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Abstract
Background: Characterization of early breast cancer circulating tumor cells (CTCs)
may provide valuable information on tumor metastasis.
Methods: We used immunomagnetic nanospheres to capture CTCs from the periph-
eral blood of eight early breast cancer patients and then performed single-cell RNA
sequencing using our proposed bead-dd-seq method.
Results: CTCs displayed obvious tumor cell characteristics, such as the activation of
oxidative stress, proliferation, and promotion of metastasis. CTCs were clustered into
two subtypes significantly correlated with the lymph node metastasis status of
patients. CTCs in subtype 1 showed a strong metastatic ability because these CTCs
have the phenotype of partial epithelial-mesenchymal transition and enriched tran-
scripts, indicating breast cancer responsiveness and proliferation. Furthermore, DNA
damage repair pathways were significantly upregulated in subtype 1. We performed
in vitro and in vivo investigations, and found that cellular oxidative stress and further
DNA damage existed in CTCs. The activated DNA damage repair pathway in CTCs
favors resistance to cisplatin. A checkpoint kinase 1 inhibitor sensitized CTCs to cis-
platin in mouse models of breast cancer metastasis.
Conclusion: The present study dissects the molecular characteristics of CTCs from
early-stage breast cancer, providing novel insight into the understanding of CTC
behavior in breast cancer metastasis.
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INTRODUCTION

Breast cancer has become the most frequently diagnosed
cancer type worldwide in women.1 Although early screening
and targeted drug therapy have reduced the progression
and mortality of breast cancer, metastasis is still the main
cause of death.2,3 Hematogenous metastasis mediated by
circulating tumor cells (CTCs) is a crucial mechanism of
distant metastasis of breast cancer. CTCs enter the blood
circulation from the primary site and then colonize the
new site.4,5 It is possible to employ a noninvasive
approach to monitor CTC numbers in real time.6 Hence,
CTCs have become a potential biomarker for evaluating
and monitoring metastasis or tumor recurrence. It has
been proved that CTC enumeration is correlated with
breast cancer progression.7,8 More importantly, the cellu-
lar molecular characteristics of CTCs in metastatic breast
cancer using single-cell RNA sequencing (scRNA-seq)
provide new biomarkers for monitoring tumor
metastasis.9,10

With the support of scRNA-seq, the molecular profile
of CTCs has made considerable progress for metastatic
breast cancer, while the CTCs in nonmetastatic breast
cancers are not investigated comprehensively. The preva-
lence of CTCs in early breast cancer is low (� 21.5%).8

The appearance of CTCs in blood refers to a worse prog-
nosis in early breast cancer. CTCs found in early-stage
tumors also indicate the potential to form metastases.8

Accordingly, the molecular landscape of CTCs in early
breast cancer is meaningful.

Lymph node metastasis (LNM) is an important prog-
nostic indicator of breast cancer, indicating that the cells
in tumors have metastatic potential.11 CTCs are related to
LNM in early breast cancer,8 illustrating that LNM is a
factor affecting the metastatic potential of CTCs. CTCs
from patients with LNM or non-LNM (NLNM) could be
in different physiological states. Therefore, molecular
investigation of CTCs in patients with early breast cancer
with LNM and NLNM is helpful to further understand
the molecular mechanism of metastasis.

In the present study, RNA analysis from single CTCs
was implemented in treatment-free patients with early
breast cancer with LNM or NLNM. The differences
between CTCs from early breast cancer and primary
tumor tissues were dissected. Based on differential expres-
sion patterns, the CTCs were classified into two
subtypes that were correlated with the lymph node
status of patients. Epithelial-mesenchymal transition
(EMT) and stemness characteristics were extracted
from different subtypes of CTCs. Antioxidant and DNA
damage repair were the main survival pathways in the
subtype of CTCs associated with LNM to resist the unfa-
vorable environment. We believe that the results from
single-cell molecular profiling of CTCs in early breast
cancer should be helpful for inhibiting breast cancer
metastasis.

RESULTS

ddATP incorporation during cDNA poly-A
tailing could effectively increase the amounts of
cDNA library

To achieve effective complementary DNA (cDNA) library
construction of single CTCs derived from patients with early
breast cancer, a bead-seq method was used because it is sen-
sitive and simple for single-cell library construction.12,13

However, we found that the amplicons from bead-seq were
insufficient for downstream sequencing, although PCR was
used to amplify the cDNA. This is because CTCs are differ-
ent from normal cells, and the RNA level in a single CTC
derived from a primary breast cancer patient is extremely
low. The protocol of bead-seq should therefore be modified
for cDNA library construction of single CTCs.

The excessive poly(A) tails supply many inappropriate
positions for anchored primers, and extension should thus
be blocked if the bases “VN” in the 30 end of the anchored
primers are not hybridized with the cDNA, leading to the
low efficiency of second-strand DNA synthesis (Figure S1a).
We proposed adding 20,30-dideoxyadenosine triphosphate
(ddATP) to limit the length of the poly(A) tail. As shown in
Figure S1b, the incorporation of 1% ddATP spiked in deox-
yadenosine triphosphate effectively improved the yields of
two-strand synthesis (Figure S1b). The scRNA-seq method
based on poly(A) tailing with additional 1% ddATP is
termed bead-dd-seq (Figure S1c). Compared to conven-
tional bead-seq, bead-dd-seq gave increased library abun-
dance in the case of the EEF1G and RSP18 genes
(Figure S1d). Meanwhile, we found that bead-dd-seq has a
sequencing coverage better than bead-seq (Figure S1e).

Single CTC expression profiles are
heterogeneous

Whole blood and primary tumor tissues were isolated from
four primary breast cancer patients with NLNM and four pri-
mary breast cancer patients with LNM. None of the enrolled
patients received any treatment. Whole blood was processed
by an immunomagnetic nanospheres platform to enrich
CTCs.14,15 Cells positive for epithelial cell adhesion molecule
(EpCAM) and calcein-acetoxymethyl ester (calcein-AM) but
negative for protein tyrosine phosphatase receptor type C
were identified as CTCs. Ninety cells were identified and
micromanipulated for further scRNA-seq, and 39 of these
90 cells were successfully sequenced (Figures 1a and S2). Bulk
transcriptomes of primary breast cancers were detected from
the eight patients and a separate cohort of 18 patients
(Figure 1a, Tables S1 and S2). To further eliminate potential
leukocyte contamination, an expression threshold was used to
define CTCs, including breast cancer-related markers (ESR1,
PGR, ERBB2, ERBB3, BRCA1, BRCA2, RAB7A, CDH1,
EPCAM, KRT7, KRT8, KRT18, AR, JUN) and leukocyte
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markers (PTPRC, FCGR3B, FCGR3A). Four cells were
excluded due to leukocyte contamination (red circles in
Figure S3a). In addition, copy number variation analysis was
performed to identify the origin of CTC. The results revealed
that there were obvious gain and loss of copy numbers in
CTCs (Figure S3b). Hence, the remaining 35 cells were
defined as classified CTCs (Figure S3a).

Unsupervised hierarchical clustering analysis of single
breast CTCs, single leukocytes, primary tumor tissues, and
single MCF-7 cells showed that the transcriptional signa-
tures of all tumor tissues were similar, while single CTCs
were highly heterogeneous (Figure 1b). There was no differ-
ence in the heterogeneity of single CTCs between NLNM
and LNM (average correlation coefficient from 0.3250 to
0.2814) (Figure 1c). Interestingly, the heterogeneity of single
CTCs varied greatly within patients, whereas this was not
observed among patients (average correlation coefficient
from 0.1686 to 0.3274) (Figure 1d and Figure S3c). The het-
erogeneity of CTCs among patients was higher than that
within patients (correlation coefficient 0.2874 vs. 0.3686)
(Figure 1e).

CTCs exhibit more oxidative stress activation
and negative cell cycle regulation than tumor
tissues

To characterize CTCs, we investigated the expression of
breast cancer-related genes (ERBB2, ERBB3, RAB7A,
GAPDH, JUN, CDH1), epithelial genes (EPCAM, CDH1,
KRT8, KRT18, KRT19, ITGA6, ITGA3, FLOT2), mesen-
chymal genes (CDH2, CDH11, FN1, VIM, SERPINE1),
cancer stem cell-related (CSC-related) genes (ALDH7A1,
CD44, KIT, NES, POU5F1, KLF4, SOX2, MYC), and
proliferation-related genes (MKI67, BIRC5, AURKA,
MYBL2, CCNB1, CCND1) in single CTCs (Figure 2a). Epi-
thelial markers were expressed in 82.86% of CTCs (29/35).
Almost all CTCs (94.29%) expressed stem cell-related
markers, including CD44, KIT, and SOX2. In addition,
88.57% of CTCs (31/35) expressed markers related to cell
proliferation.

Differential expression analysis was used to identify
genes that were upregulated in CTCs compared to primary
tumors (Figure 2b). A total of 1409 genes were upregulated

F I G U R E 1 scRNA-seq of breast CTCs. (a) An overview of the workflow for single CTC sequencing and analysis. IMNs, immunomagnetic nanospheres.
(b) Heatmap of unsupervised hierarchical clustering analysis of single CTCs, primary tumors, single cells identified as leukocytes and single cells from MCF-7
cells. LNM, lymph node metastasis; NLNM, nonlymph node metastasis; NA, missing value. (c–e) Heterogeneity of CTCs from patients with LNM and
without LNM (NLNM) (C), CTCs from each individual (d), and CTCs among individuals (e). Heterogeneity was calculated by the mean correlation
coefficients from the expression data.
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in CTCs (Figure 2c). CTCs exhibit interaction with blood
components. The expression of PF4 and PPBP genes illus-
trates the existence of platelet adhesion on the CTCs
(Figure S4).16 The CXCR4 gene expressed in CTCs was an
important chemokine receptor for CTC metastasis and
homing (Figure S4).17,18 CXCL12 secreted from endothelial
cells attracts CXCR4-expressing CTC, thus facilitating their
further intravasation.19 In addition, antioxidation is also a
feature of CTC. HBB and SOD2 could neutralize and reduce
intracellular reactive oxygen species (ROS) respectively to
maintain normal oxidation levels (Figure S4).20–22

Next, we identified the key pathways of CTCs and pri-
mary tumors. A total of 28 pathways were enriched in
CTCs. Most of them were related to translation, interleu-
kins, pathways in cancer, negative regulation of cell pro-
liferation and Rho GTPase (Figure 2d). Active
translational processes implied that there was substantial
protein synthesis in CTCs. Furthermore, ribosomal pro-
tein expression was also significantly upregulated in CTCs
(Figure S4) and was associated with CTC epithelial phe-
notype maintenance and proliferation metastasis.23 We
observed that cancer-related pathways, including the
PI3K-AKT signaling pathway and the R-MAPK signaling
pathway, were also upregulated in CTCs. Activation of
these pathways indicates the maintenance of proliferative
function in CTCs.24 Simultaneously, CTCs exhibited neg-
ative cell cycle regulation, including activation of TP53
signaling, responding to multiple DNA damage stimuli,
and DNA repair. CTCs undergo various harsh conditions
in blood, leading to the production of ROS.20,25,26 ROS
can cause DNA damage.27 The negative regulation of the
cell cycle might be one of the manifestations of CTCs in
harsh environments.

CTCs clustered into two subtypes with distinct
EMT phenotypes

CTC clustering can be divided into two main subtypes by
nonlinear dimensionality reduction analysis, consistent with
the results of unsupervised hierarchical clustering (Figures 3a
and 1b). We observed that CTCs in subtype 1 expressed
breast cancer therapy-related markers, whereas CTCs in sub-
type 2 did not (Figure 4a). This is consistent with previously
reported results that breast cancer therapy-related genes have
been expressed in parts of the CTCs,10,28 indicating that cells
with therapy resistance phenotype exist in CTCs. CTC sub-
types were related to the lymph node metastasis status of
patients (p = 0.0011) (Figure 3b), and 93.75% (15/16) of
CTCs isolated from patients with luminal B breast cancer
were clustered into subtype 1 (Figure 3c). Moreover, most of

the patients with CTCs in subtype 1 had a high expression of
Ki67 in primary tumors (Table S1). These results indicated
that CTCs in subtype 1 might be derived from clones in pri-
mary tumors with metastatic potential. This illustrates that
CTCs of patients with early breast cancer might have different
phenotypes, which might be related to the outcome of
patients.

Characteristics of CTC subtypes were determined by dif-
ferential expression analysis. There were 1594 genes upregu-
lated in subtype 1, including genes participating in stemness
maintenance, EMT, DNA repair, and anti-apoptosis
(Figure 3d and Figure S5a,b). Multiple tumor-related kinase
pathways were enriched in subtype 1, including the PI3K-
Akt signaling pathway, MAPK signaling pathway, ErbB sig-
naling pathway, platinum drug resistance, and Jak–STAT
signaling pathway (Figures 3e–i and Figure S5f). CTCs in
subtype 1 exhibited characteristics similar to ER-positive
breast cancers, such as CTCs positively expressing ER,
CCND1, MTOR, MYC, PI3K and CDK4/6 (Figure 4a,d).29

We also investigated the cell cycle score in CTCs. The
majority of CTCs in subtype 1 and subtype 2 were in the
G0/G1 phase. CTCs in subtype 1 had more cells in the
G2/M phase than those in subtype 2 (Figure 4e). Transcrip-
tion factor (TF) target gene analysis revealed several TFs
regulating the cell cycle and stemness in subtype 1, including
TP53, E2F1, BRCA1, ESR1, SP1, MYC, and KLF4
(Figure S5c–e). These results showed that CTCs in subtype
1 had tumor proliferative and antiapoptotic properties.
CTCs in subtype 1 might have higher malignancy and possi-
bly be associated with stronger metastatic potential.

CTCs in subtype 2 had 627 upregulated genes, including
genes involved in anti-apoptosis, EMT and migration
(Figure 3d and Figure S5a,b,f). Subtype 2 was composed of
two relatively independent subclusters, one of which was
contributed by P#25 (Figure 3a). We observed refined sub-
types existing in ER/PR/ERBB2 negative CTCs based on
Figure 3a. This phenomenon was also observed in scRNA-
seq of CTCs from metastatic breast cancer and the bulk
RNA-seq of CTC from early-stage breast cancer.10,30 In
addition, we believe that the sequencing data of CTCs from
P#25 may be influenced by intrapatient characteristics. Fur-
ther analysis requires more CTCs to extend the dataset of
subtype 2. The commonality among CTCs in subgroup 2 is
weak. Alternatively, CTCs in subtype 2 did not express
ErbB2, but cellular localization, plasma membrane adhesion,
and Rho GTPase signaling pathways were enriched in sub-
type 2. Activation of Rho GTPases and actin organization in
CTCs facilitated resistance to fluid shear stress (FSS) and a
reduction in FSS-induced plasma membrane damage.31 In
addition, O-glycosylated mucins, including MUC4 and
MUC16, were expressed in subtype 2 CTCs (Figure S6).

F I G U R E 2 Differentially expressed genes and the corresponding signaling pathways in CTCs versus primary tumors. (a) Heatmap of the expression
levels of genes related to breast cancer, mesenchyme, stemness, and proliferation in single CTCs. Epi, epithelial (breast cancer-related) genes; Mes,
mesenchymal genes; CSC, cancer stem cell-related genes. (b, c) Volcano plot (b) and Venn diagram (c) show the differentially expressed genes between CTCs
and primary tumors (p < 0.01 and fold change >2). (d) Signaling pathways enriched in CTCs versus primary tumors.
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Mucins play an important role in tumor invasion and
immune escape because they can mediate the binding of
CTCs to leukocytes and platelets and thus promote
metastasis.32,33

EMT is an important process in which tumor cells escape
from epithelial primary foci and enter the blood circulation
system. Almost all CTCs in subtype 1 expressed epithelial
markers and simultaneously expressed mesenchymal
markers, such as CD44, VIM, and SOX2, indicating that these
CTCs were in the intermediate phases of EMT. We calculated
the epithelial and mesenchymal scores of all CTCs
(Figure 4b,f and Figure S6) and found that almost all CTCs
exhibited coexisting epithelial and mesenchymal phenotypes.
The phenotype of CTCs in subtype 1 was relatively inclined
to the epithelial type. The phenotype of CTCs in subtype
2 was inclined to the mesenchymal type (Figure 4e). Based on
the expression of three markers (CDH1, VIM, and CD44),

CTCs in subtype 1 were considered to have a partial EMT
(pEMT) (CDH1+/VIM+) phenotype, while CTCs in subtype
2 were considered to have a pEMT/mesenchymal (pEMT/M)
(CDH1�/VIM+/CD44+) phenotype (Figure 4g).34

The CTCs undergoing EMT were accompanied by the
upregulation of stemness genes. We therefore investigated the
expression of stemness genes in CTCs. Stemness genes were
completely different between subtypes 1 and 2, but all CTCs
expressed CD44. EpCAM, CD44, and MET were expressed in
the subtype 1 CTCs. Some of these CTCs expressed CD47
(Figure 4c). This finding suggested that subtype 1 would have
a metastasis-initiating cell (MIC) phenotype. In addition,
CTCs in subtype 1 expressed the stem cell transcription factor
SOX2 (Figure 4c). There were two stem expression patterns
in CTCs of subgroup 2. One pattern is a high expression of
FLOT2 and KDM1A in the CTCs from P#25, and the other
pattern is the expression of NES and TP63 in the remaining

F I G U R E 3 Gene signatures and signaling pathways in CTCs. (a) t-SNE plot of CTCs from eight patients and subtype analysis by unsupervised
hierarchical clustering analysis. (b, c) t-SNE plots show the relationship between the two subtypes of CTCs and lymph node status (b) and the two subtypes
of CTCs and molecular subtypes of patients (c). LA, luminal A breast cancer; LB, luminal B breast cancer; TN, triple-negative breast cancer. (d) Gene
Ontology (GO) pathways in the two subtypes by gene set enrichment analysis (GSEA; FDR < 0.05). (e–i) GSEA plots of the ErbB signaling pathway (e),
pathway in cancer (f), platinum drug resistance (g), cell cycle (h), and PI3K-AKT signaling pathway (i) in CTCs.
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CTCs (Figure 4c). ALDH was detected only in a small num-
ber of CTCs, showing that CTCs might lack the characteris-
tics of epithelial stem cells. Other known CSC-regulated
genes, including STAT3, Notch 1, and Notch 2, were also
expressed in subsections of CTCs (Figure S6).

The PD-L1 gene correlates with breast cancer-
related genes in CTCs

We observed that CTCs in subtype 1 expressed PD-L1,
which helped tumor cells escape immune surveillance. CTCs

F I G U R E 4 Gene expression profiles and characterizations of the two CTC subtypes. (a–d) Gene expression in CTCs for breast cancer therapy-related
genes (a), EMT-related genes (b), stemness-related genes (c), and cell cycle-related genes (d). (e) Pie charts display the percentage of CTCs in G0/G1 phase
(gray), S phase (green), and G2/M phase (blue) in subtype 1 and subtype 2. (f) Scatterplots showing EMT score of CTC subtypes, epithelial breast cancer cell
lines and mesenchymal breast cancer cell lines. Sequencing data of breast cancer cell lines are derived from the Cancer Cell Line Encyclopedia (CCLE).
(g) Heatmap showing the expression of CHD1, VIM, and CD44 in single CTCs. (h) Correlation coefficient between the PDL1 gene and breast cancer-related
genes in single CTCs and primary tumors.
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with high expression of PD-L1 are associated with the risk
of metastatic breast cancer recurrence.35 We found that the
expression of PD-L1 was significantly associated with the
PIK3C3, ESR1, BRCA1, CDH1, EpCAM, and AKT1 genes
in CTCs, while this phenomenon was not found in the pri-
mary tumors (Figure 4h). This finding indicates that CTCs
with proliferative properties tend to express PD-L1 to
acquire the ability to escape immune surveillance. Thus, it is
possible to use CTCs as potential biomarkers for evaluating
immunotherapy in early breast cancer.

Oxidative stress leads to DNA damage repair
activation in CTCs

As described above, negative regulation of the cell cycle,
activation of TP53, and anti-apoptotic processes existed in
the CTCs of early breast cancer in our data (Figure 2d and
Figure S5f). This finding might be the terminal performance
of early breast cancer cells escaping from local sites and then
forming CTCs. CTCs might be detached from the extracel-
lular matrix (ECM) and stimulated by the shear force of
blood fluid. To verify this hypothesis, we used a microfluidic
system driven by a peristaltic pump to generate FSS and
simulate the physical environment of CTCs in the blood
vessel (Figure S7a). The FSS is controlled at 15 dyn/cm2.
MCF-7 and MDA-MB-231 cells were put into microfluidics
to simulate the behavior of CTCs. We found that cells trea-
ted with FSS had a slightly higher proportion of apoptotic
cells (Figure S7b,c) and stronger migration ability than those
from static culture (Figure S7d).

Alternatively, reactive oxygen species (ROS) in cells were
increased after 2 h of FSS treatment (Figure 5a,b). A high
level of ROS was observed until 12 h after FSS treatment,
thus FSS would cause oxidative stress in cells and then lead
to the generation of ROS, which is recognized as a type of
DNA damage mediator. As a result, longer DNA tailing was
detected in FSS-treated cells in the comet assay (Figure 5c,d
and Figure S7f). In addition, we observed the activation of
ataxia-telangiectasia-mutated protein (ATM), ataxia telangi-
ectasia and Rad3-related protein (ATR), checkpoint kinase 1
(CHK1), and checkpoint kinase 2 (CHK2) in FSS-treated
cells (Figure 5e). As shown in Figure 5f, DNA damage
caused a decreased proportion of cells in G2/M phase but an
increased proportion of cells in G0/G1 phase after FSS treat-
ment. This finding indicates that FSS caused DNA damage
in cells and then led to cell cycle arrest. We used
N-acetylcysteine (NAC) to inhibit oxidative stress, and the
results showed that NAC could induce a decline in the phos-
phorylation of histone H2AX in Serine 139 (γH2AX), phos-
phorylation of ATM (pATM) and phosphorylation of ATR
(pATR) in cells treated with FSS (Figure S7g), hence the
DNA damage caused by FSS could be neutralized by antioxi-
dants, and the DNA damage caused by FSS was mediated
by ROS.

Additionally, the activation of DNA repair could rescue
the cells from apoptosis caused by ROS, therefore we

speculated that the inhibition of the DNA damage repair
pathway could stimulate cells to undergo apoptosis, thus
reducing the occurrence of metastasis. From the genes upre-
gulated in CTCs, we selected ATM, ATR, and CHK1, which
participate in the DNA repair pathway mediated by DNA
double-strand breaks (DSBs) (Figure S4). Then, KU-55933
(ATM inhibitor), VE-821 (ATR inhibitor), and prexasertib
(CHK1 inhibitor) were employed to treat the cells as speci-
fied in Figure 5. The FSS-treated cells were more sensitive to
these inhibitors than static-cultured cells (Figure 5g,h), indi-
cating that the inhibition of DNA damage repair could
induce CTC apoptosis.

DNA damage repair is one of the main mechanisms of
resistance to platinum drugs. To determine whether CTCs
would be resistant to platinum drugs, cisplatin (CDDP) was
chosen. The results showed that the comet tail length of
FSS-treated cancer cells was shorter than that of static-
cultured cells when exposed to CDDP for 2 h, followed by
culturing the cells for 2 h in the absence of the drug
(Figure 5c,d and Figure S7g). However, we did not find any
significant effect of CDDP on the tail length in FSS-treated
cells (Figure 5c,d and Figure S7g). We then investigated
whether the apoptosis of cells occurred after exposure to
CDDP. As shown in Figure 5i, CDDP increased apoptosis in
static-cultured cells but not in FSS-treated cells. Addition-
ally, we found that apoptosis was increased after the FSS-
treated cells were exposed to CDDP in combination with
VE-821 or prexasertib (Figure 5j). This finding suggests that
DNA repair activated by FSS could reduce the cell apoptosis
caused by CDDP, and the inhibition of ATR or CHK1 activ-
ity by VE-821 or prexasertib could increase the sensitivity of
CTCs to CDDP.

To further investigate the efficacy of the CHK1 inhibitor
prexasertib on CTC-induced metastasis in vivo, 4T1 cells
labeled with luciferase (4T1/Luc) were injected into the tail
vein of Balb/c mice, followed by the administration of
CDDP and prexasertib after 6 h. Prexasertib was injected
intraperitoneally every 12 h during the first 3 days in a week
(for 2 weeks per test). CDDP was injected intraperitoneally
once every 4 days (for 2 weeks per test). The administration
of CDDP was 6 h later than that of prexasertib if two drugs
were administered on the same day (Figure 6a). After
2 weeks of treatment, either the combination of two agents
(CDDP and prexasertib) or the individual agents showed a
significant reduction in metastatic seeding, but the combina-
tion medication was better than a single agent (Figure 6b,c);
this finding was confirmed by the hematoxylin–eosin
(HE) staining results (Figure 6d). Consequently, the combi-
nation of platinum-based antineoplastic drugs and cell cycle
checkpoint inhibitors had a better effect on inhibiting the
formation of tumor metastasis.

DISCUSSION

Lymph node status is an important prognostic factor for
breast cancer.36 The relationship of lymph node metastasis
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and distant metastasis has always been a concern, therefore
the distant metastasis contributed by lymph node metastasis
via blood-derived metastasis has attracted attention.
Recently, mice-based studies indicated that the active tumor
cells in lymph node metastasis locus invade lymphatic ves-
sels to generate CTCs and then cause distant metastasis.37,38

At the same time, another study found that the tumor cells
in distant metastasis and in lymph node metastasis do not
have the same evolutionary lineage,11 therefore the contribu-
tion of lymph node metastasis to distant metastasis needs
further discussion. Based on the results that lymph node
metastasis was related to the CTCs positivity,8 we

F I G U R E 5 In vitro test for investigating the effect of FSS on oxidative stress-induced cellular DNA damage. (a, b) ROS levels in MCF-7 cells (a) and
MDA-MB-231 cells (b) determined by H2DCFDA after FSS treatment for 0, 0.5, 1, 2, 4, 8, and 12 h. *p < 0.05, **p < 0.01, and ***p < 0.001 versus cells after
FSS treatment for 0 h. (c, d) DNA damage by comet assay in MCF-7 cells (c) and MDA-MB-231 cells (d) after subjecting cells to FSS treatment or static
culture and then treatment with and without CDDP. Tail length is used to measure the extent of DNA damage. ***p < 0.001. (e) Western blots of p-ATM
(Ser-1981), ATM, p-ATR (Ser-428), ATR, p-Chk1 (Ser-345), Chk1, p-Chk2 (Thr-68), and Chk2 in MCF-7 and MDA-MB-231 cells after FSS treatment or
static culture. (f) FACS analysis of cell cycle populations in MCF-7 cells and MDA-MB-231 cells after FSS treatment for 24 h. (g, h) Cell viability assay by
CCK8 in MCF-7 (g) and MDA-MB-231 (h) under static culture or FSS treatment treated with 10 μM KU-55933 (KU), 5 μM VE-821 (VE), and 20 nM
prexasertib (Prex) for 48 h. *p < 0.05, **p < 0.01, and ***p < 0.001 versus DMSO. ●, p < 0.05, and ●●●, p < 0.001 versus KU-55933 in static culture. 4,
p < 0.05 versus VE-821 in static culture. �, p < 0.05 and ��, p < 0.01 versus prexasertib in static culture. (i) Cell apoptosis and necrosis using YO-PRO-1/
propidium iodide (PI) for staining FSS-treated or static MCF-7 cells and MDA-MB-231 cells that were cultured with 1 μg/mL CDDP. (j) FACS analysis of
cell apoptosis and necrosis using YO-PRO-1/PI for staining FSS-cultured MCF-7 and MDA-MB-231 cells that were treated with 1 μg/mL CDDP combined
with 1 μM VE-821 (VE) or 10 nM prexasertib (Prex).
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hypothesized that lymph node metastasis could reflect the
presence of CTCs which have the potential to generate
metastases. To prove this, we characterized the CTCs from
early-stage breast cancer patients with and without lymph
node metastasis by scRNA-seq. The CTCs were clustered
into two subtypes significantly correlated with lymph node
status. CTCs from patients with lymph node metastasis are
distributed in subtype 1, exhibiting the capability associated
with metastasis potential such as proliferation, stemness,
and immune escape. This illustrates that patients with
lymph node metastasis are more likely to generate CTCs
able to generate metastasis.

On the other hand, we did not find any significant dif-
ference in heterogeneity of CTCs between patients with
LNM and patients with NLMN. We also observed the simi-
lar phenomena that the heterogeneity of CTCs is related to
intrapatient tumor characteristics.39 The heterogeneity of
CTCs is well known6,40,41 and is affected by its own evolu-
tion in addition to the tumor origin.42,43 The strong hetero-
geneity of CTCs might therefore indicate that there are
highly heterogeneous cells in the primary tumor.42,44 More-
over, high intratumoral heterogeneity in the primary tumor
was associated with a worse clinical prognosis and could
thus reflect a high degree of tumor malignancy.45 Hence, we
believe that the heterogeneity of CTCs could reflect the clin-
ical prognosis. In the present study, we detected strong het-
erogeneity of CTCs with metastatic ability in luminal A

subtype breast cancer patients (P#4 and P#5). We also found
ER+ and ER� CTC coexisting in the patients, implying that
the patients might be at the risk of developing resistance to
intrafraction therapy. Thus, the CTC characterization is
helpful for tumor treatment, in particular for real-time mon-
itoring of the response to various treatments.

Moreover, our results indicated that CTCs interact with
the blood environment. The highly expressed platelet-
related genes in CTCs tell us that CTCs might have the pos-
sibility of inducing platelet aggregation. Since transforming
growth factor-beta (TGFβ) produced by platelets promotes
the EMT of CTCs,16 the lack of expression of TGFβ in CTCs
is reasonable. EMT is an important biological process
involved in the formation of CTCs and can endow epithelial
tumor cells with the ability to invade.46,47 As mesenchymal
CTCs with strong stemness were found in metastatic cancer
patients, completely mesenchymal CTCs are recognized as
the main cause for metastasis.

However, recent studies have shown that the completely
mesenchymal CTCs are difficult to generate metastases.
CTCs with mixed epithelial-mesenchymal phenotypes are
necessary for metastasis.48,49 We found that CTCs in early
breast cancer were the mixed epithelial-mesenchymal type,
and only few CTCs expressed EMT transcription factors.
Among the mixed epithelial-mesenchymal CTCs, pEMT
CTCs expressed EGFR, HER2, CD44, CCND1, and
NOTCH1 genes, and activated RAS/MAPK and PI3K/AKT

F I G U R E 6 In vivo test for investigating the effect of the Chk1 inhibitor on the response of CDDP-induced CTC apoptosis. (a) Schematic of the test. 4T1
cells expressing luciferase were injected into the tail vein of Balb/c mice to generate single CTCs. Mice were treated with 0.9% NaCl, vehicle (5% DMSO, 40%
PEG300, 5% Tween 80, and 50% ddH2O), prexasertib (10 mg/kg) dissolved in vehicle (purple line at the bottom), CDDP (3 mg/kg) (blue line on the top),
and the combination of prexasertib and CDDP. (b) Whole animal bioluminescent signals acquired after treatment. (c) Quantification analysis of the
bioluminescent signals from the chests of mice. **p < 0.01 versus vehicle and ##p < 0.01 versus 0.9% NaCl. $$, p < 0.01 versus prexasertib. 44, p < 0.01
versus CDDP. (d) HE staining images of lungs (�100) from tumor-bearing mice. Prex, prexasertib
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pathways. This suggests that pEMT is a stable phenotype,
which make CTCs better adapt to the environment for com-
pleting the colonization of distant locus. pEMT CTCs might
therefore be precursors to metastasis in early-stage breast
cancer and be the predominant medium of metastasis.

In addition, surviving in the blood circulation gives
CTCs more potential to form metastases. We found anti-
apoptotic pathways in CTCs specifically in subtype 1, includ-
ing immune escape, antioxidation, and DNA damage repair.
Tumor cells surviving in a simulated blood environment can
survive under antioxidant and DNA damage repair condi-
tions. Current treatment strategies for cancer aim at the
rapid proliferation of tumor cells, but CTCs could not pro-
liferate because the influence of the blood environment.50

Induction of CTC death might therefore be an essential way
to prevent metastasis formation. We proposed that stimula-
tion of oxidative stress and inhibition of DNA damage
repair could be a way to inhibit the survival of CTCs. Anti-
oxidant and cell cycle checkpoint therapy may not realize an
effective tumor treatment for now due to oxidative stress
and DNA damage having a bidirectional impact on tumor
cells,51,52 but it could become a new therapeutic target based
on personalized treatment in the future.

We should emphasize that the number of CTCs we col-
lected in the present study was limited and thus it was diffi-
cult to classify CTCs into more refined subgroups. This
limitation was mainly due to the low detection rate of CTCs
originating from nonmetastatic breast cancer and the rela-
tively low rate of obtaining intact CTCs. Although our
observations need to be validated in prospective trials, the
results from a single-cell transcriptomic profile of CTCs of
early breast cancer do provide us with novel insights into
understanding CTC behavior in breast cancer metastasis.
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