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Abstract
Purpose  Limited knowledge exists on the detection of breast cancer stem cell (BCSC)-related mutations in circulating free 
DNA (cfDNA) from patients with advanced cancers. Identification of new cancer biomarkers may allow for earlier detection 
of disease progression and treatment strategy modifications.
Methods  We conducted a prospective study to determine the feasibility and prognostic utility of droplet digital polymerase 
chain reaction (ddPCR)-based BCSC gene mutation analysis of cfDNA in patients with breast cancer.
Results  Detection of quantitative BCSC gene mutation in cfDNA by ddPCR mirrors disease progression and thus may repre-
sent a valuable and cost-effective measure of tumor burden. We have previously shown that hematological and neurological 
expressed 1-like (HN1L), ribosomal protein L39 (RPL39), and myeloid leukemia factor 2 (MLF2) are novel targets for BCSC 
self-renewal, and targeting these genetic alterations could be useful for personalized genomic-based therapy.
Conclusion  BCSC mutation detection in cfDNA may have important implications for diagnosis, prognosis, and serial 
monitoring.
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RPL39	� Ribosomal protein L39
MLF2	� Myeloid leukemia factor 2
RNA-Seq	� RNA deep sequencing
SIFT	� Sorting intolerant from tolerant
HER2	� Human epidermal growth factor receptor 2
TTM	� Time-to-metastasis
NOS	� Nitric oxide synthase
ER	� Estrogen receptor

Background

Despite improvements in cancer therapies, breast cancer 
metastasis remains largely incurable and the primary cause 
of cancer-related deaths. Radiographic measurements, used 
to monitor and assess tumor burden, often underestimate 
the true extent of disease due to their relatively low resolu-
tion. Similarly, protein biomarkers, such as carcinoembry-
onic antigen and carcinoma antigen-125, lack sensitivity 
and specificity for clinical utility. Thus, new biomarkers for 
measuring tumor burden with high diagnostic sensitivity and 
specificity are urgently needed [1]. Cancer stem cells (CSCs) 
are a subpopulation of cells involved in tumor initiation, 
progression, metastasis, and therapeutic resistance. There-
fore, CSCs may serve as diagnostic, prognostic, and pre-
dictive biomarkers [2–4]. Therapeutic approaches to target 
breast CSCs (BCSCs) are being investigated [5]. However, 
few studies have examined the genetic profile and somatic 
mutations of BCSCs to identify early genetic alterations in 
tumor evolution that might improve both early metastatic 
detection and patient survival. We previously identified 
a BCSC-related 477-gene signature by comparing CSCs 
and non-CSCs [4]. Using a shRNA knockdown functional 
approach, ribosomal protein L39 (RPL39), myeloid leuke-
mia factor 2 (MLF2), and hematological and neurological 
expressed 1-like (HN1L) were identified as the top candi-
date genes that significantly impact BCSC self-renewal [6, 
7]. By using RNA deep sequencing (RNA-Seq) and sorting 
intolerant from tolerant (SIFT) analyses of lung metastases, 
we described 4 mutations in these BCSC genes including 
A14V in RPL39, R158W in MFL2, and P20L and A106V 
in HN1L [6–8].

Most publically available datasets have sequenced pri-
mary tumors; however, less comprehensive molecular analy-
sis exists from metastatic sites and paired analysis of pri-
mary and metastatic samples are difficult to obtain. Recently, 
whole-exome and whole-transcriptome sequencing of 500 
adult patients with metastatic solid tumors was published. 
The most prevalent genes somatically altered in metastatic 
cancer included TP53, CDKN2A, PTEN, PIK3CA, and 
RB1 [9]. However, specific mutations in CSCs for identify-
ing early genetic alterations in tumor evolution that might 
improve metastatic detection have not been analyzed.

The biopsy procedure of metastases is invasive, and intra-
tumoral heterogeneity can confound genomic analysis. Cir-
culating free DNA (cfDNA) extracted from plasma or serum 
is a less invasive source for detecting tumor-derived DNA 
mutation [1, 10]. Plasma cfDNA analysis (“liquid biopsy”) 
can be used to monitor changes in total tumor burden over 
time in a cost-effective manner and can identify specific 
alterations that arise during therapy in real time [1, 11]. Its 
feasibility has been shown in patients with different tumor 
types [12, 13]. However, mutant DNA accounts for a small 
fraction of the total circulating DNA [14] and undetectable 
by next-generation sequencing technology. Technologi-
cal advances like droplet digital polymerase chain reaction 
(ddPCR) have enabled the design of high sensitivity cfDNA 
mutation assays for disease detection. ddPCR can detect and 
quantify mutant DNA molecules present at ≥ 0.01% of the 
total DNA [15], as has been reported for somatic mutations 
such as BRAF V600E in cfDNA [16].

While cancer-related gene mutations in cfDNA from 
patients with advanced cancers have been detected [1], this 
is the first study to determine the feasibility and prognos-
tic utility of ddPCR-based BCSC gene mutation analysis 
of cfDNA in patients with early-stage and advanced breast 
cancer.

Materials and methods

Study design, participants, and sample collection

FFPE tumor tissue samples, blood samples, and clinical data 
were collected from breast cancer patients at Houston Meth-
odist Hospital. The study was approved by the Institutional 
Review Board, and written informed consent was obtained 
from all patients before sample and data collection. FFPE 
tumor tissue samples were obtained from patients with stage 
IV breast cancer. Tissue biopsies were performed as part of 
routine clinical care. Plasma samples were obtained from 
124 patients with newly diagnosed stage I–IV breast cancer 
before treatment, and 86 healthy female volunteers without 
a history of cancer, who presented for routine blood testing 
to medical and surgical clinics.

Clinical features of the patients

Clinicopathological characteristics of the patients are 
shown in Table 1. Of the 124 patients, mean patient age 
was 54 years (range 30–92 years). 58 (46.7%), 26 (21.0%), 
and 40 (32.3%) had stage I/II, stage III, and stage IV breast 
cancer at the time of analysis, respectively. Fifty patients 
(40.3%) were diagnosed with ER-positive breast cancer, and 
66 patients (53.2%) were diagnosed with ER-negative breast 
cancer. Most patients (n = 104; 83%) had human epidermal 
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growth factor receptor 2 (HER2)-negative disease, while 62 
patients (50%) had poorly differentiated tumors. The healthy 
volunteers were recruited from patients without a cancer 
diagnosis, who were having routine laboratory testing for 
other diagnoses.

DNA extraction from FFPE primary and metastatic 
tumor samples

FFPE primary and metastatic tumor samples were sec-
tioned and stained with hematoxylin and eosin to ensure 

at least 70% tumor content. Tumor areas were identi-
fied before macrodissection. FFPE DNA was purified 
and isolated from primary and metastatic tumor samples 
using the RecoverAll™ Total Nucleic Acid Isolation Kit 
according to the manufacturer’s instructions (cat. no. 
AM1975; Thermo Fisher Scientific, Wilmington, DE, 
USA). DNA concentrations were determined by measur-
ing optical density at 260 nm (OD260) with a Nanodrop 
2000 spectrophotometer (Thermo Fisher Scientific), and 
purity was evaluated by measuring OD260/OD280 ratio.

Table 1   Demographic and 
clinical characteristics of the 
study participants

ER estrogen receptor, HER2 human epidermal growth factor receptor 2, PR progesterone receptor, IDC 
invasive ductal carcinoma, ILC invasive lobular carcinoma
a IHC +++ or FISH +; Equivocal by immunohistochemical staining 2+, FISH ratio of 1.8–2.2 or HER2 
gene copy of 4.0–6.0

FFPE lung mets Primary/lung Primary/other Plasma
Total subjects (n =) 28 8 pairs 24 pairs 124

Age (years)
 Mean 54 54 61.4 54
 Range (min–max) 34–74 34–74 41–81 30–92

Histology
 IDC 27 7 25 102
 ILC 0 1 6 7
 Unspecified 1 0 5 15

Grade
 1 (Well) 1 1 4 5
 2 (Moderate) 3 3 11 32
 3 (Poor) 10 3 19 62
 Unspecified 14 1 2 25

Stage
 I NA NA NA 15
 II NA NA NA 43
 III NA NA NA 27
 IV 28 8 NA 39

ER
 + 18 4 29 50
 − 9 3 7 66
 Unspecified 1 1 0 8

PR
 + 12 4 16 37
 − 15 3 20 79
 Unspecified 1 1 0 8

HER2
 +a 4 2 10 10
 − 20 5 26 104
 Equivocal/unspecified 4 1 0 10

Time-to-metastasis (months)
 Median 67 21 57.6 NA
 Range (min–max) 16–199 15–196 0.7–201.1 NA
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DNA extraction from blood samples

Briefly, blood (18 ml) was drawn from a central catheter 
into EDTA tubes, centrifuged at 1000×g for 10 min, care-
fully aliquoted into 1.5 ml tubes, and immediately frozen 
at − 80 °C. Samples were stored for 1–24 h after collec-
tion. Plasma DNA was extracted using the QIAamp Cir-
culating Nucleic Acid Kit according to the manufacturer’s 
instructions (cat. no. 55114; Qiagen, Valencia, CA, USA) 
and quantified as described for FFPE DNA.

Droplet digital polymerase chain reaction (ddPCR)

ddPCR was performed as described in Sanmamed et al.’s 
study [16] using the QX200 Droplet Digital PCR Sys-
tem (Bio-Rad Laboratories, Hercules, CA, USA). Cus-
tom TaqMan probes and primers for HN1L (P20L and 
A106V) mutations were designed by Applied Biosys-
tems (Life Technologies). Custom RPL39 (A14V), MLF2 
(R158W), and PIK3CA (H1047R and E545K) ddPCR 
probes and primers were designed by Bio-Rad. cfDNA 
(2 μl) and tumor DNA samples (1 μl of 10 ng/μl) and 
10 μl of 2X Droplet PCR Supermix for Probes (Bio-Rad) 
were premixed and combined with 1 μl each of primers 
and probes (20 ×) to a final 20-μl reaction volume with 
DNase/RNase-free sterile water. For droplet generation, 
20-μl sample was added to 70 μl of Droplet Generation 
Oil (Bio-Rad). A temperature gradient PCR using both 
a row/column of restriction-digested 100% WT DNA at 
a relatively high DNA concentration and a concentration 
gradient PCR using WT DNA with mutant spike-in DNA 
were tested to determine the optimal annealing tempera-
ture per application guild of ddPCR. Droplets were then 
thermal cycled as follows: 95 °C for 10 min; 40 cycles 
of 94 °C for 30 s and 55–58 °C for 1 min; and 98 °C for 
10 min. After PCR thermocycling, the emulsions were 
transferred to the QX200 digital droplet reader for simulta-
neous fluorescent measurement of FAM and VIC or HEX 
probes. Positive, negative, and no template controls were 
included in all pre-amplification and ddPCR steps. Sam-
ples with detectable mutation were reanalyzed to confirm 
mutation status. Data were analyzed using QuantaSoft 
software (Bio-Rad). Droplets were scored as positive or 
negative based upon their fluorescence intensity, which 
was determined by gating a threshold using positive, nega-
tive, and no template controls. The fractional abundance of 
the mutations in each sample was calculated by dividing 
the number of mutant DNA molecules (copies/µl) to the 
number of total DNA molecules (mutant plus WT, copies/
µl) and expressed as the percentage of mutant DNA mol-
ecules in a sample taking into account a Poisson distribu-
tion of occupied to unoccupied droplets.

Data and statistical analyses

Statistical analyses were performed using SAS 9.4 (SAS 
Institute Inc., Cary, NC, USA). Time-to-event endpoints 
(TTM, PFS) were estimated using the Kaplan–Meier 
method, and differences were compared using the log-rank 
test. Individual mutations between paired metastatic and 
primary samples were compared using a Wilcoxon signed-
rank test. To compare fractional abundance between paired 
samples across all four mutations simultaneously, a mixed-
effects generalized linear model was fitted to the fractional 
abundance difference (i.e., metastasis value—primary value) 
that contained a random subject effect to account for the 
intra-patient correlation (i.e., four mutations measured on 
each patient) with a variance–covariance structure that 
allowed for heterogeneity among biomarkers. For all analy-
ses, two-tailed p values < 0.05 were considered statistically 
significant.

Results

The study schema for mutational analysis from tumors and 
plasma cfDNA is outlined in Fig. 1. Non-matched lung 
metastases (n = 28), matched primary and lung metastases 
(n = 8), matched primary and other metastases (n = 24) and 
plasma cfDNA (n = 210; cancer patients 124 and normal 86) 
were analyzed.

BCSC mutations in non‑matched lung metastatic 
tumor samples

ddPCR was performed to detect four BCSC mutations 
(MLF2 R158W, RPL39 A14V, HN1L P20L, and HN1L 
A106V, Supplementary Table S1) on 28 formalin-fixed, 
paraffin-embedded (FFPE) non-matched lung metastatic 
breast cancer samples. Patient demographics and clinical 
characteristics are shown in Table 1.

Of the 28 non-matched lung metastases, 12 (42.9%) har-
bored at least 1 of the 4 BCSC gene mutations (Fig. 2a). 
ddPCR revealed the presence of HN1L P20L, HN1L A106V, 
RPL39 A14V, and MLF2 R158W mutations in 5, 1, 6, and 3 
samples, respectively, yielding mutation frequencies ranging 
from 3.6 to 21.4% (Fig. 2b). RPL39 A14V had the highest 
frequency at 21.4%.

A log-rank test of time-to-metastasis (TTM, which is 
defined as the interval between surgery and the first metasta-
sis) according to BCSC mutation status was also performed 
on metastatic patients. All the patients finished the multi-
disciplinary therapy according to the guideline. Statisti-
cally worse outcome was observed in patients with any of 
the 4 BSCS mutations, with median TTM of 32 months vs. 
85 months, p = 0.0197 (Fig. 2c).
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Fig. 1   Flow diagram of mutation analysis of tumor DNA and cfDNA. 
RNA-Seq was performed to detect the presence of BCSC-specific 
gene mutations in 8 lung metastatic breast cancer samples. ddPCR 
analysis of the four BCSC gene mutations was performed on 28 
FFPE lung metastatic samples, 8 matched primary breast and lung 
metastatic pairs, and 24 matched primary breast and other metastases. 

Plasma cfDNA was analyzed from 210 individuals (86 normal volun-
teers, and 124 cancer patients with active stage I, II, III, and IV breast 
cancer). BCSC breast cancer stem cell, cfDNA circulating free DNA, 
ddPCR droplet digital polymerase chain reaction, FFPE formalin-
fixed, paraffin-embedded

Fig. 2   Mutational spectrum in non-matched lung metastases (n = 28). 
a Mutational frequency in non-matched lung metastatic tumor sam-
ples. The frequency of each mutation was calculated as the ratio of 
mutation-positive samples to total samples. b Fractional abundances 
of BCSC gene alterations in 28 lung metastatic tissue samples. For 
each sample, the fractional abundance (percentage of mutant DNA 

molecules) was calculated by dividing the number of mutant DNA 
molecules (copies/µl) by the number of total DNA molecules (mutant 
plus WT, copies/µl). c Metastasis-free probability by Kaplan–Meier 
analysis of TTM according to BCSC gene mutation status of FFPE 
lung metastatic samples. BCSC breast cancer stem cel, FFPE forma-
lin-fixed paraffin-embedded, TTM time-to-metastasis, WT wild-type
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Mutation analysis in matched primary breast/lung 
and breast/other metastases

To determine whether MLF2 R158W, RPL39 A14V, HN1L 
P20L, and HN1L A106V mutations were specific to breast 
cancer metastases, we assessed the concordance of BCSC 
gene mutation status in eight matched primary breast and 
lung metastatic tumor pairs. ER was positive in 4 pairs, 
negative in 3 pairs, and unspecified in 1 pair. Median time 
from breast surgery to lung surgery was 41 months (range 
15–196 months) (Table 1). Among the 8 metastatic sam-
ples, 16 mutations were observed (5 HN1L_P20L, 4 HN1L 
A106V, 4 RPL39 A14V, 3 MLF2 R158W) and among the 8 
primary lesions, 10 mutations were noted (4 HN1L_P20L, 2 
HN1L A106V, 1 RPL39 A14V, 3 MLF2 R158W). Of the 
32 metastatic/primary pairs (i.e., 8 patients/4 genetic bio-
markers), 14 showed an increase in fractional abundance, 5 
showed a decrease, and 13 showed no change (p = 0.0096, 
Fig. 3a).

In the second cohort of 24 matched primary and other 
metastatic sites (ER-positive 29, ER-negative 7), DNA was 
extracted for ddPCR analysis in 24 pairs. There was a sig-
nificant increase in mutation frequency in metastatic sites 
(skin, liver, lung, ovarian, pleura) (Fig. 3b and Table S1).

Plasma cfDNA of BCSC gene mutations

Clinicopathological characteristics of the patients are shown 
in Table 1. Mutation frequencies in the cfDNA samples were 
normalized based on the mean fractional abundances of the 

individual BCSC mutations in control cfDNA samples, to 
establish a threshold above which a patient sample is con-
sidered to be positive for the mutation. At least one of the 
four BCSC gene mutations was detected in 36 of the 124 
(29%) cancer patient cfDNA samples (Fig. 4a, b). Specifi-
cally, HN1L P20L, HN1L A106V, RPL39 A14V, and MLF2 
R158W mutations were detected in 8 (6.5%), 8 (6.5%), 14 
(11.3%), and 15 (12.1%) cancer plasma cfDNA samples, 
respectively, and 9 patients (7.2%) had more than one muta-
tion. The fractional abundances of the four BCSC gene 
mutations varied among the samples, ranging from 0.07 to 
3.57% (Fig. 4b). Fractional abundances ranged from 0.40 
to 2.50% for HN1L P20L, 0.70–2.98% for HN1L A106V, 
0.07–2.77% for RPL39 A14V, and 0.42–3.57% for MLF2 
R158W.

Clinical relevance of BCSC gene mutations detected 
in cfDNA and tumor lung metastases

To determine the clinical relevance of BCSC mutations 
detected in cfDNA, subgroups analyses according to clinical 
stage were performed. BCSC mutation frequency ranged from 
1.7%, 10.3%, 9.1%, and 15.2% in stage I, II, III, and IV sub-
groups, respectively. The detection of these mutations in tumor 
lung metastases (n = 28) was also compared. The fractional 
abundances of the four mutations detected in plasma cfDNA 
and lung metastases significantly increased from early to late 
disease stage and in the lung metastases, with high specificity 
(p = 0.000). With increasing stage, the sensitivity of detection 
of stem cell mutations increased, from stage I and II, III and 

Fig. 3   Mutational analysis in matched primary breast/lung metastatic 
pairs and primary breast/other metastatic pairs. ddPCR analysis of 
BCSC gene alterations was performed on 8 matched pairs of primary 
breast cancer and lung metastases, and with 24 pairs of breast and 
other metastatic sites. a Shared mutations, mutations only found in 
primary breast and lung metastatic samples are shown. Shared muta-
tion indicates mutations expressed in both primary breast cancer and 

matched lung metastases. Enrichment indicates a higher fractional 
abundance of mutant gene copies in lung metastases. b Analysis of 
all other metastatic sites was done for 24 matched pairs, and enrich-
ment with higher fractional abundance of mutant gene copies was 
observed in metastases. BCSC breast cancer stem cell, ddPCR droplet 
digital polymerase chain reaction
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IV, to lung metastases (20.7%, 36.4%, and 42.9%), respectively 
(Fig. 4c).

Subgroup analyses for mutation frequency in cfDNA in 
early and late stage versus lung metastases in breast can-
cer patients compared to controls showed that HN1L P20L, 
HN1L A106V, RPL39 A14V, and MLF2 R158W differed 
significantly among these four subgroups. By calculating the 
sensitivity against 1 minus the specificity, receiver operating 
characteristic (ROC) analysis for plasma cfDNA BCSC gene 
mutation analysis revealed area under the curves (AUCs) 
of 0.606 and 0.676 for stage I/II versus stage III/IV, and an 
AUC of 0.708 for tumor DNA obtained from lung metastases 
(Fig. 4c).

Prognostic value of cfDNA BCSC gene mutations 
in patients with stage IV breast cancer

We examined the relationship between BCSC gene muta-
tion status detected in cfDNA and clinical outcome in 
39 patients with stage IV breast cancer. A log-rank test 
revealed a shorter progression-free survival (PFS) in 
patients whose plasma cfDNA samples were positive for at 
least one of the four mutations compared with those whose 
plasma cfDNA samples were negative for these mutations 
(4 months vs. 12 months; p = 0.035; Fig. 5). The small 
number of patients with stage I–III and the low number of 

Fig. 4   BCSC and gene mutation frequency in plasma cfDNA from 
normal controls (n = 86) and patients with stage I–IV breast can-
cer (n = 124). a Normalized mutation frequencies of the 4 BCSC in 
plasma cfDNA samples from 124 patients with stage I–IV breast 
cancer. Mutation frequencies in patient cfDNA samples were nor-
malized based on the mean fractional abundances of the individual 
BCSC gene mutations in normal control cfDNA samples. b Normal-
ized mutation frequencies of the 4 BCSC in plasma cfDNA samples 
from 86 normal control cfDNA samples and 124 patients with stage 
I–IV breast cancer, as well as 28 FFPE samples from lung metastases. 
Patients with breast cancer were divided into early (stage I or stage II) 
and late (stage III or stage IV) groups. At least 1 of the 4 BCSC gene 

mutations defined as stem cell mutations was calculated. ***Repre-
sented statistically different among 4 groups (normal, stage I or II, 
stage III or IV). c Sensitivity and specificity of BCSC gene mutation 
detection in plasma cfDNA and FFPE lung metastatic samples from 
breast cancer patients compared with plasma cfDNA samples from 
normal controls. d ROC curve analysis of the BCSC gene mutations 
in cfDNA samples from breast cancer patients according to stage and 
tumor DNA of lung metastatic samples. AUC​ area under the curve, 
BCSC breast cancer stem cell, cfDNA circulating free DNA, ddPCR 
droplet digital polymerase chain reaction, FFPE formalin-fixed paraf-
fin-embedded, ROC receiver operating characteristic
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events limited the statistical power and relapse-free sur-
vival was not significantly different.

Discussion

We previously identified RPL39, MLF2, and HN1L as novel 
BCSC targets by screening candidate genes from a tumo-
rigenic signature derived from patient biopsies [6]. Four 
mutations in these BCSC-specific genes were identified in 
lung metastases using RNA-Seq [3, 4, 6]. In this study, these 
BCSC gene mutations were confirmed in non-matched lung 
metastatic FFPE samples using the ddPCR technique. There 
was a significant increase in mutation frequency for these 
genes in paired primary breast versus metastatic sites. The 
presence of mutations in plasma cfDNA was associated with 
a significantly worse outcome in patients with metastatic 
disease. Our results indicate that rare BCSC gene altera-
tions detected in cfDNA have biological implications and 
may represent promising biomarkers with potential clinical 
prognostic applicability.

The identification of genetic alterations in cancer has 
led to the development of new non-invasive approaches 
for tumor detection [10] and has since been used to detect 
plasma cfDNA in other tumor types including breast can-
cer [10–15]. We show that ddPCR-based cfDNA analysis 
can quantify the number of copies of a given mutant gene 

fragment and their variation with disease stage, and the 
fraction of mutant gene sequences in the WT background 
in circulation. Indeed, ddPCR technology can be used for 
monitoring cfDNA mutations such as estrogen receptor 
mutations as an indicator of treatment resistance, for detect-
ing previously unidentified mutational clones [17] or as an 
indicator of disease recurrence [18]. However, BCSC muta-
tion accounts for a minor fraction of the total plasma cfDNA 
and not described in bulk primary breast tumors, as these 
mutations may be present in a small subgroup of CSCs and 
intratumoral heterogeneity may prevent the identification of 
specific mutations in distinct subpopulations [19]. To the 
best of our knowledge, this is the first study to demonstrate 
that BCSC gene mutation detection in plasma cfDNA sam-
ples is feasible and represents a highly sensitive biomarker 
of tumor burden, with the fractional abundances of these 
mutations increasing from early to late stage disease and in 
metastases. We have previously demonstrated that somatic 
mutations in RPL39 (A14V) and MLF2 (R158W) in tumors 
were associated with shorter median time to relapse in breast 
cancer patients and upregulation of HN1L expression cor-
relates with poor clinical outcome in triple negative breast 
cancer patients [6, 7]. In this study, BCSC gene mutations 
were detected in 29% of cfDNA samples from breast cancer 
patients and in over 40% of lung metastatic samples. Over 
40% (14/32) primary/metastatic pairs showed an increase 
in fractional abundance of these mutations. The increasing 

Fig. 5   Kaplan–Meier analysis according to cfDNA BCSC gene mutation status in 40 patients with stage IV breast cancer. BCSC breast cancer 
stem cell, cfDNA circulating free DNA, PFS progression-free survival
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fractional abundance of these mutations with increasing 
stage is interesting, either as an early marker of disease, or 
marker of metastatic risk. Potential explanations include 
either an overall increase in micrometastatic tumor burden, 
or potentially an accumulation of these mutations during 
the metastatic process. BCSC gene mutation in tumor and 
plasma cfDNA correlated with disease stage, where the pres-
ence of any of these BCSC gene mutations was associated 
with significantly worse survival.

Nitric oxide synthase (NOS) signaling is a pathway 
common to both RPL39 and MLF2 [8]. Overexpression and 
knockdown of RPL39 and MLF2 increased and decreased 
inducible NOS (iNOS) signaling, respectively [8]. HN1L 
has been shown to have a similar effect on CSC self-renewal 
and promotes BCSCs through LEPR-STAT3 pathway [7]. 
Targeting NOS or STAT3 signaling may be an effective 
approach to overcome BCSC-induced chemo-resistance. 
Understanding mechanistic role of these BCSC gene altera-
tions in self-renewal and monitoring response to targeted 
therapies by non-invasive “liquid biopsies” will be impor-
tant in developing potential therapeutic targets for treatment 
resistance.

Pathologic confirmation through biopsy is the only way 
to make a definitive diagnosis of metastasis in breast can-
cer patients. Here, we show that even relatively early-stage 
cancers give rise to circulating mutant DNA fragments that 
can be detected with sufficient sensitivity and specificity 
with ddPCR-based mutation analysis. Yet, the reliability 
and reproducibility of mutation detection in cfDNA and the 
management of patients with discordant cfDNA and imaging 
tests still need to be addressed. Large prospective interven-
tion studies are required to define the optimal cutoff values 
for the BCSC gene mutations. Additionally, plasma-based 
assays may be inferior to traditional tumor tissue-based 
assays for mutant DNA detection due to the shorter half-life 
of cfDNA. Nonetheless, the ease of execution and repeat-
ability of plasma-based assays compared to invasive tissue 
biopsy, especially for metastatic sites, makes this an impor-
tant technological advance, especially if early evolutionary 
alterations can be detected.

A limitation of this study is that the sample size is small 
and heterogeneous (biologically and clinically). A well-
defined, homogeneous study population in a context of a 
clinical trial is desirable to test for the effect of covariates 
while assessing the effect of mutational status on progres-
sion-free survival. Our sample of 39 stage IV patients for 
which follow-up exists for 35 and contains 22 events was 
not large enough to provide enough power to assess mul-
tiple factors simultaneously. We also acknowledge that 
the analysis of time-to-metastasis included a population 
of patients who already metastasized and greater number 
of stage I–III patients are needed to make any conclusion. 

Nevertheless, the design of this study was based on retro-
spective samples, and as such, was limited by the accessi-
bility of both matched and unmatched primary-metastatic 
pairs. Metastatic samples are notoriously difficult to 
obtain, even in multi-institutional studies like this. These 
preliminary analysis based on these retrospective samples 
form the basis to generate data so that future larger ran-
domized prospective studies can be conducted. Nonethe-
less, the number of plasma cfDNA samples from cancer 
patients examined was 129, which is a large cohort. As 
suggested in the REMARK paper, the goals of this paper 
are consistent with the guidelines to “encourage transpar-
ent and complete reporting so that relevant information 
will be available to others to help them judge the useful-
ness of the data and understand the context in which the 
conclusions apply” [20]. We have ongoing clinical trials, 
which we hope will address some of these issues and shed 
light on whether the cfDNA could serve as an early marker 
of disease, or marker of metastatic risk.

Conclusions

In summary, we demonstrated the feasibility of cfDNA 
for specific BCSC gene alterations in patients with breast 
cancer. Quantitative BCSC gene mutation detection in 
plasma cfDNA mirrored disease progression and therefore 
may represent a valuable marker of tumor burden. HN1L, 
RPL39, and MLF2 are novel targets for BCSC self-renewal 
and targeting these genetic markers could be useful for 
personalized genomic-based therapy. Thus, measurement 
of CSCs in plasma cfDNA may have important implica-
tions for diagnosis, prognosis, and serial monitoring.
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