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Circulating tumor cells (CTCs) are the seeds of distant metas-
tases of malignant tumors and are associated with malignancy
and risk of metastasis. However, tumor cells undergo epithe-
lial-mesenchymal transition (EMT) during metastasis, leading
to the emergence of different types of CTCs. Real-time dynamic
molecular and functional typing of CTCs is necessary to pre-
cisely guide personalized treatment. Most CTC detection sys-
tems are based on epithelial markers that may fail to detect
EMT CTCs. Therefore, it is clinically important to identify
newmarkers of different CTC types. In this study, bioinformat-
ics analysis and experimental assays showed that trophoblast
cell surface antigen 2 (TROP2), a target molecule for advanced
palliative treatment of triple-negative breast cancer (TNBC),
was highly expressed in TNBC tissues and tumor cells. Further-
more, TROP2 can promote the migration and invasion of
TNBC cells by upregulating EMT markers. The specificity
and potential of TROP2 as an EMT-associated marker of
TNBC CTCs were evaluated by flow cytometry, immunofluo-
rescence, spiking experiments, and a well-established CTC
assay. The results indicated that TROP2 is a potential novel
CTC marker associated with EMT, providing a basis for more
efficacious markers that encompass CTC heterogeneity in pa-
tients with TNBC.

INTRODUCTION
Breast cancer (BC) is the most common cancer in women and the sec-
ond leading cause of cancer-related deaths after lung cancer. Triple-
negative BC (TNBC) accounts for 15%–20% of all BC cases,1 which
is negative for immunohistochemistry (IHC)-based assessment of es-
trogen receptor (ER), progesterone receptor, and human epidermal
growth factor receptor 2 (HER2) amplification. Due to the lack of
effective targeted therapies, TNBC is the most aggressive subtype of
BC, with early recurrence, a high incidence of visceral metastasis,
and short survival.2,3 Therefore, there is an urgent need for more
rapid, effective, and less invasive methods for early diagnosis and
monitoring.
Molec
This is an open access article under the CC BY-N
Compared with tissue biopsy, liquid biopsy is a good tool for tumor
diagnosis, response monitoring, and prognosis assessment. The
advantages of liquid biopsy include noninvasive sampling and repro-
ducibility.4 Liquid biopsy involves the detection of circulating bio-
markers such as circulating tumor cells (CTCs), circulating tumor
DNA (ctDNA), and extracellular vesicles and circulating micro-
RNAs.5,6 CTCs are tumor cells that are shed from solid tumors and
circulate in the peripheral blood; they carry genomic, transcriptomic,
proteomic, and metabolomic information, which is important for
oncology.5,7 Detection of CTCs primarily involves three technical as-
pects: separation, enrichment, and identification. Conventional
enrichment assaysmainly rely on the epithelial cell adhesionmolecule
(EpCAM), such as the Food and Drug Administration–approved
CellSearch system.8

Previous studies have showed that heterogeneous CTC populations,
such as subgroups undergoing epithelial-mesenchymal transition
(EMT) with low or undetectable levels of EpCAM, may be highly
aggressive and invasive.9,10 In general, enrichment of CTCs based
on the EpCAM antibody alone makes it difficult to capture different
types of CTCs.11 Moreover, tumor heterogeneity leads to decreased
detection sensitivity, which poses a challenge for detecting CTCs.12

Because EMT and the acquisition of chemoresistance are associated
with the loss of epithelial markers and features, research to identify
different CTC subtypes and efficacy monitoring–related markers is
ongoing.13,14 It is important to discover novel markers to capture
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more types of CTC subgroups and to define alternative markers for
more comprehensive and efficient CTC detection assays.

Bioinformatics analysis revealed that trophoblast cell surface antigen
2 (TROP2), a calcium-transducing transmembrane protein, is ex-
pressed at low levels in normal tissues and high levels in many malig-
nant tumors, particularly TNBC.15,16 TROP2 is involved in several
oncogenic signaling pathways that lead to tumor development, inva-
sion, and metastasis.17 High expression of TROP2 in BC, especially
TNBC, is associated with poor prognosis, making it a potential ther-
apeutic target in cancer treatment.15 Based on clinical trials data, an
anti-TROP2 antibody-drug conjugate (ADC; sacituzumab govitecan;
Trodelvy) has been approved to treat metastatic TNBC.18 In some
clinical trials (particularly BC), increased numbers of CTCs and
CTCs with mesenchymal features have been associated with a higher
disease stage, metastasis, treatment response, and poor clinical prog-
nosis.10,13,19,20 However, TROP2 reportedly enhances EMT and pro-
motes tumor metastasis.

In this study, we aimed to investigate the correlation between TROP2
expression levels and the EMT-related biological behavior of BC cells.
In addition, we explored the applicability and efficacy of TROP2 as a
novel marker of CTCs in TNBC compared to classical EMT markers.

RESULTS
TROP2 is highly expressed in TNBC and is related to poor

prognosis

The tumor antigen TROP2, encoded by the TACSTD2 gene, is one of
the most significantly differentially expressed proteins between
normal and tumor tissues, based on the analysis of uniformly pro-
cessed RNA-sequencing data from The Cancer Genome Atlas
(TCGA) and Genotype-Tissue Expression (GTEx) in the RNAseqDB
database (https://github.com/mskcc/RNAseqDB).21 As shown in Fig-
ure 1A, the transcriptional expression of TROP2 from the TACSTD2
gene was significantly higher in BC tissues compared to their adjacent
normal breast tissues. Furthermore, the protein expression of TROP2
was higher in TNBC than in the other BC subtypes (Figure 1B). Sub-
sequently, IHC results of BC tissue sections showed that TROP2 was
significantly upregulated in TNBC and positively correlated with
higher TNM staging (Figures 1C and 1D). In addition, the Kaplan-
Meier plot showed that patients with TNBC with higher TACSTD2
expression had a worse prognosis (Figure 1E). These data indicate
that increased expression of TROP2 in TNBC is strongly associated
with a worse prognosis in patients with TNBC.

TROP2 affects expression of tumor progression markers

Subsequently, ER + BC cell line MCF-7; HER2+ BC cell line SK-BR3;
TNBC cell lines MDA-MB231, MDA-MB453, MDA-MB468, and
BT549 cells; and normal mammary epithelial cells MCF-10A were
used to further verify TROP2 by qRT-PCR. The results were generally
consistent with the database. Compared to MCF-10A, TROP2 was
more highly expressed in MDA-MB468 and MDA-MB231 cells, but
expression was lower in BT549 cells (Figure 2A). High expression
of TROP2 has been shown to contribute to tumor proliferation and
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migration. To evaluate whether TROP2 affects the biological behavior
of BC cells, TROP2 was overexpressed in BT549 cells and knocked
down in MDA-MB231 cells using the corresponding lentivirus (Fig-
ure 2B). EMT and cell proliferation markers in these cells were exam-
ined by qRT-PCR. TROP2 overexpression resulted in increased
mRNA expression of vimentin, cyclinD1, c-myc, and sox2. In
contrast, TROP2 knockdown resulted in decreasedmRNA expression
of these markers (Figure 2C).

TROP2 promotes invasion by upregulating mesenchymal

markers in TNBC cells

There is evidence that TROP2 promotes the invasion in gastric can-
cer.22 To explore whether TROP2 has the same function in TNBC,
TCGA database analysis of gene expression was performed to vali-
date our hypothesis that the TACSTD2 gene is significantly associ-
ated with EMT-related molecules or signaling pathways. TROP2
was positively correlated with EMT markers and the transforming
growth factor b (TGF-b) EMT-related signaling pathways (Fig-
ure 3A). Western blotting results showed that overexpression or
knockdown of TROP2 induced up- and downregulation of
N-cadherin and vimentin, respectively (Figure 3B). Furthermore,
wound healing assay results revealed that overexpression of
TROP2 significantly promoted the migration of BT549 cells
compared to the control. In contrast, knockdown of TROP2 by
small hairpin RNA (shRNA) significantly attenuated the migration
of MDA-MB231 cells (Figures 3C and 3D). Transwell assay results
of the migration and invasion capacity of cells demonstrated that
overexpression of TROP2 significantly increased the migration
and invasion ability of BT549 cells. In contrast, the knockdown of
TROP2 reduced the capacity of migration and invasion in MDA-
MB231 cells (Figures 3E and 3F). The collective findings demon-
strate that TROP2 promotes the invasion and migration of TNBC
cells by upregulating EMT, suggesting that TROP2 can be used as
an EMT-related marker in combination with other classical CTC
assay markers to improve CTC detection rates.

Expression of TROP2 in TNBC cells and blood cells

TROP2 expression was examined in TNBC cell lines by qRT-PCR.
Compared with MCF-10A cells, TROP2 expression was detected in
BC cell lines, particularly in the TNBC cell lines MDA-MB468,
MDA-MB231, and MDA-MB453 (Figure 2A), suggesting that
TROP2 may be a suitable marker for the detection of BC cells. In
addition, the TROP2-targeted ADC has been used for the treatment
of some types of solid tumors. Sacituzumab govitecan, an ADC target-
ing TROP2, has recently been approved for the treatment of advanced
palliative TNBC. TROP2 may, therefore, be a novel marker for the
detection of CTCs in TNBC. In addition, TROP2 belongs to the
same TACSTD gene family as the classical tumor marker EpCAM.
To assess the specificity of TROP2 as a CTC marker, flow cytometry
and cell immunofluorescence (IF) were used to identify TROP2 and
EpCAM expression in TNBC cells and MCF-10A (Figures 4A and
4B). Their expression was then analyzed in peripheral bloodmononu-
clear cells (PBMCs) from healthy controls by IF to determine their
specificity as novel biomarkers for CTC (Figure 4C). Western blot
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Figure 1. TROP2 is highly expressed in TNBC and is related to poor prognosis

(A) Analysis of the TCGA and GTEx databases revealed the high expression of TROP2 in BC tissues compared to normal tissues. (B) In the CPTAC database, TROP2 was

expressed at higher levels in TNBC than in other BC types. (C) IHC staining of pathological tissue from clinical patients showed higher TROP2 expression in TNBC tissue than

in luminal and HER2+ BC tissue. Longer scale bars, 625 mm; shorter scale bars, 100 mm. (D) TROP2 IHC score is correlatedwith higher TNM staging. (E) Kaplan-Meier survival

analysis of TROP2 from TCGA dataset. The data suggest that high TROP2 expression is associated with poor prognosis in patients with TNBC. HR denotes the hazard ratio

of the low-expression sample relative to the high expression sample. HR > 1 and <1 indicate that the gene is a risk factor and a protective factor, respectively. *p < 0.05;

**p < 0.01; ***p < 0.001; ns, not significant.
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results also showed low or absent expression of TROP2 in MCF-10A
cells and PBMCs (Figure S2).

Subsequently, the potential applicability of TROP2 for tumor cell cap-
ture and identification was then tested using a spiking assay. Defined
numbers of three types of TNBC cells were added to 5 mL of healthy
human peripheral whole blood to capture tumor cells by negative
enrichment and identify them by IF. After negative enrichment of
spiking assay, in the single-positive identification for creatine kinase
(CK) antibody, the recovery of MDA-MB468, MDA-MB453, and
MDA-MB231 cells was 19.3%, 29.6%, and 25.6%, respectively. In
the double-positive test for CK and TROP2 antibodies, the recovery
was 16.9%, 30.2%, and 25.3%, respectively (Figure 4D). In combina-
tion with the previously described high expression of TROP2 in
TNBC and its ability to influence EMT, the findings suggest that
TROP2 has the potential to be an adjunctive marker for identifying
Molecular Therapy: Oncology Vol. 32 March 2024 3
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Figure 2. TROP2 expression affects the expression of tumor progression markers

(A) Differential mRNA expression levels of TROP2 in different BC cell lines by qRT-PCR. (B) Overexpression of TROP2 in BT549 cells and knockdown of TROP2 in MDA-

MB231 cells using lentivirus. (C) Overexpression or knockdown of TROP2 is followed by changes in the expression of markers related to EMT, cell-cycle progression,

and cell stemness. Results are presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.
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TNBCCTCs, thus assisting in the detection of more metastatic poten-
tial CTCs.

High expression of TROP2 in TNBC CTCs and its potential for

detecting mesenchymal-associated CTCs

The well-established CanPatrol CTC assay platform was used to vali-
date the clinical applicability of TROP2 as a candidate molecule for
novel CTC markers in blood samples from patients with TNBC.
The workflow of the assay platform is shown in Figure 5A. Next,
the spiking assay was used to verify the TROP2 expression results
of standard TNBC cell lines detected by the RNA in situ hybridization
(RNA-ISH) assay in the CanPatrol CTC assay platform; the steps of
the spiking assay were described previously. TROP2 was highly ex-
pressed in the different TNBC cells (Figure 5B), which was generally
consistent with qRT-PCR results shown in Figure 2A, demonstrating
the feasibility of clinical blood CTC detection by TROP2 using the
CanPatrol CTC assay platform. Furthermore, the results showed
that the expression level of TROP2 was positively correlated with
the mesenchymal marker vimentin, especially in MDA-MB231 and
MDA-MB468 cells (Figure S3). The CanPatrol CTC assay platform
was then used to count and type CTCs from a total of 39 blood sam-
ples, including luminal, HER2+ BC patients and TNBC. The ratios of
different types of CTCs to total CTCs in luminal, HER2+ BC, and
TNBC are shown in Figure S4. More hybrid epithelial mesenchymal
CTCs were evident in patients with TNBC. In addition, TROP2 was
4 Molecular Therapy: Oncology Vol. 32 March 2024
more highly expressed in CTC patients with TNBC and was low in
HER2+ patients, although TROP2 expression levels were also high
in CTCs of luminal BC patients, and consistent with the Clinical Pro-
teomic Tumor Analysis Consortium (CPTAC) database information
(Figure 1B) and BC cell qRT-PCR results (Figure 2A). Specifically, we
analyzed the typical cases of each BC subtype. TROP2 expression
levels in CTCs from a patient with TNBC (P3030) were significantly
higher than that from a HER2+ patient with BC (P4187). Although
higher TROP2 expression was detected in CTCs from a patient
with luminal BC (P2997), it was significantly lower than that in pa-
tients with TNBC (Figure 5C). More interesting, we found that in pa-
tients with TNBC, TROP2 was not expressed or was expressed at low
levels in epithelial CTCs and was highly expressed with increasing
levels of EMT in hybrid epithelial mesenchymal CTCs. The expres-
sion level of TROP2 was positively correlated with the expression
level of mesenchymal markers, as shown in Figure 5D, demonstrating
that TROP2 has the potential to detect mesenchymal-associated
CTCs in patients with TNBC.

DISCUSSION
BC is the most common cancer in women, according to statistics from
the World Cancer Research Fund International (https://www.wcrf.
org/cancer-trends/worldwide-cancer-data/). Approximately 15%–
20% of all BCs are TNBC.1 Compared with other BC subtypes,
TNBC is the most difficult subtype to treat. Rapid and effective early
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Figure 3. TROP2 promotes invasion by upregulating mesenchymal markers in TNBC cells

(A) Positive correlations between TACSTD2 and EMT-related molecules and the TGF-b pathway by Spearman correlation analysis. (B) Overexpression or knockdown of

TROP2 affects the protein levels of the mesenchymal-associated markers N-cadherin and vimentin. (C and D) The migration ability of BC cells is increased after over-

expression of TROP2 (C) and decreased after knockdown of TROP2 (D) as assessed by the wound healing assay. (E and F) The migration and invasion abilities of BC cells

were increased and decreased, respectively, after overexpression or knockdown of TROP2 as assessed by the transwell assay. Results are presented as mean ± SD.

*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.
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diagnosis and monitoring of the outcome of curative treatment are
urgently needed.23

Liquid biopsy is an effective tool for early diagnosis, minimal residual
disease monitoring, and prediction of treatment efficacy.24 Liquid bi-
opsy includes the detection of CTCs, ctDNA, extracellular vesicles,
and other circulating tumor biomarkers such as microRNAs.6,25–27

CTCs carry multi-omics information and have rich clinical value.
CTCs in early, locally advanced, or metastatic BC have shown inde-
pendent prognostic value in several clinical trials and meta-ana-
lyses.28 CTC count and molecular subtype correlate with prognosis
and treatment monitoring. For example, the presence of epithelial
Molecular Therapy: Oncology Vol. 32 March 2024 5
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and mesenchymal subtypes of CTCs is dynamic during therapy, with
higher rates of mesenchymal CTCs during tumor progression.29

However, the phenotypic heterogeneity of CTCs poses challenges in
laboratory detection.25,28 In addition, the properties of CTCs that
lead to their successful metastatic dissemination remain unclear.
Consequently, research has sought to detect various types of CTCs
and to determine which type has more metastasis characteristics.30

EMT is a highly conserved mechanism associated with cell migra-
tion, invasion, and dissemination during the development of can-
cer metastasis. EMT is a dynamic process that imparts mesen-
chymal properties to epithelial cells, facilitating the spread of
tumor cells and metastasis.13,31–33 However, EMT also leads to
the downregulation of epithelial proteins, such as EpCAM,34

which is commonly used to enrich and detect CTCs, resulting in
a subpopulation of CTCs that express low levels of EpCAM. These
cells are poorly captured by EpCAM-dependent approaches,
such as CellSearch. Thus, it is possible that CTCs with more met-
astatic phenotypes may be missed.35 Therefore, the search for
novel biomarkers of CTCs to overcome missed detection is an ur-
gent one.

TROP2 was first described in 1981 as a protein highly expressed on
the surface of trophoblast cells.36 TROP2 is a transmembrane
glycoprotein and calcium signaling transducer, which is limited ex-
pressed in normal human tissues and overexpressed in a variety of
malignant tumors, including BC. TROP2 is involved in tumor
development, invasion, and metastasis.16,37 In addition, retrospec-
tive studies have linked TROP2 expression to worse prognosis in
patients with BC.38,39 In this study, through database and patient
tumor tissue IHC analyses revealed higher expression of TROP2
in TNBC than in other subtypes. In addition, the expression was
associated with higher levels of pathological staging. The previous
and presently documented characteristics of TROP2 make the pro-
tein an attractive therapeutic target in cancer therapy. Sacituzumab
govitecan is an ADC that has been approved for the treatment of
metastatic TNBC.18,40 However, based on the mechanism of action
of ADCs, it is expected that the targeted antigen will be overex-
pressed on the cancer cell membrane to achieve antitumor activ-
ity.41 Drawing on the findings of previous clinical cohort studies
of ADC drugs, the first-in-human trial of HER2-ADC ado-trastu-
zuma (T-DM1) was performed in BC patients with obvious HER2
overexpression, which was indirectly demonstrated by IHC or
RNA-ISH detection. However, T-DM1 displayed markedly less ac-
tivity in patients with low or negligible levels of HER2.42,43 ADC
drugs are very expensive; biomarkers are needed to aid physicians
in clinical decision making and accurate prediction of therapy to
increase clinical benefit to patients. These findings confirm the
Figure 4. Expression of TROP2 in TNBC cells and blood cells

(A and B) Flow cytometry assay and IF comparison of EpCAM and TROP2 expression in

breast cells. The bar graph shows mean fluorescence intensity ± SD. (C) The specificity o

expression of EpCAM, CD45, and TROP2 in human PBMCs. (D) The potential applicab

using the novel marker TROP2 and classical marker CK.
need for a predictive biomarker to select patients for ADC
treatment.

Current CTC assays have significantly advanced cancer prognosis,
response to anticancer treatment, and predictions of sensitivity and
resistance.44 Biomarkers in CTC are used as target molecules for pre-
dicting and monitoring clinical cancer therapy, including HER2, ER,
androgen receptor variant 7, immune checkpoint inhibitors pro-
grammed cell death protein 1/programmed death-ligand 1, and
others.45,46 Similarly, TROP2 ADC drugs need to be diagnosed to
assist in clinical decision making. In clinical cohort studies of ADCs
targeting TROP2, the method for measuring TROP2 expression levels
is mainly IHC. However, due to the heterogeneity of tumors, espe-
cially TNBC, the most heterogeneous subtype, liquid biopsy tech-
niques that include CTC assays to detect the expression of TROP2
in patients would more accurately identify patients with high or
low TROP2 expression.

TROP2 is a widely expressed glycoprotein encoded by the TACSTD2
gene. TROP2 belongs to the EpCAM family which is a classical
marker of CTCs.47 In the present study, we observed that TROP2
was overexpressed in TNBC cells, but not in normal mammary cells.
These findings indicate that TROP2 may be a suitable novel marker
for the identification of CTCs in TNBC. The specificity of TROP2 as
a CTC marker was highlighted by its absence in PBMCs from
healthy controls. In addition, TROP2 is associated with poor prog-
nosis in multiple cancers. TROP2 may serve as an independent
prognostic biomarker in patients with glioblastoma and oral squa-
mous cell carcinoma.48,49 Furthermore, previous studies have shown
that the upregulation of TROP2 plays a critical role in human cancer
growth and that tumor development is quantitatively driven by
TROP2 expression levels.50,51 Moreover, TROP2 high expression is
a suitable marker for stratifying patients with a high risk of colo-
rectal cancer.52 It has also been indicated that the expression of
TROP2 acted as an efficient predictor of the response to precision
cancer therapy.53 These results indicate that TROP2 has the poten-
tial to serve as a biomarker for CTCs, which could be useful for ef-
ficacy monitoring and prognosis prediction in patients with TNBC.

Previous studies have also considered that TROP2 has important roles
in tumor metastasis and promotion of EMT.22,39,47 In the present
study, TACSTD2 expression was significantly and positively corre-
lated with EMT markers and affected the migration and invasion of
TNBC cells. TROP2 remained highly expressed in MDA-MB231 cells
in which the epithelial marker EpCAM was downregulated or even
absent. This finding suggests that TROP2 can be used in combination
with EpCAM to detect CTCs. However, the CanPatrol CTC assay
platform revealed that the expression of TROP2 was higher in both
TNBC cells (MDA-MB468, MDA-MB453, and MDA-MB231) and MCF-10A normal

f TROP2 as a potential marker for CTCs in TNBC, as assessed by the IF assay of the

ility of TROP2 to capture and identify tumor cells, as assessed by the spiking assay
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CTCs from TNBC and EMT CTCs, suggesting that TROP2 may be a
potential marker for EMT-associated CTCs in TNBC. Combined with
classical CTC markers, this could improve the detection rate of CTCs
and reduce the rate of missed detections. In addition, the higher
expression of TROP2 in TNBC CTCs is consistent with the theory
that it could be a good therapeutic target for TNBC.

A limitation of this study is the small number of patients. Confirma-
tion of TROP2 as a novel marker of EMT-associated CTCs in patients
with TNBC requires larger-scale studies.

In conclusion, TROP2 is particularly highly expressed in TNBC and
promotes BC cell migration and invasion. The specificity and applica-
bility of TROP2 as a potential biomarker of EMT CTCs in TNBC was
validated in cell lines and clinical blood specimens. Future studies are
needed to provide more data on liquid biopsy associated with anti-
TROP2 ADC companion diagnosis and detection of more types
of CTCs.
MATERIALS AND METHODS
Cell lines and culture

MCF-7, BT549, MDA-MB231, MDA-MB468, MDA-MB453, and
SK-BR3 human BC cells lines and HEK-293FT human cells were ob-
tained from the American Type Culture Collection (Rockville, MD).
MCF-10A cells were purchased from Cell Signaling Technology
(Danvers, MA). BT549 cells were cultured in RPMI 1640 medium
(Basal Media, Shanghai, China) supplemented with 10% fetal bovine
serum (FBS; Gibco, Franklin Lakes, NJ) and 1% penicillin-strepto-
mycin. MDA-MB231, MDA-MB468, MDA-MB453, and SK-BR3
cells were cultured in DMEM (Basal Media) supplemented with
10% FBS and 1% penicillin-streptomycin. MCF-7 cells were cultured
in modified Eagle’s medium (Basal Media) supplemented with 10%
FBS and 1% penicillin-streptomycin. MCF-10A cells were cultured
in MCF-10A specific medium (Procell Life Science & Technology,
Wuhan, China). All of the cells were cultured in a humidified atmo-
sphere of 5% CO2 at 37�C.
Gene and pathway correlation analysis

RNA-sequencing expression54 profiles and corresponding clinical in-
formation for TNBC were downloaded from the TCGA dataset
(https://portal.gdc.cancer.gov/). The gene set variation analysis tool
in the R software package was used, with method = ’ssgsea’ as the
parameter. The correlation between gene and pathway scores was
analyzed using Spearman’s correlation. All of the analysis methods
and R packages were implemented in R version 4.0.3. Statistical sig-
nificance was set at p < 0.05.
Figure 5. High expression of TROP2 in TNBC CTCs and its potential for detect

(A) Flowchart of CanPatrol CTC assay platform based on RNA-ISH. (B) Detection of TRO

graph shows mean positive signal intensity ± SD. (C) Typical images of CTCs based on

higher than that from other BC subtypes by CanPatrol CTC assay. (D) Typical images

mentin. Low or negligible expression of TROP2 was observed in epithelial CTCs. Expre

epithelial-mesenchymal CTC. *p < 0.05; **p < 0.01; ***p < 0.001.
IHC

BC and TNBC samples were obtained from Chongqing University
Cancer Hospital, the ethics committee had approved the relevant
research. Sixty TNBC tissue sections were included in the study.
The tissue samples were sectioned at a 4-mm thickness, deparaffined
in xylene, dehydrated, and antigen retrieval was blocked by 10% goat
serum. The tissue sections were incubated with TROP2 primary anti-
body (1:50, Absin, Shanghai, China), overnight at 4�C, followed by
horseradish peroxidase secondary antibody (1:50, Biosharp, Anhui,
China) for 30 min at room temperature and then stained with diami-
nobenzidine. IHC staining was observed with a FluoView FV1000
microscope (Olympus, Tokyo, Japan). TROP2 expression was scored
using the semiquantitative H-score method, which considers both the
staining intensity and the percentage of cells at that intensity.

RNA extraction and qRT-PCR

Total RNA was extracted from the cells using TRIzol reagent (Bio-
sharp). For reverse transcription, 1 mg of total RNA was reverse tran-
scribed using Hifair III reverse transcriptase (YEASEN, Shanghai,
China). qPCR was performed using the Hieff qPCR SYBR Green
Master Mix (YEASEN). Relative RNA expression of selected genes
was normalized to b-actin. All of the experiments were performed ac-
cording to the manufacturer’s instructions. The primer sequences for
the detected genes are listed in Table S1.

Western blotting

The cells were lysed in radioimmunoprecipitation assay buffer (Beyo-
time, Shanghai, China) with PMSF (Solarbio, Beijing, China). Ex-
tracted protein concentration was measured using bicinchoninic
acid protein assay kit (Beyotime), and then separated by 10% SDS-
PAGE and transferred to polyvinylidene difluoride membranes ac-
cording to the standard methods. The membranes were blocked
with 5% skim milk and incubated with specific primary antibodies
against TROP2 (1:1,000, Absin), N-cadherin (1:1,000, Proteintech,
Wuhan, China), vimentin (1:1,000, Proteintech), and glyceraldehyde
3-phosphate dehydrogenase (1:1,000, Proteintech) at 4�C overnight.
The membranes were incubated with secondary antibody (1:10,000,
Biosharp) at room temperature for 1 h. The proteins were visualized
by enhanced chemiluminescence assay (Millipore Corporation, Bur-
lington, MA).

Plasmids, transfection, and lentivirus infection

The TROP2 overexpression and corresponding control vectors were
obtained from Genecopoeia (Rockville, MD). All of the transfections
were performed using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA). Lentivirus produced by transfected HEK-293FT were used to
ing mesenchymal-associated CTCs

P2 and vimentin expression levels in different TNBC cells by RNA-ISH assay. The bar

the RNA-ISH. TROP2 expression in CTCs from patients with TNBC was significantly

of TROP2 expression in CTCs from TNBC and correlation between TROP2 and vi-

ssion was higher in EMT CTCs. E, epithelial CTC; M, mesenchymal CTC; H, hybrid
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infect BT549 cells. MDA-MB231 cells were infected by shRNA spe-
cific to TROP2 lentiviruses (Tsingke Biotechnology, Beijing, China).
All of the experiments were performed according to the manufac-
turer’s instructions. Infected cells were selected using puromycin
(2 mg/mL) for 2 weeks.

Wound healing assay

Cells from different groups were plated in 6-well plates. Each cell
monolayer that developed was scratched with a sterile pipette tip,
and the floating cells were removed using PBS. The remaining
adherent cells were cultured in serum-free medium to allow for cell
growth and wound healing. After culturing for 0, 24, and 48 h, images
were captured using by phase-contrast microscopy (Olympus).

Transwell assay

Each Transwell chamber was coated with 200 mL Matrigel (1:8 dilu-
tion; BD Bioscience, San Jose, CA) for 2 h at 37�C. For migration as-
says, the chambers were not coated with Matrigel. For both assays,
Transwell chambers were placed on a 24-well plate with 500 mL
1640 or DMEM medium containing 10% FBS in the lower chamber
according to the manufacturer’s protocols. Cells were harvested, re-
suspended (2 � 104) in 1640 or DMEM serum-free medium, and
added to the upper chamber. After culturing for 24 h, the invading
or migrating cells on the opposite side of the membrane were fixed,
stained with crystal violet, and imaged by microscopy.

Flow cytometry

Cells from the different BC cell lines were detached with 0.25%
trypsin and resuspended as single cells at a concentration of
1 � 106 in PBS. Each suspension was incubated with phycoerythrin
anti-TROP2 (1:100, BioLegend, San Diego, CA) and fluorescein iso-
thiocynate anti-EpCAM (1:100, BioLegend) for 1 h at 4�C protected
from light. The cells were washed 3 times with PBS and resuspended
in 500 mL PBS. TROP2+ or EpCAM+ cells were evaluated by flow cy-
tometry using Attune NxT Flow Cytometer (Invitrogen).

IF assay

Cells were resuspended and incubated in 4% paraformaldehyde for 10
to 15 min, detached with 0.25% trypsin, washed with PBS, placed on
slides pretreated with poly-L-lysine solution (Solarbio), and per-
meabilized with 1% Triton X-100 in PBS. Nonspecific binding was
blocked with 5% bovine serum antibody (Solarbio) after 2 washes.
The cells were then incubated with TROP2 antibody (1:50,
BioLegend), EpCAM (1:50, BioLegend), and CD45 (1:50, BioLegend)
for 2 h at room temperature and washed 3 times with PBS. Finally, the
slides were coverslipped with a solution containing DAPI and an anti-
quenching sealant. Marker levels were determined by fluorescence or
confocal laser scanning microscopy.

Extraction of PBMCs and IF staining

Fresh ethylenediaminetetraacetic acid-stabilized blood samples were
collected from healthy volunteers. Human whole-blood mononuclear
cell separation medium (Stemcell Technology, Vancouver, BC, Can-
ada) was used to isolate PBMCs. The cells were obtained using the
10 Molecular Therapy: Oncology Vol. 32 March 2024
Ficoll-Paque technique.55 IF staining was performed as described
above.

Spiking assay

A total of 2,000 BC cells were spiked into 5 mL blood samples from
healthy volunteers. The tumor cells were obtained by negative enrich-
ment using the EasySep Direct Human CTC Enrichment Kit (Stem-
cell Technology) as described by the manufacturer. IF staining was
performed according to the protocol described above, except that
the captured cells were incubated with phycoerythrin anti-TROP2
and fluorescein isothiocyanate anti-CK8/18/19 antibodies (a gift
from Professor Hu, National Center for Nanoscience and Technol-
ogy, Beijing, China). The percentage of captured CK+ and TROP2+

cells was determined using fully automated scanning fluorescence mi-
croscopy. A sample flowchart is shown in Figure S1.

RNA-ISH

TROP2, CK8/18/19, vimentin, and Twist mRNA expression levels in
TNBC cells and CTCs were detected using an RNA-ISH assay (Sure-
xam, Guangzhou, China). An mRNA-specific probe was used to cap-
ture the corresponding mRNA. A fluorescence microscope (ZEISS,
Jena, Germany) was used for image analysis. Capture probes were de-
signed based on the NCBI database and synthesized by Invitrogen.
The probe sequence of TROP2 is shown in Table S2. The other probe
sequences have been previously described.56

Isolation and identification of CTCs from peripheral blood

Blood samples were obtained from the Chongqing University
Cancer Hospital, the ethics committee had approved the relevant
research, and CTCs from blood samples were enriched and identified
using the CanPatrol CTC assay platform (Surexam) as previously
described.57

Statistical analyses

Statistical analyses were performed by Student’s t test and one-way
ANOVA using GraphPad Prism 9 software (GraphPad, Boston,
MA) to evaluate the significance of two and multiple groups. The cor-
relation between two variables was tested by Spearman’s rank corre-
lation analysis using GraphPad Prism 9 software. Each experiment
was performed independently at least three times. Results are pre-
sented as mean ± SD. Differences with p < 0.05 were considered sta-
tistically significant.
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