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SUMMARY

Matching the treatment to an individual patient’s tumor state can increase ther-
apeutic efficacy and reduce tumor recurrence. Circulating tumor cells (CTCs)
derived from solid tumors are promising subjects for theragnostic analysis. To
analyze how CTCs represent tumor states, we established cell lines from CTCs,
primary and metastatic tumors from a mouse model and provided phenotypic
and multiomic analyses of these cells. CTCs and metastatic cells, but not primary
tumor cells, shared stochastic mutations and similar hypomethylation levels at
transcription start sites. CTCs and metastatic tumor cells shared a hybrid epithe-
lial/mesenchymal transcriptome statewith reduced adhesive and enhancedmobi-
lization characteristics. We tested anti-cancer drugs on tumor cells from a meta-
static breast cancer patient. CTC responses mirrored the impact of drugs on
metastatic rather than primary tumors. Our multiomic and clinical anti-cancer
drug response results reveal that CTCs resemble metastatic tumors and establish
CTCs as an ex vivo tool for personalized medicine.

INTRODUCTION

Metastasis is a complex cellular process that is associated with poor patient survival and is a major cause of

cancer-related death (Siegel et al., 2020). Circulating tumor cells (CTCs) are cells disseminated from solid

tumor sites into the bloodstream and represent a transition state that facilitates metastasis progression

(Aceto et al., 2015). Thus, comprehensive characterization of circulating, primary, and metastatic tumor

cells is essential for the elucidation of mechanisms underlying cancer metastasis and may provide impor-

tant new clinical avenues. However, a systematic analysis and comparison of tumor cells at these stages us-

ing combined genomic, epigenetic, and transcriptomic approaches has not yet been reported.

To metastasize, tumor cells undergo a transition from the epithelial toward the mesenchymal state (Pas-

tushenko et al., 2018; Tsai et al., 2012a). Metastasis is facilitated by the epithelial-mesenchymal transition

(EMT) and colonization of a new tissue involves the reverse process, i.e., mesenchymal-epithelial transition

(MET) (Lee et al., 2018; Tsai et al., 2012b). However, recent studies have shown that metastasizing cancer

cells exist in an epithelial/mesenchymal (E/M) hybrid state (Cheung et al., 2013; Mekhdjian et al., 2017; Pas-

tushenko et al., 2018; Puram, 2017). By doing so, cancer cells retain epithelial markers and take advantage

of both phenotypes. This proposition is in line with the findings that metastatic cells often retain E-cadherin

expression (Aceto et al., 2014; Cheung et al., 2013) and undergo collectivemigration during cancer invasion

(Gaggioli et al., 2007; Hidalgo-Carcedo et al., 2011; Manning et al., 2015). A plausible way to resolve

whether tumor cells use a complete or a partial/transient two-state transition to metastasize is to analyze

the intermediate states en route from the primary to the metastatic site. CTCs represent an ‘‘intermediate

state’’ for metastasis. A previous study has shown that themajority of CTCs in Lgr5Cre/ERKrasG12D/p53KO

mice were triple-negative (VCAM1-/CD51-/CD61-), indicating that the cells were in an E/M hybrid state

(Pastushenko et al., 2018). In line with this finding, we have recently demonstrated that the adhesion protein

claudin-11 is expressed in CTC clusters of squamous cell carcinoma, supporting the existence of an E/M

hybrid phenotype in CTCs (Li et al., 2019).
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In addition to being an intermediate state for metastasis, CTCs possess important clinical features. CTCs can

potentially provide an early-stage theragnostic opportunity to monitor tumor progression/evolution, and to

predict the genotype and phenotype of metastatic tumors. Accordingly, several patient-derived CTC cell lines

have been established (Cayrefourcq et al., 2015; Hodgkinson et al., 2014; Khoo et al., 2015; Klameth et al., 2017;

Yu et al., 2014; Zhang et al., 2013). Studies onCTC-derived cell lines have provided insight into the origins of the

tumorigenicity (Hodgkinson et al., 2014). For instance, the gene mutation landscape of cultured CTCs was re-

ported to be concordant with the original tumor (Hwanget al., 2017) and to recapitulate the evolving features of

the original tumor (Drapkin et al., 2018). In addition, patient CTC-derived xenograft mouse models have been

established as a translational research platform to improveunderstanding of cancer biology and test novel ther-

apies (Hidalgo et al., 2014). For patients with non-metastatic lung cancer, CTC-derived xenograft mouse

models have been recently generated using CTCs isolated from primary tumor patient-derived xenograft

(ptPDX) (Suvilesh et al., 2022). This approach enables tumor cells to expand in two generations of mice. The

resulting CTC-derived xenograft mice were found to be more aggressive in tumor growth compared to their

parental ptPDX and had a subset of tumor cells that matched patients’ non-xenografted metastases in tran-

scriptome profiling (Suvilesh et al., 2022). Therefore, CTCs-derived xenograft mice can serve as models for

aggressive tumors. To date, the study of such tumor models has been limited to the tumors growing at the

site of inoculation, and the investigation of circulating andmetastatic tumors originating fromCTC-derived xe-

nografts remains limited.

It has been reported that tumor cells disseminate into the bloodstream at early stages and throughout metas-

tasis, rather than only at late stages of cancer progression (Podsypanina et al., 2008). CTC-based liquid biopsy

has shown the potential usefulness of these cells for early cancer detection, including colon cancer (Tsai et al.,

2016) and breast cancers (Trapp et al., 2018). The number of CTCs in the bloodstream is highly correlated

with clinical outcomes in individual cancer patients. Quantitative analysis of CTCs indicates that these cells

are a reliable and real-time biomarker that can monitor treatment efficacy as well as treatment guidance, for

example, in first-line chemotherapy andendocrine therapy in hormone receptor-positive,HER2-negative breast

cancer patients (Bidard et al., 2021). Ex vivo cultivation of CTC-derived cell lines further indicates that CTCs pro-

vide aminimally invasivemethod for ex vivo anti-cancer drug testing (Yu et al., 2014). Applications of CTC isola-

tion and quantification, however, are limited to date, despite their clinical potential. The exact relationship be-

tweenCTCs andmetastatic tumors is still unclear, as is whetherCTCs canact as a proxy formetastatic tumors for

theragnostic analyses. The scarcity of CTCs and the high backgroundof leukocytes have significantly hampered

detailed analysis of these questions, as has difficulty with in vitro CTC cultivation (Yu et al., 2014).

To overcome these issues, we previously reported an efficient CTC isolation platform, CMx (‘‘Cells

captured in Maximum’’). CMx comprises a noncovalent antibody-conjugated, lipid-coated surface com-

bined with a micro-patterned chaotic-mixing microfluidics configuration (Chen, 2016; Lai et al., 2014; Wu

et al., 2013; Yeh et al., 2018). Specifically, the biomimetic lipid membranes promote multivalent antibody

and antigen interactions for CTC capture. Captured CTCs can be gently released from the non-covalently

bound lipid surface using air foam to preserve cell viability. This platform was further improved (Yeh, 2018)

and used to isolate CTCs in this work. The improved platform, LIPO, contains a liposome-lipid bilayer

coating to further enhance the multivalency and maximize preservation of cell viability (Yeh, 2018).

Here, we describe a process that enabled us to establish CTC-derived xenograft mice to model aggressive

metastatic tumors. From these metastatic mice we established primary, circulating, and metastatic tumor-

derived cell lines and characterized these lines at the phenotypic, genomic, epigenomic, and transcrip-

tomic levels. Finally, as a proof-of-concept, we used primary tumor and CTC samples from a metastatic

breast cancer patient for ex vivo drug testing. The results demonstrated that the drug sensitivities of

CTCs reflect those of metastatic tumors, whereas the response of cells sampled from the primary tumor

resembled that of the primary tumor. These and other data indicate that CTCs and metastatic tumors

are more similar to one another than to primary tumors in mouse cell lines at both the phenotypic and mul-

tiomic levels. In sum, these observations suggest that CTCs constitute an accessible cell type for efficient

cancer drug screening to support personalized cancer therapy.

RESULTS

Development of CTC-Derived metastatic xenograft mice and Cell lines

Because of technical challenges in generating primary, circulating, and metastatic tumor cell lines directly

from advanced cancer patients, we set to establish CTC-derived xenograft mice to model aggressive
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Figure 1. Establishment of primary, circulating and metastatic tumor cell lines

(A) Workflow for establishment and characterization of primary, circulating and metastatic tumor cell lines from a metastatic mouse model. The process

included three steps: (1) The 4T1-hHER2-Luc cancer cell line was inoculated into NSG mice to generate the first batch of orthotopic spontaneous metastatic

xenografts. These mice were called ‘‘patient’’ models. (2) CTCs derived from the ‘‘patient’’ mice were inoculated and in vivo expanded in a second batch of

NSG mice to generate CTC-derived ‘‘patient’’ xenografts, CTC-PDx. (3) Primary, circulating, and metastatic tumor cells from CTC-PDx mice were used to

establish respective cell lines. Subsequent phenotypic assays and multiomic analyses including exome, DNA methylome, and transcriptome sequencing of

the resulting cell lines was performed.

(B) Isolation efficiency (mean G SD) of 4T1-hHER2-Luc cancer cells by the LIPO platform without (Chip only) and with anti-mouse EpCAM antibody coating

(Chip + Ab).
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metastatic tumors. The experimental design was illustrated in Figure 1A. In brief, the breast-cancer cell line

4T1-hHER2-Luc expressing human HER2 and the luciferase marker was inoculated into NOD/SCID-gamma

(NSG) mice to generate cell-line-derived xenograft CDx mice. CTCs from the resulting mice were isolated

and inoculated into the mammary fat pad of naive NSG mice to establish CTC-derived PDx models. The

primary, circulating, and metastatic tumor cells of the CTC-derived PDx mice were harvested to establish

the corresponding cell lines for analyses. To gain insight into tumor development and metastasis, the cell

lines were characterized using phenotypic and multiomic assays. Technically, the first batch of mice served

as a murine breast-cancer cell line-derived xenograft (CDx) orthotopic model system. They were consid-

ered as ‘‘patient’’ models whereas the second batch of mice served as a ‘‘patient-derived xenograft’’

(PDx) model system for further investigation.

Establishing a 4T1-hHER2-Luc cell-capturing microfluidic platform

We confirmed expression of exogenous hHER2 and endogenous mouse pan-cytokeratin (pan-CK) in the

parental 4T1-hHER2-Luc cells using RT-PCR and immunocytochemistry (Figure S1). We then examined

the efficiency of the LIPO platform coated with the anti-mouse EpCAM antibody for 4T1-hHER2-Luc cell

isolation (Yeh, 2018; Method details). Cell isolation efficiency (calculated as capture efficiency x release ef-

ficiency, Method details) of the platform coated with and without the antibody was 71.20 G 0.06% and

0.27 G 0.002%, respectively (Figure 1B). Notably, cells released from the LIPO platform after being

captured had high viability, as evidenced by calcein AM staining and negative EthD-1 staining using a

LIVE/DEAD assay (Figure 1C). The platform was used to isolate CTCs in subsequent studies.

Monitoring CTC dynamics in a 4T1-hHER2-Luc cell line-derived xenograft (CDx)

As described in Figure 1A, to create a metastatic mouse model, parental 4T1-hHER2-Luc cells were inoc-

ulated into the inguinal mammary fat pads of NSGmice to follow spontaneous metastasis in 3–4 weeks (n =

12 for Group B, sacrificed 3 weeks after inoculation; n = 12 for Group C, sacrificed 4 weeks after inoculation;

n = 4, negative control). Tumor progression in the resulting CDx mice was examined by monitoring tumor

size and metastasis using the IVIS Spectrum in vivo imaging system before and after tumor cell inoculation

at different time points (Figure S2A). Simultaneously, CTCs were isolated using the LIPO platform from

75 mL of blood drawn from each mouse. To discriminate CTCs from leukocytes, cells were co-stained

with the anti-hHER2 antibody and the leukocyte-specific anti-mouse CD45 antibody. Cells with positive

hHER2 and negative mCD45 staining were classified as CTCs, whereas cells negative for hHER2 and pos-

itive for mCD45 staining were leukocytes (Figure 1D). Both single and clustered CTCs were isolated,

demonstrating the ability of the LIPO platform to isolate CTCs from low volumes of blood. The numbers

of single CTCs (Figure 1E) and CTC clusters (Figure 1F) increased significantly in the third and fourth weeks

after tumor cell inoculation, respectively, whereas almost no single or clustered CTCs were detected in the

first week. The tumor size andmetastasis condition of the CDxmice were also examined. In all 24 CDxmice,

tumor mass started to increase continuously one week after inoculation (Figures S2A and S2B), whereas

pulmonary metastasis was detected in the third-week post-inoculation (Figure S2A). These mice showed

no significant change in body weight before serious metastasis in the fourth week (Figure S2E). In contrast,

no tumorigenesis was detected in any negative control mouse (Figure S2A). Positive hHER2 expression in

the primary tumors and metastatic lung tumors of all CDx mice was validated by RT-PCR and hHER2 immu-

nohistochemistry assays (Figure S2), confirming that the tumors originated from inoculated parental 4T1-

hHER2-Luc cells. Our data indicate that CTCs can be captured from an ultralow-volume of blood (75 mL)

to monitor tumor progression in mice.

Successful development of xenografts from mouse-derived CTC-PDx

Next, we isolated CTCs derived from the ‘‘patient’’ CDx mice during early and late metastatic phases in

the third and fourth weeks, respectively. We used the CTCs to generate CTC-patient-derived xenograft

Figure 1. Continued

(C) Images of 4T1-hHER2-Luc cells released from the LIPO platform tested using the LIVE/DEAD assay. The 4T1-hHER2-Luc cells captured and subsequently

released from the LIPO platform were assessed for viability using the LIVE/DEAD assay. BF: bright field; Calcein AM: green (live marker); EthD-1: red (dead

marker).

(D) Representative immunostaining images of cells isolated from the blood of a CDx mouse using the LIPO platform were shown. Distinct classes of single

CTCs, clustered CTCs, and white blood cells (WBC) were found. Green: anti-hHER2, Red: anti-mCD45, blue: DAPI. Scale bar: 10 mm.

(E and F) The numbers of single CTCs (E) and clustered CTCs (F) isolated from 75 mL blood from CDx mice in weeks 1, 3, and 4 after inoculation. Numbers in

parentheses indicate the number of mice tested. *p< 0.05, **p< 0.01, ***p< 0.001 (Student’s ttest, mean G SD).
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(CTC-PDx) mice (Figure 1A). To this end, approximately 6x102 and 1.1x103 CTCs were obtained from 750 mL

of blood per mouse in Group B (3-week, early metastasis) and Group C (4-week, late metastasis), respec-

tively. To implement tumor divergence, CTCs isolated from three randomly picked mice within the same

Group were mixed and inoculated into the second batch of NSG mice to create No.1-4 and No. 5–8

CTC-PDx mice, respectively, as illustrated in Figure 1A. All resulting CTC-PDx mice showed tumor growth

and spontaneous metastasis within three weeks of CTC inoculation—a 100% success rate (Figure S4). Our

platform can, therefore, successfully capture and release viable CTCs from ‘‘patient’’ CDx mice that can

then be used to generate in vivo CTC-PDx. This system potentially allows CTCs derived from human pa-

tients to be used for personalized clinical applications.

Development of primary/CTC/metastatic tumor cell lines from CTC-PDx

To gain insight into tumor evolution and metastasis, we generated long-term cell cultures from primary,

circulating, and metastatic tumor cells from each CTC-PDx mouse. A total of nine cell lines, consisting

of triple sets of primary tumor- (5-PRI, 7-PRI, and 8-PRI), CTC- (1-CTC, 3-CTC, and 6-CTC), and metastatic

tumor- (3-META, 5-META, and 7-META) derived cell lines, were successfully established (Figure 2A and S5).

These cell lines represented specific tumor stages, allowing us to examine and compare the phenotypic

and molecular alterations between stages at systematic levels. Specifically, three matched pairs, 3-CTC

and 3-Meta, 5-PRI and 5-META, and 7 PRI and 7-META, derived from No. 3, 5, and 7 mice, respectively,

were used for tracking cancer cell progression in the same lineage. The cell lines at passage 2 were

used for the following analyses, unless noticed otherwise.

Phenotypic and multiomic analyses of primary, circulating, and metastatic tumor cell lines

Circulating and metastatic tumor cells spread less and are more adherent than primary tumor cells

We examined the morphology of these cell lines on tissue culture plates. A spreading and elongated cell

shape with contiguous cell-cell adhesion was observed in the primary tumor-derived sublines, similar to

that of the parental cell line (Figures 2Aa and b, and S5A). In contrast, cell spreading and cell-cell adhesion

in CTC- and metastatic tumor-derived sublines was limited (Figures 2Ac and d, S5B, and S5C). Instead,

more than 90% of CTCs and about 60-80% of metastatic tumor cells showed a spherical morphology.

Figure 2. Phenotypic characterization of the primary tumor, CTC, and metastatic tumor-derived sublines and the

parental 4T1-hHER2-Luc cell line

(A) Representative images of the parental 4T1-hHER2-Luc cell line (a), primary tumor-derived cell line 7-PRI (b), CTC-

derived cell line 3-CTC (c), and metastasis-derived cell line 5-META (d).

(B) Cell cycle distribution of the parental cell line, and the indicated sublines 12 h after the 50 ng/mL nocodazole treatment

is shown on the left; the average cell cycle distribution from the primary (PRI), circulating (CTC), and metastatic (META)

tumor sublines after nocodazole synchronization is shown on the right (mean G SD). No significant difference was

observed among sublines using Chi-square analysis.
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Despite the morphological difference, no distinct variation in the cell cycle distribution with nocodazole

synchronization was found among the sublines (Figure 2B).

CTC-derived cell lines shares more common variants with metastatic tumor-derived cell lines than
with primary tumor-derived cell lines

Because metastasis is a complex process involving microevolutionary shifts, including genome instability,

epigenetic change, and transcriptomic alterations, we next examined genomic, epigenetic, and transcrip-

tomic differences in all sublines and the parental line. Specifically, we analyzed the genomic profiles using

whole exome sequencing (WES). The preexisting mutation in Trp53 was identified in all sublines and the

parental line (Table S1), consistent with the previous finding that the 4T1 tumor cell had a frameshift inser-

tion in Trp53 (Schrors et al., 2020). Tp53, the human counterpart of Trp53, is a tumor suppressor gene

important for genome stability and is frequently mutated in breast cancer patients (Cancer Genome Atlas,

2012). Hundreds of INDEL and SNP mutations, which were absent in the parental line, were found in

different sublines (Figure 3A and Table S1). The chromosomal distribution of the mutations is shown in a

Circos plot (Figure 3B). Very few common mutations were identified within cell lines derived from the

same tumor stage of different mice, even though they all originated from the parental 4T1-hHER2-Luc

cell line (Figure 3A). This indicates that stochastic mutations occurred and accumulated at various stages

during tumor cell proliferation and progression. By comparing sublines derived from the same mouse,

the concurrent mutation analysis revealed that the CTC- and metastatic tumor cell-derived sublines shared

Figure 3. Whole exome NGS sequencing results of the primary, circulating and tumor cell lines derived from CTC-

PDx mice

(A) Numbers of newly acquired genomic variants in each subline, and numbers of shared variants (intersect) among

sublines.

(B) A Circos plot summarizing genomic variant density and distribution of the indicated tumor cell lines. The order of cell

lines from outer to inner is 3-META, 5-META, 7-META, 1-CTC, 3-CTC, 6-CTC, 5-PRI, 7-PRI and 8-PRI. The black/red dot

represents sparse/dense genomic variants in the chromosome coordinates shown on the outermost area of the plot.

(C) Concurrent mutation analyses between cell lines of the same lineage. The number in the intersection of two circles

represents the number of common variants between the indicated cell lines. The percentage of overlap in No. 3, 4 and 7

lineages is 18.31%, 7.87%, and 1.74%, respectively. See extended data in Table S1.
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more common variants (89 between 3-CTC and 3-META) than the primary and metastatic tumor cell-

derived sublines (42 for between 5-PRI and 5-META; 14 between 7-PRI and 7-META) (Figure 3C), consistent

with the idea that the genetic status of metastatic tumor cells is closer to CTCs than to the primary tumor.

The DNA methylome of CTC-derived sublines is more similar to metastatic than to primary tumor-
derived sublines

Following genomic profiling, we used bisulfite sequencing to examine the DNA methylomes of primary,

circulating, and metastatic tumor-derived sublines (Method details, Figure S6A). To facilitate the analysis,

DNA methylation data from sublines at the same tumor stage were averaged (e.g., pooling all three pri-

mary tumor-derived sublines into one). A similar level of methylation density in CpG islands was

observed among these sublines (Figure S6B). DNA methylation patterns near transcription start sites

are associated with gene expression (Jones, 2012). We, therefore, analyzed methylomic changes (hyper-

versus hypomethylation) around the transcription start site in sublines versus the parental line (Figure 4A).

Both hypomethylation and hypermethylation distribution curves in all sublines showed maximal peaks

near transcription start sites, with higher hypomethylation than hypermethylation levels. Notably, the hy-

pomethylation curves of CTC- and metastatic tumor-derived sublines were much closer to each other

than to primary tumor-derived cell lines. A similar trend was observed for the hypermethylation curve,

albeit to a lesser degree.

Figure 4. Methylome sequencing analysis of cancer cell lines derived from CTC-PDx mice

(A) The level and distribution of significant methylation (hypermethylation) and demethylation (hypomethylation)

changes, relative to the parental cell line, for primary tumor (PRI)-, CTC- and Metastasis (META)-derived cell lines near the

transcription start sites. Solid and dashed lines indicate hypomethylation and hypermethylation, respectively.

(B) Numbers of significant methylation changes between parental cell line (control) and primary tumor (PRI), CTC, and

metastasis (META)-derived cell lines are shown.

(C) The relative methylation level of 76 specific CpG islands in primary tumor (PRI)-, CTC- and metastasis (META)-derived

cell lines is shown. The 76 CpG island sites, which were only significantly different when comparing primary tumor and

CTC lines, but not primary and tumor-metastasis lines, are arranged along the X axis. Average methylation changes

relative to the parental cell for the 76 CpG islands are shown on the Y axis. A negative methylation value indicates lower

methylation than the parental line. See extended data in Table S2.
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Figure 5. Results of RNA sequencing analysis and downstream validation of the 4T1-derived cancer cell lines

(A) (a) Multi-dimensional scaling (MDS) plot of nine sublines derived from the CTC-PDxmice compared to the 4T1 cell line,

and pancreatic, lung, and colon tumor cell lines is shown on the left. A zoomed-in view of colon and breast tumor cell line

clusters was shown on the right. Data for the 4T1 cell line (Breast Cancer) was obtained from the link: https://www.ebi.ac.

uk/ena/browser/view/ERR454052; CT26 (Colon Cancer): https://www.ebi.ac.uk/ena/data/view/SRX5833199; MC38

(Colon Cancer): https://www.ebi.ac.uk/ena/data/view/SRX5833178;A-8 (Pancreatic Cancer) https://www.ebi.ac.uk/ena/

data/view/SRX7114429; K14-L (Lung tumor): https://www.ebi.ac.uk/ena/data/view/SRX4606402; K14-H (Lung tumor):

https://www.ebi.ac.uk/ena/data/view/SRX4606404. (b-c) MDS plots of META and PRI or CTC sublines from same lineage

based on TPM values in RNA-seq results (b), or TPM of EMT-related genes (c).

(B) Hierarchical clustering analysis of primary, circulating and metastatic tumor-derived sublines. Differentially expressed

genes (DE-Gs) based on the comparison between PRI, CTC and META cell lines using Padj<0.05 threshold were used to

generate heatmap. The heatmap was generated using ClustVis (https://biit.cs.ut.ee/clustvis/). The clustering distance is

calculated with correlation and average methods between cell lines (column) and genes (rows).

(C) The EMT score analysis of all sublines. The average EMT scores of PRI, CTC, andMETA-derived sublines and individual

sublines were shown. An EMT score closer to 1.0 represent more mesenchymal-like (Mes) characteristic, whereas an EMT

score closer to �1.0 represent more epithelial-like (Epi) characteristic.
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Next, we compared differential methylation sites among the sublines. The methylome of CTC-derived sub-

lines was significantly closer to metastatic tumor-derived sublines in terms of methylation sites, as there

were only 67 diverse methylation sites in between, whereas there were 18,417 sites between CTC-derived

sublines and primary tumor-derived sublines, and 2,203 sites between the metastatic tumor-derived sub-

lines and primary tumor-derived sublines (Figure 4B and Table S2). The reduction of methylation diversity

between primary and metastatic tumor-derived sublines suggested that epigenetic divergence occurred

during tumor cell dissemination into the bloodstream and that such divergence was partially reduced dur-

ing tumor colonization. To gain insight into the nature of such changes, we selected methylation sites that

are differentially methylated (q <0.05, >25%) when primary tumor- and CTC-derived sublines are

compared, but are similarly methylated in primary tumor- and metastatic tumor-derived lines. A total of

76 CpG islands fit the criteria (Figure 4C). The methylation level of these CpG sites in primary tumor,

CTC, and metastatic tumor-derived sublines was measured relative to the parental cell line. These islands

displayed a similar trend with decreasing methylation levels in primary tumor-derived sublines, further

reduction in CTC-derived sublines, and slightly recovered methylation levels in metastatic tumor-derived

sublines. As a result, CTC- and metastatic tumor-derived sublines exhibited a more closely related hypo-

methylated state whereas primary tumor sublines had relatively distinct methylation levels. These data,

together with the methylation change distribution pattern and level around the transcription start sites

(Figure 4A), suggests that significant hypomethylation occurs during the transition from primary to CTCs

in metastasis.

Transcriptome profiles in CTC-derived sublines are more similar to metastatic than to primary
tumor-derived sublines

RNA sequencing of all sublines was performed to explore transcriptomic evolution during cancer progres-

sion. We compared the results with RNA-seq data from the breast cancer cell line 4T1 and other tumor cell

types in the database using multi-dimensional scaling (MDS) analysis. All sublines were clustered with 4T1

and closely related to colon cancer cell lines, but segregated from pancreatic and lung cell lines (Fig-

ure 5Aa). To characterize tumor stage-specific properties of the sublines, RNA-seq data from the same

stage were compared to measurements from different stages. A total of 245 differentially expressed genes

(DE-Gs, with Padj< 0.05) were found (Table S3). When these genes were examined for clustering distance

among nine sublines using correlation and average-linkage methods, the sublines of the same tumor stage

displayed a closer relationship to one another than those of different tumor stages (Figure 5B). Notably,

when sublines of different tumor stages were compared, the CTC and META groups were more similar

to one another than to the PRI group (Figure 5B). The transcriptomes of circulating and metastatic tu-

mor-derived sublines were, therefore, more closely related to one another than to primary tumor-derived

cell lines. Likewise, when sublines of the same lineage were compared using theMDS analysis, the distance

between META and CTC of mouse no. 3 was closer than META to PRI of No. 5 and No. 7 mice (Figure 5Ab).

We next analyzed DEG (Padj< 0.05) between sublines using Gene Ontology (GO) term enrichment analysis.

The GO analysis revealed ‘‘cell adhesion’’ and ‘‘homophilic cell adhesion via plasma membrane adhesion

molecules’’ as the category of biological process that were significantly altered (Figure S7). Of interest, they

showed down-regulation and up-regulation, respectively, in circulating or metastatic tumor cell lines when

compared with primary cell lines. Specifically, adhesion molecules afadin (Afdn), desmoglein3 (Dsg3), in-

tegrin beta 6 (Itgb6), periostin (Postn), Tnfaip6, EpCAM and cadherin 1 (Cdh1) in the category of ‘‘cell adhe-

sion’’ were downregulated in CTC-derived sublines, whereas fibronectin leucine rich transmembrane pro-

tein 2 (Flrt2), meltrin alpha (Adam12), cadherin 17 (Cdh17) and integrin alph2 (Itga2) were downregulated

specifically in metastatic tumor-derived sublines (Table S4). This result suggests progressive loss in the di-

versity of cell adhesionmechanisms fromprimary to circulating, and tometastatic tumor stages. In contrast,

a distinct category of adhesion molecules involving homophilic cell adhesion was upregulated in circu-

lating and metastatic tumor-derived sublines, compared with the primary tumor-derived sublines (Fig-

ure S7). These molecules included calsyntenin 3 (Clstn3), protocadherin gamma subfamily A (Pcdhga1),

protocadherin alpha9 (Pcdha9), cadherin-like 24 (Cdh24), and cadherin11 (Cdh11) (Table S4). The switch

Figure 5. Continued

(D and E) Tables showing the TPM values of selected epithelial markers (D, green color) and mesenchymal markers (E,

blue color) in the indicated cell lines derived from CTC-PDx mice based on DESeq2 analysis of RNAseq data (meanG SD;

*: p< 0.05, **: p< 0.01, for PRI versus CTC orMETA; #: p< 0.05, ##: p< 0.01 for CTC versusMETA based on DESeq2 analysis

and validated using qRT-PCR shown in Figure S8B). See extended data in Tables S3, S4, and S5.
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of cadherin expression in epithelial cells from E-cadherin to N-cadherin or CDH11 has been associated with

EMT and tumor progression (Hazan et al., 2004; Sarrio et al., 2008).

We then analyzed transcriptomic data with an emphasis on EMT-related genes. Specifically, we examined the

EMT spectrum of each subline by calculating its EMT score, where a higher score indicates a more mesen-

chymal-like propensity of the cell (Tan et al., 2014). On average CTC- (0.1079) and metastatic tumor- (0.0436)

derived sublines showed higher scores than primary tumor-derived lines (�0.1861). CTC-derived sublines

showed the highest average score (Figure 5C). When compared between sublines of the same lineage, both

5-META and 7-META showed higher EMT scores than 5-PRI and 7-PRI sublines, respectively, whereas 3-CTC

and 3-META had similar EMT scores. Moreover, MDS analysis of the transcript levels of mesenchymal and

epithelial markers in these lineage-related sublines revealed that 3-CTC and 3-META are closer to each other

than 5-PRI to 5-META and 7-PRI to 7-META (Figure 5Ac). Using migration and invasion transwell assays we

observed enhanced migration and invasion in 3-CTC, with further enhancement in 5-META, as compared to

7-PRI (Figures S5D and S5E). These results support the notion that CTCs and metastatic tumors both lean

more toward the mesenchymal state than primary tumor cell lines do.

Next, we examined and compared epithelial and mesenchymal markers between sublines. Most epithelial

andmesenchymal markers were retained at a similar level in primary, circulating, andmetastatic tumor cells

(Figures 5D and 5E). The epithelial markers Krt19, EpCAM, Cdh1, Wnt7a, Muc1 were reduced in CTC- and/

or metastatic tumor-derived sublines relative to primary tumor-derived lines (Figure 5D). Differential

expression of these genes was confirmed by quantitative RT-PCR (qRT-PCR) (Figure S8B). In terms of

mesenchymal markers, only Mmp2 and Mmp9 expression was reduced in CTCs, compared to primary tu-

mor-derived cells (Figures 5E and S8B). Acta2, Cdh11, Mmp2, and Twist1 were increased in metastatic tu-

mor-derived sublines relative to primary tumor- or CTC-derived sublines (Figures 5E and S8B). Together

these data suggest the existence of an intermediate or hybrid E/M state (i.e., a partial transition), rather

than complete conversion to a mesenchymal state in CTCs and metastatic tumors. To test this possibility,

we examined the expression of ‘‘hybrid markers’’, i.e., markers reported to be expressed in the intermedi-

ate or hybrid E/M state (Jolly et al., 2019; Liao and Yang, 2020). The hybrid markers, Vcam1 (Chen et al.,

2011) and Emp3 (Evtimova et al., 2003), remained at a similar level throughout all stages, although

Lamc2, Lamb3, Tnc and OvoI2 were reduced in CTC- and/or metastatic tumor-derived sublines and

P4ha2 was decreased in CTC sublines but relatively increased in metastatic tumor-derived sublines

(Figure S8A).

Use of CTCs for ex vivo analysis of anti-cancer drug efficacy

To test whether CTCs can be used in real-time clinical analysis, we isolated and cultured CTCs from patient

blood and tested the effects of anti-cancer drugs on the cultivated cells. A breast cancer patient was re-

cruited for proof-of-concept double-blind evaluation. A core-needle biopsy sample was taken from the pri-

mary tumor and blood-derived CTCs were collected and cultured to form three-dimensional (3D) spher-

oids from the patient before and after planned drug regimens. It has been well-documented that 3D

cell culture better mimics the in vivo environment than two-dimensional cell monolayers and, as a result,

more closely reflects the clinical therapeutic drug response (Imamura et al., 2015; Melissaridou et al.,

2019). Representative spheroids cultured from primary tumor cells and CTCs are shown in Figure S9.

The resulting spheroids were treated with various drugs at different dosages. Epirubicin (topoisomerase

II inhibitor) treatment significantly reduced cell viability of CTC-, but not needle biopsy samples, at

Cmax, the maximum serum concentration that the drug achieves in human blood (Figure 6A). Epirubicin

treatment also showed clear dose-dependence (Figure 6A) and a time-dependent cell-killing effect in

CTCs (Figure 6B). In contrast, no other chemotherapeutic drugs showed a significant differential response

when tested on CTC-derived samples. Only vinorelbine showed a weak cell-killing effect on core needle

biopsy compared with mock treatment at Cmax, although some other drugs had a significant effect at

3-fold Cmax (Figure 6A). However, vinorelbine’s killing effect was not significantly increased at 3-fold

Cmax. The patient received a combinatorial drug treatment (epirubicin, cyclophosphamide, and 5-FU)

for two months after our sample collection. After therapy, the patient showed a progressive response in

the primary tumor, whereas the lung metastatic lesion (1) displayed a stable disease response, and liver

metastasis and the lung metastatic lesion (2) had significant regression, with a size reduction >30% (Fig-

ure 6C). This result was consistent with the ex vivo drug response in needle–biopsy- and CTC-derived sam-

ples. In addition, the patient’s clinical history of failing to respond to palbociclib, a CDK4/6 inhibitor,

matched well with our ex vivo drug tests which showed that palbociclib had no cytotoxic effect on either
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the needle biopsy or CTC samples at different concentrations tested (Figure 6A), although palbociclib

showed a weak time-dependent cytotoxicity (Figure 6B). These results support the idea that the CTC 3D

culture is similar to metastatic, but not primary, tumors in terms of drug response. The patient data are

consistent with the above phenotypic and multiomics analysis which also indicates that CTC-derived sub-

lines are more similar to metastatic tumors than to primary tumors. The results also demonstrated the po-

tential utility of CTC-based ex vivo drug testing to predict clinical drug response in personalized medicine.

DISCUSSION

Here, we established a protocol using the LIPO platform to isolate CTCs and generate isogenic cell lines

derived from primary tumors, CTCs, and metastatic tumors. We found characteristic molecular and behav-

ioral changes as cells transition between states (Figure 7). Phenotypically, CTCs and metastatic tumors

were more closely related to one another than to primary tumors, in that they shared similar morphology,

increased proliferation, and enhanced migration and invasion ability. Genotypically and epigenetically,

CTCs and metastatic tumors were alike in that they exhibited concurrent mutations and both exhibited

reduced DNA methylation (hypomethylation). CTCs and metastatic tumors manifested higher EMT scores

than primary tumors did. Although metastatic sublines and CTCs inclined toward a mesenchymal state,

they were in an intermediate rather than a well-defined state. With the transformation from primary tumors,

to CTC, and to metastatic tumors, cells lose their original properties and become more aggressive. The

multiomic similarity between CTCs and metastatic tumors may facilitate the transition from CTCs to met-

astatic tumor cells and vice versa, and thereby promote tumor cell spreading. In addition, our results

demonstrate that CTCs can serve as a potentially powerful tool for clinical theragnostics, and in particular

that they can be used to monitor cancer progression in a mice model and as well as to assess drug efficacy.

The LIPO platform used in this work was able to capture and retrieve viable CTCs from blood samples with

high isolation efficiency (Figure 1B). Notably, only 75 mL of whole blood was required to analyze CTCs and

only 750 mL of whole blood was needed to establish mice carrying CTC-derived xenografts. On average, we

estimated that only �400 CTCs are needed to generate CTC-derived xenografts, with metastasis detect-

able in 3–4 weeks, further accentuating the high bioactivity and viability of the retrieved CTCs. The success

rate of generated CTC-derived xenografts was 100%, regardless of contamination during the primary cul-

ture process. In comparison to CTCs, over two orders of magnitude more of parental 4T1 cells (105 cells)

were needed to obtain CDx xenografts with metastasis detectable within 3–4 weeks. This observation sug-

gests that CTCs may be more tumorigenic than parental 4T1 cells. It is possible that fate/plasticity changes

during development from primary tumor to CTCs in CDx mice enhanced the tumorigenicity of CTCs.

Molecular analysis of these cells in CDx mice and parental cells may help understand the mechanisms un-

derlying the plasticity changes with respect to increased tumorigenicity. In addition, characterization and

comparison of tumor cells at the same stages across CDx and CTC-PDxmicemay help understand the plas-

ticity of tumor cells along their development and expansion from CDx to CTC-PDx mice. We note that

because of technical issues cell lines were not successfully established from all of the CTC-PDx mice.

Because of this, some sublines used in phenotypic and molecular characterization and comparison were

necessarily derived from different mice. Therefore, the difference between mice might also contribute

to the heterogeneity observed across sublines.

Figure 6. Anti-cancer drug response of human patient-derived cultures

(A) Cell viability tests using needle biopsy and CTC cultures treated with different anti-cancer drugs. Needle-biopsy (left) and CTC (right) spheroid cultures

were treated with the indicated anti-cancer drugs at a dose of 0.1, 0.3, 1 or 3 Cmax, and the relative cell viability of each treatment was measured 72 h after

drug treatment. Relative cell viability was calculated by comparing the absolute luminescence intensity before (at time 0) and after (72 h) drug treatment and

was used to determine the effectiveness of the chemotherapeutic drug. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 denotes statistical significance

comparing to Mock group (negative control, 0.5 % DMSO treatment) using Student’s ttest. Results are mean G SEM (n = 3).

(B) A time-course of epirubicin and palbociclib effects on needle biopsy (left) and CTC (right) cultures. Relative cell viability of CTC-derived spheroids,

compared to Mock and palbociclib treatment at a dose of 1 Cmax and at the indicated time points. Results are mean G SEM (n = 3). *p<0.0001 (two-way

ANOVA).ns: no significant difference.

(C) (a-d) CT images of the breast cancer patient before and after combinatorial treatment with epirubicin. (a) The CT images of the primary tumor before

(upper) and after (lower) the treatment. The primary tumor is indicated by a white rectangle. The upper right figure is an enlargement of the upper left image.

The tumor size (measured in length) is indicated by the yellow line. (b-d) CT images of liver metastasis (b), lung metastasis 1 (c), and lung metastasis 2

(d) before (upper) and after (lower) the treatment. An enlarged image of the metastasis is shown on the right, and the further enlarged image is shown in the

black box. The metastatic tumor is indicated by the red arrow, and the size by the yellow line. (e) The disease tracking record and treatment response of the

breast cancer patient. Tumor size before and after treatment wasmeasured inmm as indicated by the yellow line shown in (a-d). Response rate wasmeasured

as size after treatment divided by size before treatment. Patient drug response is indicated as PD for progressive disease (>120%); SD, stable disease (<30%);

PR, partial response (>30%).
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From a cancer biology perspective, one important feature of our device and approach is the ability to

construct CTC-xenografts, CTC-derived cell lines, and cell lines of isogenic origin. In particular, the ability

to construct a series of sublines at different stages in metastasis, including primary, circulating, and met-

astatic tumor-derived cell lines, opens up the possibility of studying cancer evolutionary pathway without

the difficulties of analyzing human subjects. Our approach allowed us to conduct multiomic analyses on the

evolution of primary, circulating, and metastatic tumors of the same lineages. Phenotypically, primary tu-

mor-derived cell lines retained an adherent morphology, cell-cell contact, and epithelial gene expression.

In contrast, CTC- and metastatic tumor-derived cell lines displayed a loss of cell-cell contact and enhanced

3D migration and invasion. These changes indicate that morphological alterations may expedite metas-

tasis and antagonize anoikis (Zhao et al., 2012). Previous studies have indicated lack of universal genetic

changes that drive metastasis. Indeed, the majority of established driver alterations occurred before

dissemination (Birkbak andMcGranahan, 2020). Consistently, we did not find any specificmetastatic drivers

in our isogenic primary, circulating, and metastatic tumor-derived sublines. The absence of universal

drivers may indicate that genomic changes in metastasis are unstable random events. Nevertheless, mul-

tiomic analyses revealed that circulating andmetastatic, but not primary, tumors, shared common genomic

variants. This finding implies that the decisive event in metastasis might occur at the transition from the pri-

mary to the circulating tumor cell.

RNA-seq data revealed that most epithelial and mesenchymal markers were retained at a similar level in

primary, circulating and metastatic tumor cells (Figures 5D and 5E). Consistently, biphenotypic or hybrid

EMT has been shown in CTCs in breast cancer patients (Yu et al., 2013) and in pancreatic mouse models

and patients through single cell RNA-seq and EMT in situ hybridization (Ting et al., 2014). However, certain

Figure 7. Summary of the qualitative characteristics of primary tumor, CTC, and metastatic tumor-derived

sublines

As tumor metastasis progress, cells demonstrate reduced adhesion, increased migration/invasion, increased

hypomethylation near transcription start sites (TSSs) and enhancedmesenchymal/reduced epithelial gene expression.-, +

and ++ indicate very low, medium and high activity, respectively, and the activity increase accordingly to the number of

symbol. The bigger the E and M size the stronger epithelial and mesenchymal characteristics, respectively, are. Bigger

Hypo means more hypomethylation near TSSs.
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epithelial markers such as Cdh1, EpCAM, Krt19, Muc1 andWnt7a were decreased in CTC- and/or metasta-

tic tumor-derived sublines, relative to primary tumor-derived ones; some mesenchymal markers, including

Mmp2, and Mmp9 were decreased from primary tumor-to CTCs-derived sublines, and Acta2, Cdh11 and

Mmp2, and Twist1 were enhanced from primary or circulatory to metastatic tumor-derived ones

(Figures 5D, 5E, and S8B). These results suggest that there is not a complete two-state transition during

tumor dissemination or colonization. On a separate note, we did not observe upregulation of all reported

E/M hybrid state markers during metastasis. Instead, most of these markers were expressed at a similar

level at different stages, and some were even down-regulated. Instead of the appearance of the so-called

‘‘hybrid-specific markers’’, we found that the epithelial markers could be divided into two groups, one for

canonical epithelial markers, and the other for noncanonical epithelial markers. The canonical markers,

including Cdh1, EpCAM, and Krt19, are attenuated during metastasis. In contrast, the noncanonical

markers, including Krt18 and syndecan family proteins, are retained throughout the entire metastatic pro-

cess and hence can be considered potential hybrid markers. Whether this pattern is consistent across

metastasis in different cancers and the role that these markers play in pathophysiology requires a large-

scale, extensive study in the future.

Epigenetic regulation, including DNAmethylation and histone modifications, has been shown to play impor-

tant roles in tumor progression (Nebbioso et al., 2018). Our work indicates dynamic changes in DNA methyl-

ation during tumor progression, with significantly more changes between the transition from a primary tumor

to CTCs than from CTCs to metastatic tumor. When differential methylated genes between primary tumor-

and CTC-derived lines were analyzed using GO term enrichment analysis, the top biological processes

identified included multicellular organism development (218 gene counts), cell differentiation (195), trans-

membrane transport (99) and cell adhesion (115). DNA methylation in the promotor region is associated

with transcriptional down-regulation, whereas DNAmethylation in the gene body is correlated with transcrip-

tional up-regulation (Roadmap Epigenomics Consortium et al., 2015). Among the differentially expressed

EMT genes between sublines listed in Figure 5D, EpCAM, Wnt7a, Krt19, Cdh1, Twist1, Mmp2, and Mmp9

showed differential methylation (Table S5). Some of the differential methylation patterns in EpCAM, Wnt7a

and Krt19 were correlated with their downregulation from primary tumor-to circulating or to metastatic tu-

mor-derived cell lines. For example, hypermethylation at �26905 and �26915 upstream of EpCAM and at

�8846 upstream of Krt19 were correlated with their downregulation (Table S5). Hypomethylation at 6484

and 10,784 downstream of EpCAM and at multiple CpG sites downstream of Wnt7a were also correlated

with their downregulation. Hypomethylation at �1594 and �1543 upstream of Twist1 were correlated with

its upregulation from primary tumor-to circulating tumor-derived cell lines. Other methylation alterations ap-

peared uncorrelated. Therefore, additional epigenetic changes, such as histone modifications or chromatin

assembly, may be involved in transcriptomic differences between sublines. When differentially expressed

genes (DE-Gs) (Table S3) between sublines were analyzed using the GO enrichment analysis, the top GO

terms of biological processes identified, were those related to methylation on cytosine, histone assembly,

and epigenetic regulation (Figure S7), and the affected genes were histone-coding genes (Table S4). These

genes were downregulated in themetastatic tumor-derived sublines, compared with either primary tumor- or

CTC-derived lines (Figure S7). Whether such downregulation is associated with epigenetic regulation in met-

astatic tumor-derived sublines requires further investigation.

Metastasis is a complex process. Our data suggest that CTCs and metastatic tumors are more similar to

one another than to primary tumors, as manifested in phenotypic, methylomic, and transcriptomic profiles

and anti-cancer drug response. Taken together, our study provides important insights regarding the char-

acteristics of CTCs which will provide valuable guidance for the development of clinical theranostics for

advanced-stage cancers.

Limitations of study

In this study, we generated and characterized primary, circulating andmetastatic tumor cell lines fromCTC-

PDx models. We also generated cell lines from CDx mice but have not yet characterized them in detail.

Further characterization and comparison of tumor cells at the same stages across CDx and CTC-PDx

mice may help understand the plasticity of tumor cells along their development and expansion from

CDx to CTC-PDxmice. We note that because of technical issues, cell lines were not successfully established

from all of the CTC-PDx mice. Some sublines used in phenotypic and molecular characterization and com-

parison were necessarily derived from different mice. Therefore, the difference between mice might also

contribute to the heterogeneity observed across sublines. In our clinical study, thirteen breast cancer
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patients were recruited. Only one patient showed distant metastasis and had paired primary and CTCs for

the ex vivo anti-cancer drug test. Although our patient number is limited, the drug testing results showed

that CTC responses mirrored the impact of drugs on metastatic rather than primary tumors. Nevertheless,

more patient cases will help in a future study to address this limitation.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat monoclonal anti-mouse EpCAM antibody ThermoFisher Scicentific Cat#13-5791-80; RRID:AB_1659715

Rabbit anti-human-HER2 antibody Agilent Cat#A0485; RRID:AB_2335701

Rat anti-mouse CD45-PE eBioscience Cat#12-0451-83; RRID:AB_465669

Goat anti-rabbit Alexa Fluor 488 secondary

antibody

Invitrogen Cat#A-11029; RRID:AB_2534088

Biological samples

Cancer patient whole blood and the core-needle

biopsy samples

Chang-Gung Memorial

Hospital and Academia Sinica

IRB serial No. 202000120A3 &

IRB serial No. AS-IRB02-109398

CTC-derived xenograft from CDx mice This paper N/A

Chemicals, peptides, and recombinant proteins

Accutase Invitrogen Cat# 00-4555-56

vital dye Green 5-chloromethylfluorescein

diacetate (CMFDA)

Thermo Fisher Scientific Cat# C7025

Pro-Long Gold Antifade Mountant with DAPI Thermo Fisher Scientific P36931

Paraformaldehyde Sigma-Aldrich P6148

endotoxin-free luciferin Promega E6551

Collagenase Sigma-Aldrich C0130

Nocodazole Sigma-Aldrich M1404

propidium iodide Sigma-Aldrich P4170

RNase A Thermo Fisher Scientific 12,091–021

Critical commercial assays

High-Capacity cDNA Reverse Trancription Kit Applied Biosystems Cat#4368814

Fast SYBR� Green Master Mix Applied Biosystems Cat#4385612

Illumine Truseq standard total RNA library

preparation Kit

Illumina 20,020,596

LIVE/DEAD cell viability assay Thermo Fisher Scientific L3224

Deposited data

RNA sequencing results This paper GEO ID: https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE159727

whole exom sequencing data This paper Sequence Read Archive (SRA) ID: http://www.ncbi.

nlm.nih.gov/bioproject/668668

bisulfite sequencing data This paper BsSeq project on NCBI https://www.ncbi.nlm.nih.

gov/bioproject/670066

Mouse Reference genome mouse build 38,

GRCm38 (mm10)

Genome Reference Consortium https://www.ncbi.nlm.nih.gov/assembly/

GCF_000001635.20/

Experimental models: Cell lines

parental 4T1 cancer cells ATCC Cat# CRL-2539, RRID:CVCL_0125

4T1-hHER2-Luc cell line This paper N/A

Primary tumor cell lines from CTC-PDx mouse This paper N/A

(Continued on next page)

ll
OPEN ACCESS

iScience 25, 105081, October 21, 2022 19

iScience
Article

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE159727
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE159727
http://www.ncbi.nlm.nih.gov/bioproject/668668
http://www.ncbi.nlm.nih.gov/bioproject/668668
https://www.ncbi.nlm.nih.gov/bioproject/670066
https://www.ncbi.nlm.nih.gov/bioproject/670066
https://www.ncbi.nlm.nih.gov/assembly/GCF_000001635.20/
https://www.ncbi.nlm.nih.gov/assembly/GCF_000001635.20/


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CTC lines from CTC-PDx mouse This paper N/A

metastatic tumor cell lines from CTC-PDx mouse This paper N/A

Experimental models: Organisms/strains

NOD-SCID-gamma (NSG) mice Genomics Research Center,

Academia Sinica

N/A

4T1-hER2-Luc-derived xenograft (CDx) mice This paper N/A

CTC-derived xenograft (PDx) mice This paper N/A

Oligonucleotides

Primers for Cdh1 qPCR:

5‘-GGGATTCGTTGCAGAAGGCG-3’

5‘-TAGGCGATGGCAGCGTTGTA-3’

This paper N/A

Primers for Epcam qPCR:

5‘-CCACGTGCTGGTGTGTCAAC-3’

5‘-TTGAAGCGCAGTCTGCAAGC-3’

This paper N/A

Primers for Krt19 qPCR:

50-CCTCAATGATCGTCTCGCCTC-30‘

5’-CTTGGAGTTGTCAATGGTGGC-30‘

This paper N/A

Primers for Muc1 qPCR:

5’-CAGTACCAAGCGTAGCCCCT-30‘

5’-ACCAGCCCAGATCAGAGTGC-30‘

This paper N/A

Primers for Nid1 qPCR:

5’-TTCCCAGCAGACTTGTGCCA-30‘

5’-TCACCTTGCCATTGACCCGT-30‘

This paper N/A

Primers for Sdc2 qPCR:

5’-CGAGAACAGAGCTGACATCCGA-30‘

5’-GAAGCAGCACTAGTGAGTGGGA-30 ‘

This paper N/A

Primers for Wnt7a qPCR:

5’-AGTTCCGAAATGGCCGTTGG-30‘

5’-TCCTCCAGGATCTTGCTTCTCCT-30‘

This paper N/A

Primers for Acta2 qPCR:

5‘-CAGCGGGCATCCACGAAAC-3’

50-TTGCGTTCTGGAGGGGCAAT-30‘

This paper N/A

Primers for Cdh11 qPCR

5’-GCCGCCGACTTGTGAATGG-30‘

5’-CAAAGGGCCACAAAGCACAGT-30 ‘

This paper N/A

Primers for Mmp2 qPCR:

5’-CCACACCAACACTGGGACCT-30‘

5’-AAGGGACCTGTGGGCTTGTC -30‘

This paper N/A

Primers for Mmp9 qPCR:

5’-ACCTCCAACCTCACGGACAC-30‘

5’-CTCTCCCATCATCTGGGCGG-30 ‘

This paper N/A

Primers for Twist1 qPCR:

5’-TCCATGTCCGCGTCCCACTA-30‘

5’-CCCACGCCCTGATTCTTGTG-30‘

This paper N/A

Primers for Her2:

5’-TGGCATTTTTGCCGGAGAGC-30

50-AATCCGTCCCCGAATGACCC-30

This paper N/A

Primers for Gapdh as the qPCR internal control:

50-CGGGGTCCCAGCTTAGGTTC-30

5-‘GCCCAATACGGCCAAATCCG-3’

This paper N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Ying-Chih Chang (yingchih@gate.sinica.edu.tw).

Material availability

Cell lines generated in this study are available upon request. Primers used for qPCR are listed in the key

resources table.

Data and code availability

WES sequencing data were deposited in the NCBI Sequence Read Archive (SRA) (ID: http://www.ncbi.nlm.

nih.gov/bioproject/668668).

Bisulfite sequencingdata were deposited in the NCBI BsSeq project (ID: https://www.ncbi.nlm.nih.gov/

bioproject/670066). RNA sequencing results were deposited in the NCBI Gene Expression Omnibus

(GEO) library (ID: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE159727). This paper does

not report original code. Any additional information required to reanalyze the data reported in this article

is available from the lead contacton request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

In vivo CTC-derived xenograft propagation and cell line establishment

Four weeks after 4T1-hHER2-Luc orthotopic inoculation to NSGmice, 750 mL of whole blood was collected

through cardiac puncture after adequate anesthesia. The blood was processed using the LIPO platform for

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

BWA 0.7.17-r1188 Li (2013) RRID:SCR_010910; https://sourceforge.net/

projects/bio-bwa/

GATK v4.1.0.0 Mutect2 Data Sciences Platform at

Broad institute

RRID:SCR_001876; https://gatk.broadinstitute.

org/hc/en-us/articles/360051306691-Mutect2

HISAT2 v2.1.0 Kim et al., (2019) RRID:SCR_015530; http://daehwankimlab.

github.io/hisat2/

StringTie Pertea et al. (2016) RRID:SCR_016323; v2.0.3; https://ccb.jhu.

edu/software/stringtie/

DESeq2 Love et al. (2014) RRID:SCR_015687; v1.26.0; https://bioconductor.

org/packages/release/bioc/html/DESeq2.html

metaseqR2 Fanidis and Moulos (2021) https://doi.org/10.1093/bib/bbaa156

EMT score Tan et al. (2014) http://www.csi.nus.edu.sg/bioinfo/index.php

GraphPad Prism software GraphPad Software RRID:SCR_002798; version 6.0c;

https://www.graphpad.com/scientific-software/prism/

TPM calculator Vera Alvarez et al. (2019) https://github.com/ncbi/TPMCalculator

Trimmomatic Bolger et al. (2014) RRID:SCR_011848; http://www.usadellab.org/

cms/?page=trimmomatic

Bismark Bioinformatics group at Babaham

institute

RRID:SCR_005604; v0.14.4; https://

www.bioinformatics.babraham.ac.uk/

projects/bismark/

FastQC Bioinformatics group at Babaham

institute

RRID:SCR_014583; https://www.bioinformatics.

babraham.ac.uk/projects/fastqc/

MultiQC Ewels et al. (2016) RRID:SCR_014982; https://multiqc.info/

Methylkit Akalin et al. (2012) RRID:SCR_005177; https://www.bioconductor.

org/packages/release/bioc/html/methylKit.html
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CTC purification. Total CTCs collected from three random mice were pooled together with Matrigel and

directly injected into the mammary fat pad of alternative NSG mice for CTC-derived xenograft growth.

The growth of CTC-derived xenograft and cancer metastasis was observed and monitored using the

IVIS imaging system. At the end of the fourth week after CTC inoculation, the mice were sacrificed and

both the primary tumor and lung metastatic cancer tissues were collected for further primary culture and

corresponding cancer cell line establishment. In brief, the tissues were minced into 13 1 mm fragments

and digested with 200 U/mL collagenase (Sigma-Aldrich) overnight under 37�C with 5% CO2 humidified

atmosphere. The digested tissues were filtrated using a 70 mm cell strainer (BD Biosciences) and washed

using PBS after centrifugation. The pelleted cells were cultured on tissue culture plates using serum-free

or complete RPMI-1640 medium. For CTC cell line establishment, around 750 mL of whole blood from

each mouse was collected by cardiac puncture and processed using the CTC capture platform under a

germ-free condition. The collected CTCs were cultured under the same culture conditions used for routine

cell line cultivation. All primary cultured cells were passaged every other day with 80% confluency and pho-

tographed under a light microscope (CK40-F100; Olympus, Japan).

Cell lines and cell culture

The 4T1-hHER2-Luc cell line was generated by integration of codon-optimized human HER2 and luciferase

genes into the HER2-negative/luciferase-negative mouse breast cancer cell line 4T1-hHER2 (kindly pro-

vided by Dr. Wen-Hwa Lee and Dr. Chun-Mei Hu in the Genomics Research Center, Academia Sinica).

The exogenous expression of hHER2 was verified through qRT-PCR and immunocytochemistry staining

(Figure S1). Primary, circulating, and metastatic tumor cells from mouse-derived CTC-PDx mice were har-

vested simultaneously at the end of the fourth week after inoculation. Primary cultures were grown in the

serum-free medium to select tumor cells for approximately 24–48 h and then cultured in the serum-contain-

ingmedium for further growth. The 4T1-hHER2-Luc cell line and all cultured cells frommouse-derived CTC-

PDx mice were cultured using RPMI-1640 medium (Gibco) supplied with 1% antibiotic-antimycotic solution

(Gibco) and 10% fetal bovine serum (FBS, Gibco) at 37�C with 5% CO2 humidified atmosphere. The cells

were detached using accutase (Invitrogen) and passaged on tissue culture plates (Corning, Corning, NY)

every two days when reaching 80% confluency. CMFDA (Thermo Fisher Scientific) was used as a cell

tracking dye for viable cell staining after cell release from the platform.

Patient sample

Thirteen breast cancer patients were recruited during the period of December 2020 to December 2021. The

core-needle biopsy and whole blood samples were collected with signed informed consent forms. Only

one patient (at age 37) showed distant metastasis and had paired primary and CTCs. Her ex vivo drug

response and clinical treatment data were analyzed and compared in this study. Specifically, the EDTA

vacutainer tube was used for a whole-blood sample collection from the metastatic cancer patient and

ice-cold tissue preservation buffer was used for fresh core-needle biopsy sample delivery. All experiments

using the patient’s samples were processed immediately after sample transfer and as a double-blind study.

Patient recruitment, human sample collection, and ex vivo tests were executed by strictly following stan-

dard protocols reviewed by Institutional Review Board in both Chang-Gung Memorial Hospital (IRB serial

No. 202000120A3) and Academia Sinica (IRB serial No. AS-IRB02-109398).

3D spheroid culture

Human patient-derived samples, core-needle biopsy samples or isolated CTCs using the LIPO platform, were

seeded onto the 3D culture platform supplied with complete medium and cultured for 7–14 days. The 3D cul-

ture platform was prepared according to the previous results (Tsai et al., 2012a) and now is manufactured as

R3CE (Acrocyte Therapeutics Inc., New Taipei City, Taiwan). Approximately, 135 CTC colonies were obtained

from 1 mL of blood sample and 2000 tumor cell colonies were generated from 100 ul of the core-needle bi-

opsy sample. Each well was supplemented with 200 mL Advanced DMEM/F-12 (Gibco) complete media with

10% FBS (Gibco), 1% antibiotic-antimycotic (Corning), 10 ng/mL FGF (Corning) and 100 mg/mL EGF (Gibco).

The cell morphology was observed using a phase contrast microscope, before and after drug treatments.

METHOD DETAILS

Sample processing and CTC isolation on the LIPO microfluidic platform

The LIPO platform is a CTC isolation platform based on the CMx platform (Yeh, 2018). CMx contains a mi-

cro-pattern designed for chaotic mixing in the microchannel and a non-covalently bound anti-EpCAM
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conjugated lipid channel for multivalent antibody-antigen interaction and quick release (Chen et al., 2016).

It has been used in clinical studies examining colorectal cancer (Gupta et al., 2019; Tsai et al., 2019), pros-

tate cancer (Pang et al., 2018), and head and neck cancer (Li et al., 2019). The LIPO platform was further

optimized to achieve maximal cell viability. Specifically, a liposomes-lipid bilayer was used as a surface

coating instead of a lipid bilayer to facilitate detachment of surface-bound cells while preserving viability

and bioactivity of eluted cells (Yeh, 2018). To capture CTCs derived from CDx or CTC-PDx or parental 4T1-

hHER2-Luc cells, monoclonal anti-mouse EpCAM antibody was site-specifically biotinylated for target cell

isolation as described previously (Chen et al., 2007; Lai et al., 2017) (ThermoFisher Scientific, Cat#13-5791-

80, RRID:AB_1659715). A syringe pump (Harvard Apparatus PHD, 2000) with a syringe installed was con-

nected using the tubing and adapter to the outlet of the microfluidic platform for blood sample processing

and target cell isolation. Samples were loaded to the inlet of the platform and bound cells were released as

previously reported (Lai et al., 2014). In brief, air-to-aqueous solution foam, produced by mixing BSA solu-

tion (BSA, UR) with air, was gently injected into the outlet of the platform to release bound cells. The

released cells were collected for subsequent studies. To capture CTCs from the human patient blood, a

similar procedure was followed except that anti-human EpCAM antibody was used.

Evaluation of cell isolation efficiency of the LIPO platform

Cultured cells were incubated with accutase (Invitrogen) at 37�C for 10 min to detach cells from the culture

dish. The cell suspension was collected, re-suspended in cell culture medium and spiked into the microflui-

dic platform to evaluate isolation efficiency. To visualize cells, cancer cells were pre-stained with vital dye

Green 5-chloromethylfluorescein diacetate (CMFDA, Thermo Fisher Scientific) at 37�C for 30 min and ali-

quoted into appropriate dilutions for the following experiments and enumeration. The eluted cells were

washed using PBS, fixed with 4% formaldehyde, and mounted using DAPI-containing Pro-Long Antifade

mounting medium (Thermo Fisher Scientific) for subsequent cell counting. The cell isolation efficiency

was defined as the cell number released from the microfluidic platform divided by the cell number spiked

into the microfluidic platform. The LIVE/DEAD cell viability assay was performed according to the manufac-

turer’s instruction with 2 mM of calcein AM for live cell staining and 10 mM of ethidium homodimer-1 for

dead cells staining for 30 min before live/dead cell observation.

Immunofluorescence staining and image analysis

To perform immunofluorescence staining, the captured cells were first fixed with 4% paraformaldehyde

(Sigma-Aldrich) followed with penetration by 0.1% Triton X-100 (EMD Millipore, Burlington, MA) with a

PBS wash in between. After blocking with 10% normal goat serum (Jackson ImmunoResearch Laboratories,

West Grove, PA), the captured CTC cells were subsequently stained with rabbit anti-human-HER2 antibody

(Agilent, Santa Clara, CA, Cat#A0485, RRID:AB_2335701, 1:100 dilution) and rat anti-mouse CD45-PE (eBio-

science, San Diego, CA, Cat#12-0451-83, RRID:AB_465669, 1:200 dilution), followed by the goat anti-rabbit

Alexa Fluor 488 secondary antibody (Invitrogen, Cat#A-11029, RRID:AB_2534088,1:500 dilution). The

immunofluorescence-stained samples were sealed with ProLong Gold Antifade Mountant with DAPI and

photographed under a Nikon Ti-E fluorescence microscope. CTCs were verified and counted using Nikon

NIS-Element AR software.

In vivo spontaneous metastasis animal experiment and ethics statement

The animal model experiment protocols were approved by the institutional animal care and use committee

(IACUC) and performed according to the submitted IACUC protocol in Academia Sinica (IACUC protocol

No. 17-11-1116). The 4–5-week-old female NOD-SCID-gamma (NSG) mice were bred and obtained from

the animal facility of the Genomics Research Center, Academia Sinica. All experiments were maintained

and operated under a specific pathogen-free environment with controlled temperature, humidity, and

adequate daylight cycle. About 1x105 4T1-hHER2-Luc cells with Matrigel (Corning) in 1:1 dilution was or-

thotopically inoculated into the mammary fat pad of NSGmice. In vivo luciferase detection andmonitoring

were accomplished using endotoxin-free luciferin (concentration: 15 mg/mL, dosage: 10 mL/g, Promega,

WI) and photographed using the IVIS spectrum in vivo imaging system (Caliper Life Sciences, Hopkinton,

MA). The orthotopic tumor volume was measured and calculated as [(length x width2)/2] and body weight

was recorded once every week. The tumor growth and cancer metastasis status were observed simulta-

neously at several time points using the IVIS imaging system. The time points included one day before,

one week after, three weeks after, and four weeks after tumor inoculation. Orbital sinus sampling was

used for blood sample collection and for subsequent experiments. 150 mL of whole blood was collected

from each mouse and aliquoted equally for both CTC isolation and RT-PCR verification at each time point.
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Primary tumor and secondary metastatic lung tissue were collected for further paraffin embedding and fol-

lowed by IHC staining confirmation after sacrifice.

Synchronization and cell cycle analysis

Cells were seeded on a tissue culture dish for 24 h and additional 50 ng/mL nocodazole (Sigma-Aldrich) was

used for cell cycle synchronization. The cells were then cultured for 6 h in regular growth medium to release

the cell cycle from G2/M phase. Synchronized cells were fixed with 75% alcohol at �20�C overnight. The

fixed cells were stained with propidium iodide (PI, 20 mg/mL, Sigma-Aldrich) and RNase A (0.2 mg/mL,

Thermo Fisher Scientific) for 20 min at room temperature. The cell cycle distribution after synchronization

was analyzed by flow cytometry (BD FACSCalibur) afterward with at least 10,000 cells collected. The data

between sublines were compared and analyzed using the chi-square analysis.

Transwell migration and invasion assay

About 1x105 cells were seeded on the cell culture insert (8 mm pore, Falcon, Corning) with serum-free me-

dium, and the fitted culture dishes were supplied with 20% FBS containing culture medium as a chemoat-

tractant for cell migration. An additional 20 mg ofMatrigel (Corning) was precoated on the cell culture insert

before cell seeding for the invasion assay. The cells were allowed tomigrate or invade for 16 h and collected

for further staining and quantitation. The non-migrating or non-invasive cells were wiped from the coating

surface. The transwell migrated or invading cells were stained with 1% crystal violet and photographed un-

der a light microscope. Five random views with three repeated assays were counted for further quantifica-

tion and statistical analyses.

Whole exome sequencing (WES)

125 bp Illumina paired-end reads were sequenced on the HiSeq 2500. Mean depth of coverage for all genes

was 200. 4T1-derived primary, CTC, and metastasis-derived cancer cell lines as well as parental 4T1 cancer

cells (ATCC, Cat# CRL-2539, RRID:CVCL_0125) were utilized for bothWES and bisulfite sequencing. Genomic

DNAs from the parental 4T1-hHER2-Luc cell line, 4T1-derived primary tumors, CTCs, and metastasis tumors

were analyzed by WES. Sequencing reads were cleaned and then aligned to the Mus musculus genome as-

sembly GRCm38 (mm10) using the BWA algorithm (RRID:SCR_010910; bwa version 0.7.17-r1188). Then, the

aligned data were sorted, validated and indexed. To observe genomic changes between different groups,

4T1-hHER2-Luc samples were nominated as normal and the others as tumor samples. On the basis of

GATK best practice, somatic variants were identified through the Mutect2 algorithm (RRID:SCR_001876;

GATK v4.1.0.0). Two variant filtering mechanisms were adopted. First, variants that did not PASS the

FILTER value were eliminated. Second, variants with a non-zero AD value in parental 4T1-hHER2-Luc cells

were removed to prevent false positive results. The remaining variants were deemed qualified for down-

stream analysis. The relative WES sequencing data were uploaded to Sequence Read Archive (SRA) server

of NCBI under the following project ID: http://www.ncbi.nlm.nih.gov/bioproject/668668.

Bisulfite sequencing

For methylation profile analysis, sequence alignments were performed using the Bismark pipeline. Briefly,

adapters at the 50AND-30 ends of reads were removed from chastity filtered fastq files using Trimmomatic

(http://www.usadellab.org/cms/?page=trimmomatic). The processed reads were aligned to the mouse

genome (mm38), deduplicated, examined for coverage, and extracted to a CpG count matrix using Bismark

v0.14.4 (RRID:SCR_005604; https://www.bioinformatics.babraham.ac.uk/projects/bismark/). Quality control

and assurance (QC/QA) was performed using FastQC (RRID:SCR_014583; https://www.bioinformatics.

babraham.ac.uk/projects/fastqc/), Bismark, and MultiQC (RRID:SCR_014982; https://multiqc.info/). Bins with

fewer than 10 counts or with coverage exceeding the 99th percentile were excluded. Only those with methyl-

ation changes>25%andq value<0.05were selected formethylomeanalysis. Subsequently, differentiallymeth-

ylated region analysis was conducted usingMethylkit (RRID:SCR_005177) in the R-environment. The parameters

for calculate DiffMeth in methylKit were as follows: slim = TRUE, weighted.mean = TRUE, num.cores = 12. The

relative bisulfite sequencing data were submitted to BsSeq project on NCBI (RRID:SCR_006472) server under

the following ID: https://www.ncbi.nlm.nih.gov/bioproject/670066.

RNA sequencing

Total RNA was extracted from primary (5-PRI, 7-PRI, 8-PRI), circulating (1-CTC, 3-CTC, 6-CTC) and metasta-

tic (3-Meta, 5-Meta and 7-Meta) tumor cells-derived sublines, and the parental 4T1-hHER2-Luc cell line. The
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library was prepared using illumine Truseq standard total RNA library preparation kit and followed by pair-

end RNA sequencing using illumina HiSeq 2500 system. The RNA-Seq data analysis pipeline was run on the

SeqsLab platform. First, sequencing data were analyzed using a pipeline comprised HISAT2 (v2.1.0;

RRID:SCR_015530) for mapping reads to the mouse genome (GRCm38.96), StringTie (v2.0.3;

RRID:SCR_016323) for transcript assembly and DESeq2 (v1.26.0; RRID:SCR_015687) for data normalization.

The TPM (transcript per million, generated by TPM calculator) was calculated according to the

TPMCalculator for RNA abundance quantification (Vera Alvarez et al., 2019). Then, MDS analysis was

applied to illustrate inter-sample similarity. MDS plots in Figure 5A was based on TPM of each sample

and generated using the metaseqR2(https://doi.org/10.1093/bib/bbaa156). The RNA sequencing results

were archived in the NCBI Gene Expression Omnibus (GEO) dataset (RRID:SCR_005012) under the

following ID: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE159727.

Calculation of EMT score

To quantitatively score cell lines derived from CTC-PDx for their EMT status, the EMT score was calculated

through the website (http://www.csi.nus.edu.sg/bioinfo/index.php) (Tan et al., 2014) using the RNA-seq

data. The EMT score ranged from �1.0 (fully epithelial) to +1.0 (fully mesenchymal) and represents the

EMT status of cells.

RNA extraction and qRT-PCR analysis

TRIzol reagent solution was used for isolating RNA, following the manufacturer’s protocol (Applied Bio-

systems, CA, USA). The PRI, CTC and META sublines at passages 21, 22, and 21, respectively, were used

for the qRT-PCR analysis for epithelial and mesenchymal markers. The concentration of extracted RNA

was measured using the Nano-drop ND2000 spectrophotometer (Thermo Fisher Scientific). Samples

were then diluted in RNAse-free water to a final concentration of 0.25 mg/mL for qRT-PCR analysis. The

reverse transcription was performed using the High-Capacity cDNA Reverse Transcription Kit, according

to the manufacturer’s protocol (Thermo Fisher Scientific). qPCR was then performed using Fast SYBR�
Green Master Mix, following the manufacturer’s protocol (Thermo Fisher Scientific). DCT and DDCT were

then calculated, and statistical analysis was performed using One-way ANOVA.

Anti-cancer drug test

Spheroids derived from the human patient’s core-needle biopsy sample or CTCs were cultured for drug

tests. Anti-cancer drugs, including epirubicin, 5-fluorouracil (5-FU), fulvestrant, gemcitabine, paclitaxel,

palbociclib, vinorelbine, carboplatin, eribulin, and doxorubicin, were purchased from MedChemExpress,

and treated at a dose of 0.1, 0.3, 1 or 3 Cmax. All drugs were dissolved in DMSO, which were further diluted

in media containing 10% FBS (final [DMSO]% 0.25% (v/v)). Cell viability was measured using RealTime-Glo

TM Cell Viability Assay, following the manufacturer’s protocol (Promega). Relative cell viability was calcu-

lated by comparing the absolute luminescence intensity before (at time 0) and after (24, 48, and 72 h) drug

treatment and was used to determine the effectiveness of the chemotherapeutic drug.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were accomplished using GraphPad Prism software (RRID:SCR_002798; version 6.0c,

La Jolla, CA). The Student’s ttest was performed for statistical analysis and p% 0.05 was considered as sig-

nificant. All representative results are shown as mean G SEM for at least three independent replicates of

experiments.
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