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Recognition of the organ-specific mutations in metastatic breast cancer by 
circulating tumor cells isolated in vivo 
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The failure to treat and control the growth of metastases is the main cause of death in breast cancer (BC) patients. 
Compared to the traditional method of analyzing circulating tumor DNA (ctDNA), capturing intact circulating tumor cells 
(CTCs) allows us to more accurately characterize mutations and identify suitable targeted therapies. We used CellCollector 
to collect peripheral CTCs. Thirty metastatic breast cancer (MBC) patients were enrolled, and 17 were analyzed with next-
generation sequencing (NGS) methods. Clinical characteristics were analyzed along with the CTCs enumeration and detec-
tion rates. Whole-genome amplification (WGA) was used to amplify the CTC genomic DNA of 127 genes. Patients younger 
than 45 years old, with brain metastasis, with three or more metastatic sites, or with HER2-positive had the highest number 
of CTCs collected. The CTCs detection rate was also correlated to the number of metastasis sites. Different metastasis sites 
such as the brain, viscus, bone, and soft tissue contained specific high-frequency gene mutations. AKT3, MYC, and NT5C2 
mutations were only found in brain metastases. APC, BCL2L11, ESRP1, FLT3 mutations were only in the visceral metas-
tases. KEAP1, KIT, MET were the specific mutation genes in patients with bone and soft tissue metastases. These findings 
provide evidence that we can detect gene mutation information for obtaining the biological characteristics by CTCs using 
CellCollector. Different metastasis sites contain specific high-frequency mutation genes, which provide guidance to the 
accurate gene therapy. 
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Despite recent advances in diagnostic and treatment strat-
egies, breast cancer (BC) still accounts for 271,270 deaths per 
year worldwide [1]. Failures to treat and control metastases 
are the main causes of mortality from BC. The development 
of metastasis in patients is believed to result from tumor 
cells entry into the circulation and the subsequent migra-
tion to distant sites [2, 3], where the mutation landscape 
of metastatic breast cancer (MBC) may be different from 
those of the primary tumor. Therefore, acquiring biological 
information of metastatic loci is essential for individual-
ized therapies. Tissue biopsies, the most commonly used 
diagnostic method, obtain only limited information due to 
sampling bias from spatial heterogeneities of tumors [4, 5]. 
Moreover, some metastatic foci are technically challenging 
or dangerous to access, such as brain metastases, limiting the 
biological information available. Patients also have to bear 
risks and more complications from biopsy procedures.

Therefore, researchers and physicians have turned to 
circulating tumor DNA (ctDNA) and circulating tumor cells 
(CTCs) for assessing the metastatic tumor as the procedures 
are convenient, well-tolerated, and minimally invasive [6]. 
ctDNA is a small fraction of DNA originating from cancerous 
cells and tumors [7], whose mutation and abundance provide 
information on tumor mutation and efficiency of treatment 
respectively [8]. However, only limited information could 
be obtained due to the fragmented nature of ctDNA. On the 
other hand, CTCs are intact tumor cells circulating in the 
blood, and if successfully isolated, provide much richer infor-
mation on tumor cells in terms of protein markers, whole-
genome analysis, and comprehensive characterization of 
mutations [9]. BC is heterogeneous, whether it is between the 
primary and metastatic foci, or between different metastatic 
sites or different cells that constitute the same metastatic 
foci. CTC-based gene mutation detection and analysis can 
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monitor metastatic burden in real time to assist clinical treat-
ment decisions [10, 11].

Currently, CellSearch is the typical method to capture 
CTCs, and had lots of clinical research in BC, prostate cancer, 
and colorectal cancer [12–15]. However, due to the limited 
volume of blood analyzed, CellSearch fails to capture and 
separate intact CTCs, which restricts its clinical applications 
and limits downstream sequencing to identify mutations 
in metastatic tissues. To overcome this limitation, we used 
CellCollector, an in vivo CTC-capturing device [16], to collect 
whole CTCs from MBC patients. Isolated CTCs were then 
subjected to whole-genome amplification and sequencing 
to obtain genetic information [17]. To our best knowledge, 
studies about BC on CTC-specific gene mutations obtained 
via CellCollector have not yet been published.

In this study, we captured and isolated intact CTCs from 
MBC patients. Subsequent whole-genome sequencing 
analysis of these CTCs revealed mutations specific to 
different metastatic organs, including the brain. These results 
could provide guidance to individualized therapies.

Patients and methods

Study design. This was a single-center prospective study. 
A total of 30 patients with verified MBC and 30 healthy 
volunteers were enrolled in the study. Patients who were 18 
years or older, diagnosed as MBC by biopsy or imaging, had 
an Eastern Cooperative Oncology Group (ECOG) score for 
performance status from 0 to 2, and no second malignan-
cies were enrolled. All samples were collected at the Fourth 
Hospital of Hebei Medical University, China. Before the 
study, written informed consent was obtained from each 
patient.

Collection of CTCs through CellCollector. The CellCol-
lector (GILUPI GmbH, Potsdam, Germany) device is a 
stainless-steel wire with antibodies against the epithelial 
cell surface antigen EpCAM attached to a polycarboxylate/
hydrogel coated on a gold-plated layer. CellCollector captures 
target cells expressing the EpCAM antigen on the membrane 
of different cancer cell types (Figure 1).

The device was inserted into the median cubital vein to 
a manufacturer indicated length through a 20G peripheral 
venous catheter until the functional domain was exposed 

to blood flow and securely fixed to the intravenous cannula. 
The wire remained in the cubital vein for 30 min application 
period and was estimated to collect CTCs from 1500 ml of 
blood.

Confirmation of CTCs through immunofluorescence. 
After application, the device was gently washed in wash 
buffer and blocked in PBS with 2% (w/v) bovine serum 
albumin (BSA) for 30 min at room temperature. CTCs 
captured by CellCollector were identified by immunofluo-
rescence staining for EpCAM or cytokeratins 8, 18, and 
19. Cells attached to the wire were incubated with a FITC-
conjugated mouse monoclonal antibody directed against 
EpCAM (Acris, clone HEA125-FITC) and an APC-conju-
gated rabbit antibody raised against CD45 (Exbio, clone 
MEM-28-Alexa647). Cells were counterstained with the 
nuclear dye Hoechst 33342 (Sigma, catalog number H6024). 
Immunofluorescence was detected using an Axio Imager, 
A1m microscope (Zeiss, Jena, Germany) equipped with an 
AxioCam digital camera system and AxioVision 4.6 software 
(Zeiss). EpCAM/cytokeratin-positive cells typically exhib-
ited additional features, including a large cell body (diameter 
10–50 μm), an irregular cell shape, a large irregularly shaped 
nucleus, and a high nuclear to cytoplasmic ratio. CD45 
staining was used to identify white blood cells. EpCAM/
CK-positive, nuclear positive, and CD45-negative cells 
were identified as CTCs, and EpCAM/CK-negative, nuclear 
positive, and CD45-positive cells were identified as leuko-
cytes. Patients with one or more CTCs were determined to 
be CTC positive.

Genome extraction and amplification. Under the 
fluorescence microscope, the CellCollector fragments with 
CTCs were clipped and transferred into a 0.2 ml PCR tube. 
And a single CellCollector fragment is <1mm. The human 
genome DNA was diluted to 30 pg/ml. 1 μl was transferred 
into a PCR tube containing 3 μl PBS as a positive control. 4 μl 
PBS was used as a non-template control and a small section of 
CellCollector without cells was cut to a PCR tube containing 
4 μl PBS as a negative control. Whole-genome amplification 
(WGA) for CTC samples and control was conducted simulta-
neously. Cell lysis and WGA were performed using REPLI-g 
Single Cell Kit (Qiagen, catalog number 150343) following 
the manufacturer’s instructions.

After diluting the amplified product 20 times, 1 μl was 
used to measure the dsDNA concentration by Qubit 3.0. 
Generally, the total amount of product was about 35 μg/30 μl 
of the reaction system. Negative control and no template 
control had DNA below 50 ng. The qualified CTC genome 
amplification products were subjected to downstream gene 
mutation analysis.

Sequencing library construction and data analysis. 
Approximately 300 ng of amplified products were used for 
library construction, quality inspection, and next-generation 
sequencing (NGS). NGS was performed with HiSeq X Ten 
(Illumina) following manufacturer protocols using paired-
end 150 bp (PE150) sequencing strategy with a 127-gene 

Figure 1. Mechanism of CTC detection. The CellCollector device is a 
stainless steel wire with antibodies against the epithelial cell surface an-
tigen EpCAM attached to a polycarboxylate/hydrogel coated on a gold-
plated layer and captures target cells expressing the EpCAM antigen on 
the membrane of different cancer cell types.
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panel. Paired-end sequences were mapped to reference 
human genome (hg19) using BWA. Candidate somatic SNV 
and indel less than 50 bp were called using Pisces. After 
annotation to databases including oncoKB, Oncomine, 
and Cosmic 80, candidate translocation breakpoints were 
analyzed and filtered using seeksv and BreakTrans.

Results

Patient characteristics. Thirty eligible patients were 
enrolled from December 2016 to May 2017. Patients’ 
demographics and disease characteristics are detailed in 
Table 1. There were 14 patients who had one metastasis 
site including 9 local recurrences, 2 bone metastasis, 2 liver 
metastasis, and 1 lung metastasis. Sixteen patients had two 
or more different metastasis sites. Patients were divided into 
three groups based on the metastatic sites (brain metas-
tasis, visceral metastasis, and bone/soft tissue metastasis). 
For patients with more than one metastatic site, grouping 
was based on the invasiveness of the metastasis organs. For 
example, patients with brain and lung metastasis would be 
categorized as brain metastasis group.

CTCs and correlations with clinical characteristics. All 
enrolled 30 patients were performed in vivo CTCs detection 
before systemic therapy, and 30 healthy individuals served 
as the control group. Examples of EpCAM-positive CTCs 
captured by the device are shown in Figure 2. In total, 66.7% 
(20/30) MBC patients had more than one CTC, and numbers 
of CTCs collected ranged from 0 to 15 (median=2, mean=2). 
No CTC was observed in the control group (Figure 3). All 
patients tolerated the device insertion without any adverse 
events.

The numbers of CTCs seemed correlated with clinical 
characteristics (Table 2 and Figure 4). Patients who were <45 
years old, HER2 positive, brain metastasis, with three metas-
tasis sites or more had the highest median and mean CTCs 
number in their corresponding subgroups. Of the 3 brain 
metastasis patients, who had the highest CTCs numbers, we 
detected a mean of 6 CTCs and a median of 5 CTCs (range, 
0–15). We did not capture CTCs in the luminal A group. No 
statistical analysis was carried out due to the small number 
of patients.

More metastasis sites seemed to lead to higher CTCs 
detection rates, and the group of three metastasis sites or 
more had 100% detection. <45 years, HER2 positive groups 
had the highest CTCs rates in their corresponding subgroups 
(Figure 4).

Subtype and metastatic site-specific mutations identi-
fied in CTCs. Genomic DNA was successfully amplified 
from CTCs from 17 patients. NGS of 127 genes to analyze 
single nucleic acid variation (SNV) and insertions/deletions 
(IN/DELs). If more than half of the patients had the same 
gene mutation, the gene is considered a high-frequency 
mutation gene (HFGM). In total, 19 HFGMs were identified 
from the luminal B group, 52 in the HER2 positive group, 

Table 1. Demographic and clinicopathological features of the 30 MBC 
patients.
Patient characteristics Case (n) Percentage (%)
Age (years)

<45 12 40.0
≥45 and <60 13 43.3
≥60 5 16.7

Metastatic location
Brain 3 10.0
Lung + liver 14 46.7
Bone + local recurrence 13 43.3

Number of metastatic locations
1 14 46.7
2 6 20.0
3–4 10 33.3

Molecular subtypes
Luminal A 1 3.3
Luminal B 11 36.7
HER2 positive 11 36.7
Triple-negative 7 23.3

Abbreviations: MBC-metastatic breast cancer; HER2-human epidermal 
growth factor receptor 2

Table 2. Number of CTCs collected and correlations with clinicopatho-
logical characteristics.

Patients’ characteristics
CTCs enumeration

Range median mean
Total 0–15 2 2
Age (years)

<45 0–4 2 2
≥45 and <60 0–15 1 2
≥60 0–2 1 2

Metastatic location
Brain 0–15 5 6
Lung + liver 0–7 1 2
Bone +local recurrence 0–4 1 1

Number of metastatic locations
1 0–4 0 1
2 0–15 1 3
3–4 1–7 2 3

Molecular subtypes
Luminal A 0 0 0
Luminal B 0–5 1 1
HER2 positive 0–15 2 3
Triple-negative 0–7 1 2

Abbreviations: CTCs-Circulating Tumor Cells; HER2-human epidermal 
growth factor receptor 2

and 82 in the triple-negative group. Some gene mutations 
occurred only in specific subgroups (Figure 5A). We did not 
analyze HFGMs in the luminal A group as no CTCs were 
captured from patients in this group.

An important finding in this study is that different metas-
tasis sites have their own corresponding HFGMs. 41 specific 
gene mutations occurred in brain metastasis patients, in 
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which 19 gene mutations such as ATM, MTOR, MYC, RET, etc. 
had never been reported before. 71 specific gene mutations 
were found in visceral metastasis patients (Figure 5B), and 67 
specific gene mutations were detected in bone metastasis and 
local recurrence patients (Figure 5B). Notably, each group 
had its own specific HFGMs. For example, mutated genes 
such as AKT3, MYC, and NT5C2 appeared only in the brain 
metastasis group (Figure 5C). APC, BCL2L11, ESRP1, FLT3, 
PIK3CA, STAT3, and TPM3 were only in the viscera metas-
tasis group, and KEAP1, KIT, and MET were mutant genes in 
bone metastasis and local recurrence patients.

Discussion

The spread of tumor cells to peripheral blood is an impor-
tant stage in distant metastasis, which is the main cause of 
death in many cancer patients. Sensitive and specific detec-
tion and characterization of CTCs is essential for the under-
standing of these metastatic cells. Here, we employed a new 
in vivo CTC detection device, CellCollector, to detect tumor 
cells in the peripheral blood of MBC patients. We detected 
CTCs in 66.7% of MBC patients recruited, higher than the 
representative detection rate ranging from 57.4% to 65% by 

Figure 2. Immunofluorescence analysis of CTCs in vivo with CellCollector. Nucleated cells with EpCAM/CKs expression but no CD45 expression, and 
intact cell morphology are considered CTC positive and counted. The CTCs examples shown represent 3 different MBC patients.

Figure 3. CTCs enumeration in BC and healthy control patients. Scat-
terplot of all CellCollector applications. 66.7% (20/30) patients were de-
tected >1 CTC, no CTC was detected in the 30 control patients.
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CellSearch [18]. The superiority of CellCollector was also 
shown in research done in lung cancer and prostate cancer 
patients [17, 19, 20]. Moreover, CTCs captured using this 
in vivo assay can be easily isolated for downstream molec-
ular characterization including NGS, which could provide 
additional genetic information useful for future targeted 
therapy developments [17, 21, 22].

The numbers of CTCs collected and detection rates were 
correlated with clinical characteristics. Patients with brain 
metastasis had the most CTCs detected. Additionally, there 
were more CTCs in patients younger than 45 years, with 
HER2- positive subtype, and with multiple metastatic sites. 
In the one, two, and three or more metastasis organs groups, 
the CTCs detection rates were 38.5%, 77.8%, and 100.0%, 
respectively. This close association with the number of 

metastases is consistent with findings in non-small-cell lung 
cancer and gestational choriocarcinoma [6, 23]. We propose 
that worse prognostic factors, such as younger age, aggressive 
molecular subtype, and widespread metastasis may affect the 
CTCs numbers. Unfortunately, due to the limited number of 
subjects enrolled, our study was not sufficiently powered for 
further statistical analysis.

At present, genomic information from bulk primary 
or metastatic tumors could guide individualized therapies 
and de-escalated treatment for a better quality of life and 
improved survival outcomes. However, multiple studies 
have shown that tumors have spatiotemporal heterogeneity, 
and genomic analysis from a single tumor biopsy specimen 
may underestimate the tumor genome diversity, limiting 
the efficacy of personalized treatments and the discovery of 

Figure 4. CTCs detection rates in different groups. A) CTCs detection rates in different age groups. B) CTCs detection rates in different molecular sub-
type groups. C) CTCs detection rates in different metastatic location groups. D) CTCs detection rates in a different number of metastasis site groups.
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biomarkers [24–26]. Reiter et al. conducted 
a comprehensive evaluation of untreated 
tumor metastases and found a large set of 
driver mutations common to all metastases 
[27]. This may be due to the small number 
of initial tumor cells planted at each 
metastatic site, or limited biopsy sampling. 
Future clinical studies of cancer metastasis 
should consider liquid biopsy methods, 
such as CTC capturing. The importance of 
molecular information revealed by CTCs 
is further emphasized by a recent study, 
where CTCs have higher mutation overlap 
with metastatic tissue compared to the 
primary tumor [28].

In this study, we characterized the 
mutational landscape of CTCs and 
analyzed the association between 
mutations and clinical tumor manifesta-
tions. To the best of our knowledge, such 
an investigation in MBC patients to date is 
rare. Notably, in our study, there are high-
frequency mutant genes in MBC patients 
common to many metastatic organs. One 
such example is FGFR, whose aberrations 
can lead to tumor, proliferation, and metas-
tasis. Previously, it has been reported that 
18% of BC patients had FGFR abnormali-
ties [29]. With the clinical development of 
FGFR pathway inhibitors underway, this 
information could guide targeted therapies 
in the future. Moreover, we found HFGMs 
specific to MBC patients with different 
metastatic organs and molecular types 
including triple-negative breast cancer 
(TNBC). TNBC is highly invasive. Due to 
the lack of effective drug targets, the main 
treatment strategy at present is chemo-
therapy, with the worst outcomes among all 
BC subtypes. We found a BRCA1 mutation 
in the CTC of a TNBC patient, which may 
indicate that this patient could be sensitive 
to platinum drugs or PARP inhibitors [30, 
31]. Of course, this requires a large sample 
of prospective clinical studies to confirm. 
Moreover, Jiao et al. result showed that the 
PPARgamma agonist pioglitazone had an 
inhibition effect on the proliferation and 
migration of BC cells, which was corre-
lated with the JAK2/STAT3 pathway [32].

BC patients have a high risk of brain 
metastases, second only to lung cancer. 
Recent studies have shown that BC cells 
have genetic, molecular, and metabolic 
changes and have the ability to survive in 

Figure 5. High-frequency gene mutations in different molecular subtypes and metastasis 
organ groups. A) High-frequency gene mutations in different molecular subtype groups. 
Blue, luminal B breast cancer group. Green, HER2 positive breast cancer group. Yellow, 
triple-negative breast cancer group. B) High-frequency gene mutations in different metas-
tasis sites groups. Blue, brain metastasis group. Green, lung + liver metastasis group. Yel-
low, bone metastasis + local recurrence group. C) High-frequency gene mutations, which 
had never been reported in brain metastasis before.
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the brain microenvironment [33, 34]. We found that TP53 
mutation exists in patients with brain metastasis breast 
cancer (BCBM), which is consistent with previous studies. 
TP53 mutations are frequently observed in up to 60% of 
BCBM and have a higher frequency of mutations in TNBC 
and HER2+BC subgroups [35, 36]. We also found HFGMs 
specifically present in BCBM in our cohort, including AKT3, 
BARD1, MYCN, NT5C2. Grottke et al. showed that downreg-
ulation of AKT3 expression can promote the invasion and 
metastasis ability of triple-negative BC [37], and brain metas-
tases had significantly higher P-AKT expression than distant 
metastases from the lung and liver [38]. The implicated that, 
the DNA repair gene BARD1 is frequently overexpressed in 
brain metastases from BC and may constitute a mechanism 
to overcome reactive oxygen species–mediated genotoxic 
stress in the metastatic brain [39]. MYCN is upregulated in 
BCBM and could be a molecular biomarker identification in 
BCBM [40].

During metastasis, some tumor cells retain their biolog-
ical characteristics, while others manifest mutations different 
from those in the primary tumor [26]. Moreover, CTCs might 
harbor specific mutations for migrating to and surviving in 
different destinations with different microenvironments. In 
this study, we found mutated genes in MBC patients’ CTCs 
showing clusters according to the organ with metastasis 
found. Understanding CTC mutations could allow early 
detection of metastatic cancer [41, 42]. More investigations 
and analysis of data from larger populations are required to 
reveal any metastatic organ-specific mutations in CTCs and 
their link to mechanisms of metastasis.

In conclusion, CellCollector has a high CTC detection rate 
and can perform diverse downstream gene mutation detec-
tion. CTC may be associated with the number of metastatic 
sites and metastatic organs, HER2 status, and age. Different 
metastasis sites may contain specific HFMGs and some of 
which have never been reported before. Moreover, AKT3, 
MYC, and NT5C2 mutations were only found in brain metas-
tasis. APC, BCL2L11, ESRP1, FLT3 mutations were only in 
visceral metastasis. And KEAP1, KIT, MET were the specific 
mutation genes in bone and soft tissue metastasis patients in 
this study.

This is a new attempt to detect gene mutation information 
by CTC. Whether the mutated genes affect tumor metastasis 
and the role of these mutations in the tumor invasion process 
remains to be further explored in subsequent studies, and 
then ultimately to guide therapy.
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