stage than 
nulliparous or later parous young women but has a poorer 
prognosis and worse survival rates (7) and double metastatic 
risk (3, 8, 9), potentially linked to mammary gland involution 
after weaning (10). In stages I and II or estrogen receptor (ER)–
positive subtype malignancies, usually considered as having 
good outcomes, a postpartum diagnosis has been revealed 
to be a dominant feature associated with increased risk for 
metastasis and death (9). Biological causes underlying their 
distinct clinical presentation were mainly studied in rodents 
and healthy human mammary tissue, pointing to the breast 
involution program. The programmed death of the alveolar 
epithelium mirrors a wound-healing scenario generating a 
protumorigenic stromal environment (11). Moreover, lumi-
nal PPBC aggressiveness in human tumors has recently been 
associated with a distinct gene expression signature (12) and 
increased risk of presenting liver metastases (9, 13).

Patients with PPBC represent a population in dire need of 
novel, sensitive, noninvasive early detection screening meth-
ods to reduce mortality. Moreover, the young age of these 
patients excludes them from population-based early diagno-
sis programs, starting in most countries from the age of 50 
onward. Blood liquid biopsy, involving genetic and epigenetic 
analysis of cell-free tumor DNA (ctDNA) in patients’ plasma, 
represents a promising approach. In patients with metastatic 
breast cancer, ctDNA is detected in up to 85% of the blood 
samples, and this clinical relevance is well established (14, 15). 
In contrast, localized breast cancer releases comparatively lit-
tle ctDNA in blood, complicating its use for early breast can-
cer detection (14, 16, 17). Using an alternative body fluid in 
intimate contact with the tumor may provide an alternative 

approach, as it has been successfully applied using urine for 
bladder malignancies or saliva for oral cancer (18).

In the present work, given the unique physiologic condi-
tion of the study population, we hypothesized that breast 
milk (BM) could represent a reliable source of ctDNA that 
may be used as a strictly noninvasive method for early PPBC 
detection. We demonstrate for the first time the presence of 
ctDNA in the BM collected from women diagnosed with early 
PrBC or PPBC, even in samples collected before diagnosis and 
whose solid tumors were genomically profiled in parallel.

RESULTS
Study Cohorts and Tumor Genomic Profiling

To address our hypothesis, we assembled two cohorts: a 
case group of patients (n = 19) and a control group of healthy 
donors with a minimum of 1 year of medical follow-up (n = 12; 
Fig. 1A). The case cohort included 19 patients with available 
tumor tissue prospectively collected in a single institution 
during 40 months: 10 women diagnosed with breast cancer 
during pregnancy (PrBC) and nine diagnosed during breast-
feeding (PPBC; Table  1). The mean age of patients included 
was 36.2 years (range, 25–48), 74% of patients were diagnosed 
with stage I–II breast cancer, and 79% of patients had lumi-
nal tumors. Matched tumor samples were profiled by next-
generation sequencing (NGS) using a custom 432-gene hybrid 
capture–based panel (VHIO-300; Supplementary Table  S1) in 
all cases except BC-01, whose primary tissue was analyzed with a 
similar panel after enrollment in the AURORA (NCT02102165) 
clinical trial (ref. 19; 411 genes; Supplementary Table S2; a list 
of samples analyzed by NGS is available in Supplementary Excel 
Table S1). The variants detected were consistent with the young 
median age of the patients (20) and a majority of luminal sub-
types, showing a 22% prevalence of GATA3, TP53, and KMT2C 
mutations, followed by alterations in PIK3CA and CDH1 in 
17% of the samples (Fig. 1B; for list of variants detected in the 
tumors, see also Supplementary Excel Table S2).

The control group consisted of healthy pregnant women 
under 40 years of age (34.2, range, 28–40) who voluntarily 
donated BM samples during breastfeeding (Table  1). Indi-
viduals of the healthy cohort were free of breast cancer until 
the present publication, with a minimum follow-up of 1 year.

BM Contains ctDNA and Surpasses Plasma in 
Sensitivity of Breast Cancer Detection

Out of the 19 patients from the case cohort, four were 
excluded from further analysis [three cases were discarded 
due to tumor surgery before childbirth (patients 16, 18, 
and 19)]. In one case, there was no production of BM, prob-
ably due to neoadjuvant chemotherapy treatment (BC-17); 
Fig. 1A; Supplementary Table S3). From all the controls and 
the remaining 15 patients, the total cell-free DNA (cfDNA) 

Figure 1. Genomic profile of tumor tissue and matched plasma and BM ctDNA. A, Cohorts included in the study, samples, and workflow. ddPCR, droplet 
digital PCR; NGS, next-generation sequencing. B, Oncoprint of all solid tumors analyzed by NGS from the case cohort (n = 19). C, cfDNA concentration 
purified from blood samples of the case group (n = 12) and compared with BM samples collected from the control and case groups (n = 49). Individual 
values, mean, and 95% confidence interval are included. Nonparametric two-sided Mann–Whitney–Wilcoxon test was performed (****, P < 0.0001). 
D, Targeted detection of selected clonal variants by ddPCR in the parallel tumor, plasma, and BM samples from the affected breast (BM + T n = 15; BM – T 
n = 13) from the case cohort. E, Association between MAF percentage and tumor size, nodal status, disease stage, current life status, milk maturation, 
and histology (Mann–Whitney–Wilcoxon test; **, P < 0.01). IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma. 
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concentration extracted from BM of both breasts was, on 
average, 90-fold higher than from blood (751.7 ng per mL for 
any BM vs. 8.3 ng per mL of blood, P < 0.0001; Fig. 1C). Mean 
concentrations of cfDNA in BM did not differ between con-
trols and cases (Supplementary Fig. S1A) or between affected 
versus unaffected breasts of cases (Supplementary Fig.  S1A 

and S1B). Of note, a donor age ≥35 years, but not the presence 
of a tumor, significantly increased the abundance of cfDNA 
in BM (Supplementary Fig.  S1C; Supplementary Table  S4). 
BM cfDNA integrity was also superior to that in blood, with 
fragments ranging from 30 to >10,380 base pairs (bp) versus 
mono- (167 bp) and polynucleosome (n ×167 bp) fractions 
routinely observed in plasma-derived cfDNA (Supplementary 
Fig. S1D). We next assessed whether ctDNA was present in BM 
from patients. To this end, we tested paired samples of BM 
from both breasts and plasma by droplet digital PCR (ddPCR) 
except for patients BC-01 and -02, who lacked synchronous 
blood samples. We designed a specific ddPCR assay per case 
based on NGS data obtained from tumor tissue. Analysis was 
positive in 13 of 15 BM samples from the affected breasts 
for the patient-specific tumor variant, whereas synchronous 
plasmas yielded negative results except in BC-14 (Supplemen-
tary Table S3). In parallel, the BM of unaffected breasts was 
all negative (Fig.  1D). The total number of genome equiva-
lents (GE) analyzed by ddPCR in BM and plasma reinforced 
the superior concentration of total cfDNA in BM seen in 
cfDNA quantification (Supplementary Fig.  S1E) and points 
to a higher prevalence of ctDNA compared with plasma upon 
normalization of GEs analyzed (Supplementary Fig. S1F). As 
nothing is known regarding the biology underlying ctDNA 
release into the BM, we sought to explore whether ctDNA 
abundance in BM correlates with disease biomarkers, con-
sidering the relatively small number of samples in the study. 
Interstingly, mutant allele fraction (MAF) levels in BM did not 
show a significant correlation with disease burden biomarkers 
such as tumor size, stage, nodal status, or progression of dis-
ease (Fig. 1E). Instead, we detected striking differences in the 
median percentage of MAF in BM depending on its matura-
tion stage (21). Immature samples, including colostrum (BM 
collected in the first 5 days of lactancy) and transitional speci-
mens (from 6 to 14 days), had almost 7 times lower variant 
frequencies detected compared with those collected after 14 
days of lactancy and considered mature samples (median 0.25 
vs. 1.7, respectively; P =  0.0059). We also observed a strong 
correlation between MAF in BM and the lobular or ductal 
subtype of the tumor. The MAF percentage (%) in BM from 
patients diagnosed with invasive lobular carcinoma (ILC) was 
far superior when compared with those from patients with 
invasive ductal carcinoma (IDC; median 1.0 vs. 15.0, respec-
tively; P = 0.0044; Fig. 1E).

NGS-Based Approach for ctDNA Detection in BM
Although ddPCR is exquisitely sensitive, it requires prior 

knowledge of mutations and the design of variant-specific 
assays, which limits its application as a population-based 
potential future screening assay. Hence, we sought to adopt 
an NGS approach and designed a unique molecular index 
(UMI) hybrid-capture test that could be implemented as 
a prospective, mutation-agnostic BM-based PPBC screen-
ing assay. The custom-designed panel targets 54 genes fre-
quently mutated in young women with breast cancer up 
to 45 years old (see Methods for the specific design, VHIO-
YWBC; Supplementary Table  S5). Analytical validation of 
the panel was performed using as a reference a commercial 
mixture of human genomic DNA spiked with synthetic con-
trols in two different conditions at 0.5% MAF and 1% MAF 

Table 1. Clinical–pathologic characteristics of the cohorts

Cohort Classifier Subtype  N %
Healthy Age 34.2 years 

(28–40)
12 100%

Milk stagea Colostrum   0 0%
Transitional   0 0%
Mature 12 100%

Breast cancer 
cases

Age 36.2 years 
(25–48)

19 100%

pT 1   5 26%
2   8 42%
3   5 26%
4   1 5%

pN 0   9 47%
≥1 10 53%

M 0 18 95%
1   1 5%

Stage I   2 11%
II 11 58%
III   5 26%
IV   1 5%

HR Positive 16 84%
Negative   3 16%

HER2 Positive   1 5%
Negative 18 95%

Molecular 
subtypeb

Luminal A   6 32%
Luminal B   9 47%
HER2+   1 5%
TNBC   3 16%

Diagnosis timec PrBC 10 53%
PPBC   9 47%

Histologic 
subtype

IDC 15 79%
ILC   4 21%

Milk stagea Colostrum   3 21%
Transitional   1 7%
Mature 11 79%

NOTE: Healthy and breast cancer–diagnosed individuals are described 
in detail.
Abbreviations: HR, hormone receptor; IDC, invasive ductal carcinoma; 
ILC, invasive lobular carcinoma; PR, progesterone receptor; TNBC, 
triple-negative breast cancer.
aMilk stage is defined as colostrum: 0–5 days after childbirth; transitional: 
6–14 days after childbirth; and mature: after 14 days from childbirth.
bMolecular subtype is based on IHC: luminal A is defined as ER- or PR- 
positive, HER2-negative, and Ki-67 <20%; luminal B is defined as ER- 
or PR-positive, HER2-negative, and Ki-67 ≥20%; and HER2+ is defined 
as HER2-positive regardless of ER, PR, and Ki-67 status. TNBC is defined 
as ER-, PR-, and HER2-negative. 
cDiagnosis time refers to breast cancer diagnosed during pregnancy 
(PrBC) or postpartum (PPBC). 
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(Supplementary Table S6 and Supplementary Fig. S2A). High 
accuracy of the three triplicates was detected per condition 
(Supplementary Fig. S2B). The test reported an average ana-
lytic sensitivity of 93.3% for 0.5% MAF and 100% for 1% MAF, 
whereas analytical specificity, positive predictive value, and 
negative predictive value were all 100% for both conditions 
(Supplementary Fig. S2C). Then, BM cfDNA from the cases 
and the healthy control subjects was reanalyzed with VHIO-
YWBC except for BC-04, due to sample exhaustion. In total, 
the VHIO-YWBC panel detected 26 variants in the affected 
BM, with a mean MAF % of 7.9 (range, 0.4–24.4), compared 
with 96 variants with a mean MAF % of 27.6 (range, 5–67.7) 
in the tumor tissues using the VHIO-300 panel. VHIO-YWBC 
reported no variants in the BM samples analyzed from the 
healthy cohort (Fig.  2A). Comparing only genes detected 
in both panels, up to 21 of the 26 variants detected in the 
affected BM were coincident with the matched tumor tissue, 
whereas five were BM-specific. Eleven variants were detected 
only in the tumor but not in the BM (Fig.  2B and C; for a 
detailed list of variants detected in BM, see Supplementary 
Excel Table S3). Overall, by applying the VHIO-YWBC panel, 
we were able to detect at least one disease variant present in 
tumor tissue in 71.4% of BM samples and more than one in 
42.9% of specimens, ranging from two to eight variants per 
sample (Fig.  2D). Focusing only on early disease, the panel 
increased to a sensitivity of 77.8% in stages I–II (Fig.  2E). 
Compared with ddPCR (sensitivity of 86.7%), two variants 
in GATA3 and MEN1 (patients BC-05 and BC-09) were not 
detected by NGS in BM samples, likely due to the low MAF 
in BM (detected by ddPCR) and their large indel size (≥10 bp; 
Supplementary Table S3; Supplementary Excel Table S2). In 
order to set our findings in the context of liquid biopsy, we 
compared the performance of the VHIO-YWBC panel in BM-
derived ctDNA genotyping with previous reports applying 
NGS protocols for localized breast cancer detection in plasma 
through diverse methods such as ctDNA detection alone (14), 
targeted error correction sequencing (16), ctDNA detection 
combined with other biomarkers (17), or even analysis of 
DNA-methylation signatures (22). Our approach confirmed 
superior sensitivity to all the other protocols for both early 
(stages I–II) and localized (I–III) disease detection (Fig.  2E; 
Supplementary Table S7).

Evidence for Early Breast Cancer Detection in 
BM Liquid Biopsy

Although our case cohort is relatively small, two cases illus-
trate the potential use of ctDNA analysis in BM as a promis-
ing tool for early breast cancer detection. Patient BC-01 was 
diagnosed with breast cancer during her third pregnancy. 
Coincidentally, the patient had a frozen BM sample (pooled 
from both breasts) that had been collected during the lac-
tation of her second child (and 18 months prior to breast 
cancer diagnosis). Strikingly, a PIK3CA p.E545K mutation 
was already present in the frozen BM sample, which was also 
identified in the tumor diagnosed 1.5 years later (Fig. 3A). A 
second patient (BC-15) volunteered after 8 months of child-
birth for close monitoring in the context of a local project 
to follow-up on high-risk patients due to her age at first 
pregnancy (47 years). She received ultrasound follow-ups at 8, 
11, and 17 months after delivery, along with plasma and BM 

collection (at the 17-month time point, BM was not collected 
due to weaning at month 12). The first two ultrasounds were 
negative. However, the third ultrasound revealed a 6.7 × 7 mm 
lesion in the right breast, which was further biopsied and 
diagnosed as a stage IA, luminal A IDC, making her eligible 
for the present study (Fig. 3B; Supplementary Fig. S3A–S3E; 
Supplementary Table  S3). Retrospective ddPCR analysis of 
the BM cfDNA collected at time points 8 and 11 (6 and 
9 months prior to diagnosis) identified an AKT1:p.E17K 
clonal variant in the tumor tissue. Only BM derived from the 
affected breast tested positive for ctDNA, and plasma sam-
ples were negative for all time points tested prior to and after 
diagnosis. NGS analysis, less sensitive than ddPCR, detected 
the variant at the 6-month time point prior to tumor radio-
logic and pathologic diagnosis. The earlier 9-month time 
point revealed two consensus reads carrying AKT1:p.E17K, a 
result under the threshold of the analysis pipeline (see Meth-
ods) to consider it informative (Fig. 3B).

DISCUSSION
Overall, our data robustly demonstrate for the first time 

the existence of ctDNA in the BM of patients with breast 
cancer diagnosed while pregnant or postpartum. Given the 
aggressiveness of PPBC, the lack of population-wide breast 
cancer screening protocols in young women, and the ten-
dency to postpone the first pregnancy in developed countries, 
researchers have high hopes in plasma-based liquid biopsy 
to allow early cancer detection, but sensitivity is a challeng-
ing issue in breast cancer. Previous reports explored diverse 
cancer biomarkers in alternative fluids in close contact with 
the breast tumor. This is the case for nipple aspirate fluid 
(NAF), ductal lavage (DL), or BM. So far, NAF has been 
tested for proteins and miRNAs, and DL has been used for 
cytomorphologic analysis (23, 24). Theoretically, NAF may 
be obtained from any woman except those pregnant or 
lactating, but its general utility for biomarker assessment 
is hampered by its low yield (on average, 20–50 μL). DL is a 
more invasive procedure, requiring local anesthesia to intro-
duce a microcatheter to flush every duct independently (the 
average number of ducts in the breast is 9.4 ±  2.9), thereby 
obtaining nonphysiologic fluid that may or may not drag 
epithelial cells. This procedure has considerable rates of fail-
ure in addition to causing high discomfort; hence, alternative 
procedures need to be explored for breast cancer screening 
(25). Like NAF, BM is produced by the lobular tissue dis-
tributed throughout the ducts, in intimate contact with the 
tumor tissue, but in large quantities and only in pregnant 
and lactating women. BM has been used as a noninvasive 
surrogate of the mature mammary gland cellularity and its 
microenvironment (26), cellular dynamics during human 
lactation (27), promoter methylation of specific CpGs (28), 
cancer-associated miRNAs (29), or detection of protein bio-
markers of breast cancer risk (30). However, these studies 
were conducted mainly in healthy individuals or women with 
noncancerous breast disease. So far, one study reported the 
enrichment of cancer stem–like cells (CSC) in BM, reporting 
genomic alterations on the mammospheres derived from 
BM-isolated CSCs upon five passages of in vitro culturing. 
CSCs were obtained from only two of 10 healthy donors 
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and a single case of breast cancer (31). No comparison with 
the patient’s tumor was performed for this last individual. 
Hence, it is unclear whether the CSCs were or were not of 
tumor origin. These results might be of interest and deserve 
further exploration, but CSC isolation and culturing require 
quick processing of a fresh sample, with a complex transla-
tion into the clinical setting and a long time frame to obtain 
results. On the contrary, our work not only demonstrates the 
presence of ctDNA in the BM of patients with localized breast 
cancer but also shows that its genomic profiling recapitulates 
the variants detected in the tumors analyzed by ddPCR or 
NGS, with a protocol closer to the clinical routine.

We also show that BM surpasses plasma regarding cfDNA 
abundance and integrity as well as ctDNA shedding. As men-
tioned before, low rates of ctDNA in plasma are expected in 
breast cancer early disease, in which sensitivity by NGS ranges 
from 21% to 58% depending on the approach (14, 16, 17, 22). 
That said, 8% of plasma ctDNA–positive samples of women 
diagnosed with PrBC and PPBC are scarce. Lower levels of 
ctDNA shedding to the blood of lactating women might be 
explained by the blood–milk barrier formed by breast epi-
thelial cells during pregnancy. Such cell remodeling reduces 
permeability and increases tight junctions to prevent blood 
leakage of milk components upon lactation (32). Obviously, 
the higher cfDNA concentration in BM results in more avail-
able genomic equivalents (GE) to be analyzed and enhances 
the chance for variant detection. We also observed that upon 
in silico normalization of BM GEs with the lower plasma GEs 
analyzed by ddPCR, the number of ctDNA-positive samples 
in BM would still remain unchanged. This observation aligns 
with a higher ratio of ctDNA/cfDNA in BM compared with 
blood in PrBC and PPBC. 

The highest abundance of ctDNA in BM belonged to the 
three patients with ILC. All cases carried a loss-of-function 
variant of the E-cadherin gene (CDH1), a hallmark of lob-
ular carcinomas (33). Altered CDH1 decreases tumor cell 
junction tightness, possibly explaining the  ∼16-fold higher 
ctDNA shedding in ILC. Early diagnosis of ILC is particularly 
interesting because it is challenging to detect using stand-
ard radiologic imaging, whereas BM genotyping enabled the 
detection of a tumor as small as a T1a (BC-04). As the three 
ILC samples were collected after 15 days postpartum and 
thus were all mature, we wondered whether the molecu-
lar subtype biased the positive correlation with maturity. 
Importantly, mature milk’s median percentage of variant 
alleles was still significantly higher than immature specimens 
when ILC samples were excluded from the analysis (median 
0.25 vs. 1.2, P = 0.0162; Supplementary Fig. S1G). The low-
est MAF % of ctDNA among all BM samples belonged to 
immature milk specimens, including two BM samples corre-
sponding to colostrum that were ctDNA negative by ddPCR 

and NGS. Although the cohort size is small, this result sug-
gests that BM maturation might affect ctDNA abundance. 
In this regard, systematic collection of mature BM samples 
(>15 days after birth) should improve PPBC screening sensi-
tivity in future studies.

In the field of liquid biopsy, plasma-derived ctDNA content 
correlates with disease burden, increasing with the stage (14). 
Blood-based biopsy is used for tumor profiling, to capture 
minimal residual disease, to study clonal evolution, or to 
detect resistance mechanisms before progression is diag-
nosed by image. In the case of BM, no correlation was found 
between ctDNA abundance and disease burden biomark-
ers. Lactation is suppressed upon breast cancer diagnosis, 
preventing repeated sample collection from monitoring dis-
ease evolution. But significantly enough, BM ctDNA reveals 
the mutational landscape of the tumor tissue and could 
become an excellent noninvasive biopsy for the most chal-
lenging application—early detection. For this purpose, an 
agnostic method is required, something that ddPCR cannot 
accomplish. Thus, we successfully reanalyzed ctDNA detec-
tion sensitivity in BM by NGS using the custom-designed 
YWBC-VHIO panel. Ten out of 14 BM samples were positive 
for variant detection. Twenty-one variants were commonly 
found in tumor tissue and BM, but some discordances were 
depicted. The case with the highest mutational burden in 
tissue (BC-10) encompasses seven of those nonoverlapping 
variants, most likely reflecting high tumor heterogeneity. Six 
frameshifts were also missed in BM, four with lengths supe-
rior to 10 bp, highlighting a commonly limited sensitivity for 
insertions/deletions in capture-based NGS panels.

The overall 77.8% and 80% sensitivity in early disease 
obtained by NGS and ddPCR (taking tumor samples as the 
reference), respectively, are auspicious results. But even more 
encouraging are the two cases whose BM was obtained far 
prior to diagnosis by image (BC-01 and BC-15) and even in 
parallel to negative radiologic controls (BC-15). Finally, but 
most importantly for early detection applicability, no variants 
were found in the healthy volunteers or the analyzed healthy 
breasts of patients diagnosed with breast cancer.

Notwithstanding these benefits, the study has some limita-
tions. First, the size of the case cohort is relatively small but 
challenging to enlarge in a reasonable time frame. Collec-
tion of BM while the tumor is still in the breast, to ensure 
temporal coincidence of both entities, is a challenge. Sur-
gery and chemotherapy can be performed during pregnancy 
(removing the tumor), and lactation is usually suppressed 
immediately after diagnosis of breast cancer (no BM avail-
able for study). Despite this, we report the largest collection 
published to date of BM from PPBC and PrBC patients. Sec-
ond, the YWBC-VHIO panel missed two samples positive for 
ctDNA by ddPCR, with long frameshifts as the main drivers. 

Figure 2. NGS-based detection of breast cancer in BM using a targeted sequencing assay. A, Variants detected by the NGS panel VHIO-YWBC in healthy 
BM (n = 0) and breast cancer BM (n = 26), as well as in tumor tissue with the VHIO-300 NGS panel (n = 94), represented as % of MAF. The mean and range 
are depicted in the chart. B, Number of variants detected in common between BM and matched tumor tissue from the case cohort, focusing only on genes 
captured by both the VHIO-YWBC and VHIO-300 panels. C, Variants detected by NGS in BM samples by VHIO-YWBC (y-axis) vs. variants detected by the 
VHIO-300 panel in formalin-fixed, paraffin embedded (FFPE) solid tumor biopsies (x-axis) only in genes common to both panels. Data are represented as 
MAF %. Color coding is used to discriminate patients. The shape of the symbols represents variants detected only in BM (circles), only in FFPE (triangles), 
or in both (squares). D, Percentage of cases according to the number of variants detected in BM by NGS (n = 14). E, Sensitivity of our ddPCR and NGS 
approaches for the detection of ctDNA in early (stages I–II) and localized (stages I–III) disease and compared with four reported methods for early breast 
cancer detection from plasma; data are represented as a percentage, with exact mean numbers and plus/minus a 95% confidence interval (CI).
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Figure 3. Early detection of breast cancer through BM ctDNA analysis. A, Descrip-
tion of case #1, timeline, sample collection, and test results by ddPCR and NGS. 
Patient 1 was diagnosed with PrBC during her third pregnancy. The patient provided 
a mixture of both breasts from the lactancy of a previous pregnancy and collected 18 
months prior to diagnosis. HR, hormone receptor; R + L, right and left. B, Description 
of positive high-risk case BC-15, timeline (m = months from childbirth), sample collec-
tion, and the corresponding right breast ultrasound images. The third image taken at 
a 17-month time point corresponds to the time of clinical diagnosis. The yellow arrow 
points to the malignant lesion observed and its measurement by image (A = 7.4 mm; 
B = 6.4 mm). The different samples collected and test results obtained by ddPCR and 
NGS. Colored squares represent the MAF % of the pathogenic variant detected by 
ddPCR. Colored dots represent the detection of the same variant by NGS.

To circumvent this weakness, enlargement of the panel size 
or combinations with PCR-based target amplification and 
capture-based enrichment chemistries should be tested.

As pregnant and lactating women lack specific early screen-
ing strategies—protocols are generally based on imaging and 
mainly performed in postmenopausal women—our study 
provides evidence that ctDNA analysis in mature BM might 
become an opportunity for detection of PPBC significantly 
sooner than standard imaging-based diagnosis. We demon-
strate that BM is a superior source of ctDNA as compared 
with plasma in early-stage breast cancer and could be adapted 
for early cancer detection in a setting compatible with routine 
clinical practice. This approach would be focused on PPBC as 
long as malignant cells are already present during the lactat-
ing period. Even so, PPBC accounts for up to half of the diag-
nosed breast cancer cases in women up to 45 years old (11), a 
nonnegligible value for a tumor type of high aggressiveness. 
Similar to the neonatal heel prick for metabolic disease test-
ing, routine NGS-based breast cancer screening using mature 

BM could dramatically improve the prognosis and quality of 
life of diagnosed mothers in the future.

METHODS
Patients’ Clinical Records and Samples

Individuals of both cohorts, healthy controls, and breast cancer–
diagnosed case groups were recruited at the Breast Cancer Unit of 
the Vall d’Hebron University Hospital (HUVH) in Barcelona, Spain. 
Healthy individuals were women with a pregnancy under 40 years 
old and unknown carriers of germline mutations associated with 
breast cancer increased risk. The case group was women with a diag-
nosed breast cancer during any stage of pregnancy or breastfeeding. 
The HUVH Ethics Committee of Clinical Research approved the 
study according to local guidelines and regulations, with the refer-
ence PR(AG)197/2019. Informed written consent was obtained from 
all the patients included in this study. Our study was conducted in 
accordance with the ethical principles stated in the latest version of the 
Declaration of Helsinki, and genomic studies were performed in agree-
ment with the Spanish Act 14/2007, July 3, on Biomedical Research.
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Sample and Image Collection
Healthy individuals donated a BM sample from both breasts. In the 

case group, we collected synchronous tumor biopsies, blood, and BM 
samples of both breasts whenever possible. Specifically, BM, plasma, 
and solid biopsy were collected upon diagnosis in PPBC patients. For 
PrBC patients, plasma and formalin-fixed, paraffin embedded (FFPE) 
tissue were collected upon diagnosis and BM collection was post-
poned until live birth. All tumor specimens (breast biopsy, primary 
breast tumor, or metastatic sample) were stored as fresh-frozen FFPE 
material. Blood samples were collected in anticoagulant-treated tubes, 
and plasma fraction was isolated by double-step centrifugation at low 
speed to separate cellular fraction and at room temperature. For fur-
ther purification, isolated plasma was aliquoted and stored at −80°C. 
Similarly, milk samples were fractionated by double-step low-speed 
and room temperature centrifugation to isolate the serum from the 
fat and cellular fraction. For further purification, isolated serum BM 
was aliquoted and stored at −80°C.

Isolation of cfDNA
cfDNA from BM was isolated using the QIAamp MinElute ccfDNA 

Midi Kit (cat no. 55284, Qiagen) or the QIAamp Circulating Nucleic 
Acid Kit according to the manufacturer’s instructions. For plasma, 
cfDNA isolation was performed with the QIAamp Circulating 
Nucleic Acid Kit according to the manufacturer’s instructions. Both 
cfDNAs were stored at −20°C and quantified by the Qubit dsDNA HS 
Assay Kit (Invitrogen). The quality and size of the cfDNA were meas-
ured by the High-Sensitivity 2100 Bioanalyzer Instrument (Agilent).

Isolation of FFPE-Derived Tumor DNA
DNA extraction of FFPE samples (ten 10-μm FFPE tissue sections) 

was performed with the automated system Maxwell16 FFPE Plus 
LEV DNA Purification Kit (Promega). DNA quality and concen-
tration were measured with a NanoDrop 1000 spectrophotometer 
(Thermo Scientific).

VHIO-300 Panel NGS
Libraries were prepared according to the Agilent standard protocol 

(SureSelect XT Human, Agilent). Briefly, 500 ng of double-stranded 
DNA (dsDNA) was fragmented (S2, Covaris), end-repaired, A-tailed, 
and linked to adapters. After 10 cycles of PCR, 750 ng was used as 
input for capture, followed by an additional postcapture 12-cycle 
PCR step. For a detailed gene list of captured exons in the VHIO-300 
panel, see Supplementary Table  S1. Libraries were sequenced in a 
HiSeq2500 instrument (Illumina), 2 × 100 paired-end.

Sequencing reads were aligned (BWA v0.7.17, Samtools v1.9) against 
the hg19 reference genome, base recalibrated, realigned (ABRA2 v2-2.23), 
indel realigned [Genome Analysis Toolkit (GATK) v3.7.0], and variant 
called by two different tools (VarScan2 v2.4.3; GATK Mutect2 v4.1.0.0). 
The final average coverage depth per gene was ×1,118 (ranging from ×322 
to ×1,859). A minimum of seven reads supporting the variant allele were 
required to call a mutation. Frequent single-nucleotide polymorphisms 
(SNP) in the population were filtered based on the gnomAD database 
(allele frequency ≤0.0001), and copy-number alterations were calculated 
(CNVkit v0.9.6.dev0). Clinical significance classification of the variants 
was performed using the following databases: COSMIC (https://cancer. 
sanger.ac.uk/cosmic), cBioPortal (http://www.cbioportal.org/), ClinVar 
(https://www.ncbi.nlm.nih.gov/clinvar/), OncoKB (https://www.oncokb. 
org/), and VarSome (https://varsome.com/). Finally, manual data cura-
tion was performed among all the knowledge databases to harmonize 
their criteria.

VHIO-YWBC Panel NGS
The panel comprises probes for coding regions of 54 cancer-related 

genes (Supplementary Table  S5). The panel was designed based on 

three studies (34–36), using exclusively tissues from patients with 
breast cancer aged ≤45 years (n =  1,069). Only cancer-related genes 
by pathogenicity, druggability, and predictive/prognostic biomarker 
capacity were chosen. The minimum altered gene frequency of the 
published study cohort was 1% for the medium-size panels or 2% 
for whole-exome panels. Each gene was present in at least two of 
the three datasets. Libraries were prepared according to the Agilent 
standard protocol (SureSelect XT Human, Agilent). Briefly, ∼170 ng 
of dsDNA from BM were fragmented (S2, Covaris), end-repaired, 
A-tailed, and linked to adapters. After 10 cycles of PCR,  ∼770 ng 
was used as input for capture, followed by an additional postcap-
ture 10-cycle PCR step. In cfDNA from plasma, 16 ng of dsDNA 
was directly end-repaired, A-tailed, and linked to adapters. After 12 
cycles of PCR, ∼750 ng was used as input for capture, followed by 
an additional postcapture 10-cycle PCR step. Adapters included 8 
nt UMI from IDT for Illumina (UMI DNA/RNA UD Indexes, cat. 
#20034701). Libraries were sequenced in a HiSeq2500 instrument 
(Illumina), 2 × 100 paired-end, or NovaSeq 6000 (Illumina), 2 × 75 
pair-ended. After quality assessment of the reads with the FastQC 
quality control suite, the UMI tags were extracted from the 5′ end of 
the reads, which were then aligned on the human reference genome 
GRCh37 from the 1000 Genomes Project with BWA-mem v0.7.17. 
Next, consensus sequences were generated from reads aligning on 
the same position and sharing the same UMI barcode with a mini-
mum of three reads per consensus family using the Duplexseq tool, 
based on the protocol described by Kennedy and colleagues (37). 
Consensus sequences were aligned on the same genome reference  
and realigned with GATK v3.7.06. Variant calling was done with 
VarScan v2.4.37, with no filtering for minimum allele frequency. 
Frequent SNPs were filtered based on the gnomAD database (allele 
frequency ≤0.0001). The final consensus sequence average coverage 
depth per gene was ×2,427 (ranging from ×371 to ×12,340). Variant 
annotation was done with Annovar. Clinical significance classifica-
tion of the variants was performed using the following data-
bases: COSMIC (https://cancer.sanger.ac.uk/cosmic), cBioPortal 
(http://www.cbioportal.org/), ClinVar (https://www.ncbi.nlm.nih.
gov/clinvar/), OncoKB (https://www.oncokb.org/), and VarSome 
(https://varsome.com/). BM samples from cases #2 and #7 presented 
more than 75% of variants likely originating from oxidative damage 
(low frequency C>A and G>T). All variants with a frequency lower 
than 10% and a C>A or G>T change were excluded in these two cases. 
Stereotypical background errors across multiple genomic locations, 
repeated in at least 20% of the samples, or when detected only in 
the first or the last nucleotide of the consensus read according to 
the read coordinates were removed. The threshold to filter out false 
variants was P < 0.007. Variants with a P ≥ 0.007, classified as patho-
genic or likely pathogenic and supported by at least four consensus 
families, were manually reviewed blinded to tissue sequencing data 
and sample type.

Analytic Validation of the VHIO-YWBC Panel
Analytic parameters of the VHIO-YWBC panel were assessed 

using two commercial reference DNAs with 1% allelic frequency 
(AF; SeraSeq ctDNA Mutation Mix v2 AF1%; cat. #0710-0140) and 
0.5% AF (SeraSeq ctDNA Mutation Mix v2 AF0.5%; cat. #0710-0141). 
Three technical replicates were performed for each reference material. 
Libraries were prepared for BM samples but with 30 ng of starting 
material. The resulting libraries were captured and analyzed with 
our custom VHIO-YWBC panel and pipeline, respectively. Results 
obtained were compared with reference data from SeraSeq after cap-
ture with an Archer Reveal ctDNA 28 kit run on an Illumina MiSeq 
for all the exons of those genes present in both panels: AKT1, ALK, 
ERBB2, PIK3CA, ROS1, and TP53. True positives (TP) were considered 
those variants detected by the SeraSeq and VHIO-YWBC protocol; 
true negatives (TN) were considered those variants not detected by 
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any method; false positives (FP) were those variants detected only by 
the VHIO-YWBC method; and false negatives (FN) were the variants 
detected only by SeraSeq. Sensitivity [TP/(TP + FN)], specificity [TN/
(TN  +  FP)], positive predictive value [TP/(TP  +  FP)], and negative 
predictive value [TN/(TN + FN)] were calculated. The accuracy of the 
MAF % was analyzed as (X − X0/X0), where X is the detected value, 
X0 is the expected value (theoretical), and X − X0 is the absolute error.

ddPCR
The QX200 ddPCR System (Bio-Rad Laboratories) was used to 

confirm in plasma- and milk-derived cfDNA the presence of variants 
detected in tumor tissue by NGS. Genomic DNA from tumor tissue 
from the same patient was run as a positive control. TaqMan SNP 
genotyping assays for ddPCR were custom-designed to detect the muta-
tions and purchased from Thermo Scientific (Supplementary Table S8). 
Assay design was chosen prioritizing pathogenicity and/or clonality.

Briefly, the 20 μL final volume of TaqMan PCR reaction mixture 
was assembled with 1×  ddPCR Supermix for Probes (no dUTP), 
900 nmol/L of each primer, 250 nmol/L of each probe and 8 μL of 
cfDNA from plasma, 15 ng of cfDNA from BM, or 30 ng of gDNA 
from FFPE per reaction (positive controls). Each assay was per-
formed in duplicates or triplicates in separate mixtures and loaded 
in different wells for amplification. The thermal cycling program 
was performed according to the specifications of the manufacturer. 
After PCR, droplets were read in the Droplet Reader and analyzed 
with QuantaSoft version 1.7.4. Human reference genomic DNA 
was included as negative control and used to determine the cutoff 
for allele calling in each assay. ddPCR validations were carried out 
blinded to tumor genotype.

Statistical Methods
A descriptive analysis of all included variables in the study was 

performed. Continuous variables are expressed as median and range, 
and categorical variables are expressed as absolute values and per-
centages. Due to the limited number of cases, a nonparametric test 
was used to avoid the normality assumption. The nonparametric 
two-sided Mann–Whitney–Wilcoxon test was performed to compare 
the MAF % in BM serum across different patient characteristics. The 
threshold for statistical significance was defined as 0.05 (two-sided). 
No correction for multiplicity was performed due to the exploratory 
character of the study, and no data imputation was used.

Data and Material Availability
Patient-level somatic mutation data from BM, plasma, and FFPE 

solid tissue derived from ddPCR and the VHIO-YWBC NGS platform 
are available in Supplementary Table  S3 and Supplementary Excel 
Tables S1 and S2. Due to patient privacy restrictions, raw NGS data 
will be shared with interested researchers upon submission of a pro-
posal subject to approval by the Research Ethics Committee from Vall 
d’Hebron Hospital. The Methods sections “VHIO-300 Panel NGS” and 
“VHIO-YWBC Panel NGS” describe the implementation of established 
tools/pipelines; no custom software or computational code was created 
for this study. According to biological materials availability, samples 
are kept in the collection “Identification of diagnostic biomarkers, pre-
dictors of response and resistance to personalized therapies in patients 
with different types of cancer” (principal investigator: Josep Tabernero) 
registered at the National Registry of Biobanks (collection section), 
Instituto de Salud Carlos III with registration number C0003435.
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