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Abstract

While intratumoral genomic heterogeneity can impede cancer research and treatment, less 

is known about the effects of phenotypic heterogeneities. To investigate the role of cell 

migration heterogeneities in metastasis, we phenotypically sorted metastatic breast cancer cells 

into two subpopulations based on migration ability. While migration is typically considered 

to be associated with metastasis, when injected orthotopically in vivo, the weakly migratory 

subpopulation metastasized significantly more than the highly migratory subpopulation. To 

investigate the mechanism behind this observation, both subpopulations were assessed at each 

stage of the metastatic cascade, including dissemination from the primary tumor, survival in 

the circulation, extravasation, and colonization. While both subpopulations performed each step 

successfully, weakly migratory cells presented as circulating tumor cell (CTC) clusters in the 

circulation, suggesting clustering as one potential mechanism behind the increased metastasis 

of weakly migratory cells. RNA sequencing revealed weakly migratory subpopulations to be 

more epithelial and highly migratory subpopulations to be more mesenchymal. Depletion of E-

cadherin expression from weakly migratory cells abrogated metastasis. Conversely, induction of E-

cadherin expression in highly migratory cells increased metastasis. Clinical patient data and blood 

samples showed that CTC clustering and E-cadherin expression are both associated with worsened 

patient outcome. This study demonstrates that deconvolving phenotypic heterogeneities can reveal 

fundamental insights into metastatic progression. More specifically, these results indicate that 

migratory ability does not necessarily correlate with metastatic potential, and that E-cadherin 
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promotes metastasis in phenotypically-sorted breast cancer cell subpopulations by enabling CTC 

clustering.
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Introduction

Genetic and epigenetic subclones generated within the primary tumor generate significant 

phenotypic diversity that greatly complicates cancer diagnosis and treatment (1). Intratumor 

heterogeneity has been identified as a prognostic marker associated with decreased patient 

survival (2), and it can obscure the most aggressive drivers of cancer migration and 

metastasis (3–5). Subclones that ultimately drive disease progression may be present in 

the primary tumor at the time of diagnosis in almost undetectable amounts (1). If these 

important metastatic subclones could be identified and targeted early, patient outcomes 

would greatly improve. As metastasis is a complex, multi-step process, parsing apart the 

phenotypes which can complete the entire metastatic cascade is critical to improving 

therapeutic strategies. While much has been done to elucidate which cellular properties 

endow tumor cells with the ability to perform the various steps of the metastatic cascade, 

it remains unclear whether success in one part of the metastatic cascade is indicative of 

success in others (5).

As tumor cell infiltration into the surrounding stroma is an early step in cancer metastasis, 

tumor cell migration has been considered essential for cancer malignancy (6). However, 

clinical evidence as well as in vitro and in vivo studies indicate that heterogeneity exists 

in cancer cell migration ability and mode, both between and within individual tumors 

(7). This range of migratory phenotypes is thought to be partially due to the crosstalk 

between cancer cells and the tumor stroma, where extracellular matrix (ECM) architectural 

features can induce specific migratory behaviors (8–11). While ECM features can account 

for part of the heterogeneity observed in local tumor dissemination, less is known regarding 

how tumor-intrinsic phenotypic heterogeneity impacts cancer cell migration and ultimately, 

metastasis.

To address intratumor heterogeneity of cellular migration behaviors and isolate the role of 

migration in metastasis, we sorted metastatic cells based on their ability to migrate, one 

of the earliest proposed requirements for metastatic progression (12,13). While migration 

is believed to be correlated with metastasis, when these subpopulations were used in 

an orthotopic metastasis model, the poorly migratory subpopulation readily colonized 

distal locations including lungs, liver, and bone, while the highly migratory cells showed 

poor metastatic potential in all tissues. Our data indicate that E-cadherin is essential to 

the metastatic fitness of the weakly migratory subpopulation, and the highly migratory 

subpopulation can be rescued with induction of E-cadherin expression. In patient samples, 

circulating tumor microemboli concentration and patient survival time are correlated, and we 

observed that circulating tumor cells in metastatic breast cancer samples were E-cadherin 
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positive. Together, these findings indicate that in vitro migration ability does not necessarily 

correlate with metastatic capability, and E-cadherin is a major driver of the metastatic 

phenotype.

Materials and Methods

Cell culture

MDA-MB-231 cells (ATCC Cat# HTB-26), HEK293T cells (ATCC Cat# CRL-3216), 

HUVECs (Lonza), MCF10CA1a cells (Barbara Ann Karmanos Cancer Institute), and 

SUM159PT cells (BioIVT) were free of mycoplasma. All cell culture and time-lapse 

imaging was performed at 37°C and 5% CO2.

Cell migration studies

For 3D migration assessment, MDA-MB-231 cells were seeded sparsely within 1.5 mg/mL 

collagen matrices and 3 mg/mL collagen microtracks prepared from acid-solubilized type I 

rat tail tendon collagen as previously described (14,15).

Phenotypic cell sorting

To purify differentially migratory cells, parental MDA-MB-231 cells (MDAPAR) were 

seeded in a transwell migration assay. Briefly, a thin 1 mg/mL collagen gel (~10 μm 

thickness) was polymerized in an 8-μm pore transwell insert (Corning) for 20 min and the 

coated insert was equilibrated in serum-free DMEM. Cells were plated at 40,000 cells/cm2 

on the gel surface in DMEM + 0.5% FBS, and the insert was placed in a 6 well plate 

containing DMEM + 10% FBS. On day 2 of culture, the media in the upper reservoir 

was refreshed. On day 4 of culture, media was removed from both the transwell insert 

and well plate and reserved. Transwell inserts were washed twice with PBS then 0.25% 

Trypsin-EDTA was added and the transwell plate was incubated on an orbital shaker at 

37ºC for 5 min. The well plate was then removed and tapped gently to help loosen cells 

then placed back on the orbital shaker for another 5 min. Equal volume of complete media 

was added above and below the transwell, then cell suspensions were pooled with their 

respective reserved media. Highly migratory (MDA+) and weakly migratory (MDA−) cell 

subpopulations were recovered by centrifugation from the lower and upper compartment 

solutions, respectively. Purifying cell sorting was achieved by repeatedly seeding MDA+ 

and MDA− cells on separate freshly prepared transwell migration assays as described 

above. For purification of MDA+ cells, cells that migrated through the transwell were 

recovered and reseeded; for purification of MDA− cells, cells that did not migrate through 

the transwell were recovered and reseeded. Twenty rounds of purification were performed. 

Subpopulations were used in experiments for up to 20 passages following purification with 

no discernible changes in behavior.

Mice

Experiments were performed in accordance with AAALAC guidelines and were approved 

by the Vanderbilt University Institutional Animal Care and Use Committee (Protocol#: 

M1700029–00). 6–8 week old female NOD/SCID immunodeficient mice (The Jackson 

Laboratory) were injected with 1×106 MDA+ or MDA− cells subcutaneously at the 
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mammary gland. Bioluminescence imaging (BLI) was performed using an IVIS™ 

Spectrum system (PerkinElmer). 150 mg/kg D-luciferin (Gold Biotechnology) was injected 

intraperitoneally 10 min before imaging. Mice were imaged weekly or biweekly for 4 

weeks or until primary tumors approached 100–200 mm3 in volume. Primary tumor removal 

surgery followed sterile surgical techniques. After tumor removal, mice were monitored for 

4 weeks using BLI. All tissue samples collected were fixed using 4% paraformaldehyde and 

then processed for histological analysis.

For en bloc tumor collection, mice were injected subcutaneously, and at 4 weeks, the 

tissue encompassing the primary tumor with an approximately 0.5–1 cm circumferential 

margin including the overlying skin and the underlying peritoneum was removed such that 

the surrounding stroma was undisturbed. For circulating tumor cell isolation, mice were 

injected subcutaneously as described above, and at 4 weeks, blood was obtained via cardiac 

puncture. The buffy coat was extracted and plated in serum-free DMEM before fixation with 

4% paraformaldehyde. For lung decellularization, lungs from FVB mice were collected, 

processed, and seeded as previously described (16).

Patient blood sample isolation

Cancer patient blood was obtained from patients with stage IV cancer from Guthrie 

Corning Hospital, after written informed consent (IRB#1402–17). Studies were approved 

by Institutional Review Boards of Cornell University and Vanderbilt University and were 

conducted in accordance with the Declaration of Helsinki principles. Samples were shipped 

overnight and processed as described previously (17,18). Patient outcomes were monitored 

post-collection for up to 2 years.

For additional information including experimental quantification and statistical analysis, see 

Supplemental Methods.

Results

Sorting metastatic cancer cells based on migration ability to produce distinct, stable 
subpopulations

MDA-MB-231 human breast cancer cells are known to be genetically and phenotypically 

heterogeneous (19,20). To characterize the heterogeneity of their migration phenotype, 

we seeded MDA-MB-231 cells in 3D collagen matrices and performed time-lapse phase 

microscopy. The fraction of motile cells increased with time and plateaued at approximately 

0.65, indicating that not all cells actively migrate (Fig. 1a). Of those that migrate, some cells 

displace much more than others (Fig. 1b). A wide distribution of net and total displacements 

exists (Fig. 1c). To determine whether the migration behavior is heritable, and therefore has 

the potential to be the basis for phenotypic sorting, the speed of cells prior to and after 

cell division was measured. Our data indicate that the mother and daughter cell speeds are 

correlated (Fig. 1d, R2=0.62), suggesting that migration behavior is heritable.

To sort MDA-MB-231 cells based on migratory ability, MDA-MB-231 (MDAPAR) cells 

were seeded in low-serum media on top of a collagen-coated transwell with complete media 

in the bottom chamber. After 4 days, the cells that migrated through the collagen and to 
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the bottom of the transwell were collected separately from the cells that remained on the 

top. Both groups were subsequently separately reseeded in fresh transwells, and this sorting 

process was repeated for 20 rounds to produce stable strongly migratory (MDA+) and 

weakly migratory (MDA−) subpopulations (Fig. 1e). After 20 rounds of sorting, MDA+ 

cells were significantly more migratory than MDAPAR, which were significantly more 

migratory than MDA− (Fig. 1f). This trend persisted with no significant difference for either 

subpopulation between their respective freshly sorted cells, cells seeded after a freeze-thaw 

cycle, and cells that underwent a freeze-thaw cycle followed by subsequent passaging. This 

indicates the establishment of two stable cell subpopulations that differ in their migration 

phenotype.

The sorting process requires cells to migrate through collagen. To assess the robustness 

of the migratory phenotypes and to address the possibility that the response is collagen-

specific, we tested the migration behavior of both MDA-MB-231 cell subpopulations 

in several different matrix compositions and densities. In transwells of increasing 

collagen density, more migration was observed in MDA+ compared to MDA− even 

as both subpopulations showed decreased fractions of cells migrated with increasing 

collagen density (Supplementary Fig. 1a). In transwells containing collagen doped 

with either fibronectin or matrigel, no discernable effect on fractions of cells 

migrated in either subpopulation was observed with increasing fibronectin or Matrigel 

concentrations (Supplementary Figs. 1b,c). These results demonstrate that MDA+ and 

MDA− subpopulations retain their migration phenotypes across various ECM compositions 

and densities.

When seeded in 3D collagen matrix, MDA+ motile fraction was significantly higher than 

both MDAPAR and MDA− motile fractions with MDA− being significantly lower than 

MDAPAR (Fig. 1g). MDA+ cells displaced readily while MDA− remained largely stationary, 

toggling in place (Fig. 1h and Supplementary movies 1,2). MDA+ cells exhibited 3D 

migration speeds comparable to MDAPAR, which were both significantly higher than MDA− 

migration speed (Fig. 1i). These findings suggest that sorting is selecting the most migratory 

(MDA+) and least migratory (MDA−) cells from the parental MDA-MB-231 (MDAPAR) 

population.

Weakly migratory subpopulation exhibits increased metastatic potential and CTC 
clustering compared to highly migratory subpopulation

After observing a robust difference in migratory abilities between MDA+ and MDA− 

cells, we next sought to assess their metastatic potentials. Since the acquisition of a 

migratory phenotype is associated with dissemination from the primary tumor and is 

often considered essential for metastasis (21,22), we hypothesized that MDA+ cells would 

metastasize to a greater extent than MDA− cells. When cancer cell subpopulations were 

injected orthotopically into immunocompromised mice, both subpopulations formed primary 

tumors that grew steadily over the course of four weeks (Fig. 2a). There was no significant 

difference in primary tumor size upon removal (Fig. 2b). Additionally, subpopulation cell 

proliferation was compared both in vitro and in vivo and found to be similar (Supplementary 

Figs. 2a,b). After primary tumor removal, mice were monitored for bioluminescence 
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signal indicating metastatic spread. Counter to our hypothesis, distal metastatic spread was 

observed in all MDA− mice while minimal distal signal was observed in MDA+ mice (Fig. 

2c). These findings were confirmed using anti-GFP immunohistochemistry (IHC) staining 

of lung, liver, and bone. Extensive metastatic spread was noted in lung, liver, and bone in 

MDA− -injected mice while only rarely were micrometastases observed in MDA+ injected 

mice (Fig. 2d). Metastatic nodules were observed in MDA− livers while MDA+ livers appear 

healthy (Fig. 2e). Quantification of IHC staining of tissue sections indicates the presence of 

significantly more GFP-positive cells in MDA− livers compared to MDA+ livers (Fig. 2f). 

In addition, MDA− livers had significantly more metastatic nodules than MDA+ livers (Fig. 

2g). IHC staining of lung tissue sections were also quantified for GFP-positive cells, and 

MDA− lungs had significantly more metastatic colonization than MDA+ lungs (Figs. 2h,i). 

To determine whether the weakly migratory phenotype of MDA− cells that metastasized 

was preserved, lungs from mice injected orthotopically with MDA− cells were dissociated 

and GFP-tagged MDA− cells were collected via fluorescence activated cell sorting. When 

seeded in 1.5 mg/mL collagen matrix, metastasized MDA− cells retained their weakly motile 

behavior ex vivo (Fig. 2j). Due to the very few metastases that formed in mice injected 

with MDA+ cells, we were unable to collect a sufficient number of GFP-positive cells from 

MDA+ lungs to make a comparison.

Since this finding that MDA− are highly metastatic and MDA+ are poorly metastatic 

contradicted the prevailing view that robust migration leads to metastasis, we sought to 

determine whether this finding was specific to MDA-MB-231 cells or whether it also occurs 

in other cells. MCF10CA1a cells, another metastatic breast cancer cell line, was sorted as 

before to obtain highly migratory (CA1a+) and weakly migratory (CA1a−) subpopulations 

(Supplementary Fig. 3a). Upon in vitro seeding in 3D collagen, motile fractions were 

similar to the behavior of the sorted MDA-MB-231 subpopulations (Supplementary Fig. 

3b). Similarly, CA1a−-injected mice exhibited metastasis to lung and lymph nodes to a 

greater extent than CA1a+-injected mice (Supplementary Fig. 3c,d). SUM159 cells were 

also sorted to obtain highly migratory (SUM159+) and weakly migratory (SUM159−) 

subpopulations which exhibited similar differences in motile fraction consistent with the 

other subpopulations (Supplementary Figs. 4a,b). As observed with the MDA-MB-231 and 

MCF10CA1a subpopulations, the SUM159—injected mice saw distal metastasis to lung 

and lymph node that was absent in SUM159+-injected mice (Supplementary Figs. 4c,d). 

These findings confirmed that the anti-correlation between migration and metastasis was not 

cell-type specific.

Since MDA− successfully metastasize whereas MDA+ do not, we sought to determine at 

which stage of the metastatic cascade the phenotypically sorted subpopulations differ (Fig. 

2k). To assess each subpopulation’s ability to migrate locally from the primary tumor, 

en bloc sections were collected. Based on GFP signal, both subpopulations migrated into 

stroma adjacent to the primary tumor (Fig. 2l). Quantification of each subpopulation’s 

outgrowth index revealed that both subpopulations migrate locally from the primary tumor; 

however, MDA+ cells migrate to a significantly greater extent compared to MDA− cells (Fig. 

2m), as expected based on their in vitro behavior.
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We tested whether both subpopulations could successfully intravasate and survive in the 

circulation. Blood was collected from mice at 4 weeks after tumor induction and circulating 

tumor cells (CTCs) were isolated and stained for EpCAM and CD45. GFP+EpCAM+CD45− 

cells were considered CTCs, which were present in blood at similar, high concentrations 

for both subpopulations (Fig. 2n). However, MDA− CTCs were present in clusters as well 

as single cells while MDA+ CTCs presented as single cell CTCs exclusively (Fig. 2o). 

To ensure CTCs were being correctly identified, blood from a mouse without cancer cell 

injections was collected and processed alongside experimental samples, and no CTC-like 

cells were detected (Supplementary Fig. 5a,b,c). Once CTCs either roll and then attach 

to the endothelium or lodge in capillary beds, they extravasate out of the circulation 

(5). To assess extravasation ability, we added the subpopulations to a collagen-coated 

transwell seeded with an endothelial monolayer. The monolayer was validated using a 

permeability assay (Supplementary Fig. 5d). After 4 days, both subpopulations migrated into 

the bottom chamber, although the MDA+ cells did so significantly more (Fig. 2p). To assess 

colonization ability, lung tissue was collected from mice, decellularized, and re-seeded with 

the subpopulations of MDA-MB-231 cells (Supplementary Figs. 5e,f). After 9 days of 

culture, both subpopulations successfully colonized the decellularized lung ECM (Fig. 2q) to 

similar extents (Fig. 2r).

Together, these data indicate that despite differences in their migration behaviors, both 

subpopulations can perform key steps of the metastatic cascade. To further investigate the 

mechanism by which MDA− successfully form metastases and MDA+ do not, we focused 

on the presence of CTC clusters in MDA− injected mouse blood, also known as circulating 

tumor microemboli (CTM), as a potential differentiating factor between the subpopulations 

which could explain the enhanced metastatic potential of the MDA− subpopulation.

Phenotypically sorted subpopulations exhibit differential EMT gene regulation

Given these initially counter-intuitive findings that more highly migratory cells are less 

metastatic and weakly migratory cells are highly metastatic, we sought to investigate the 

genotypic differences between our phenotypically sorted subpopulations using RNAseq. 

Initial analysis of sequencing data between MDA+ and MDA− subpopulations indicates 

a large degree of differential gene expression as indicated by the z score heat map (Fig. 

3a). As GO term analysis showed biological adhesion and cell motility categories were 

highly differentially regulated between the subpopulations (Supplementary Table 1), we 

hypothesized that differential regulation of genes involved in epithelial-to-mesenchymal 

transition (EMT) could explain the phenotypic differences between our subpopulations. 

Using a previously published list of genes involved in identification of EMT states (23), a 

z score heat map comparing epithelial and mesenchymal gene regulation between MDA+ 

and MDA− subpopulations was generated (Supplementary Fig. 6a). We also compared the 

regulation of these genes between the subpopulations using log 2 fold change (Fig. 3b). In 

both of these assessments, MDA+ cells showed greater upregulation of mesenchymal genes 

while MDA− cells showed greater upregulation of epithelial genes. MDA+ cells had both a 

significantly increased mesenchymal score and decreased epithelial score while MDA− cells 

showed the opposite relationship (Figs. 3c,d).
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Additionally, we performed RNAseq on the MCF10CA1a subpopulations and found the 

same trends with a high degree of differential regulation both overall and for EMT genes 

(Supplementary Figs. 7a,b,c). The CA1a+ subpopulation showed significant upregulation of 

mesenchymal scores and downregulation of epithelial scores while the CA1a− subpopulation 

showed the opposite trends (Supplementary Figs. 7d,e). These same trends in overall 

expression and EMT gene regulation followed for the SUM159 subpopulations where the 

SUM159+ subpopulation showed enhanced mesenchymal and reduced epithelial scores and 

the SUM159− subpopulation showed the converse (Supplementary Figs. 8a,b,c,d,e). When 

GO term analysis on these sets of subpopulations were performed, both showed biological 

adhesions as one of the most differentially regulated GO term categories (Supplementary 

Table 1). Given the consistency of this finding across cell lines and the CTC clustering 

observed in MDA—injected mice, we hypothesized that cell-cell adhesion may be involved 

in the differential metastatic phenotype. To further characterize cell-cell adhesion behavior 

across all subpopulations, RNAseq data for genes encoding cell-cell adhesion proteins were 

compared, and cell-cell adhesion scores were calculated. Weakly migratory subpopulations 

from MDA-MB-231 (Supplementary Figs. 9a,b,c), MCF10CA1a (Supplementary Figs. 

10a,b,c), and SUM159 (Supplementary Figs. 11a,b,c) cell lines showed a significantly 

higher cell-cell adhesion score than their respective highly migratory subpopulations, 

indicating greater upregulation of cell-cell adhesion genes. Interestingly, E-cadherin, a cell-

cell adhesion protein that has been recently implicated in CTC clustering and metastatic 

potential in other systems (24,25), was the most highly differentially upregulated epithelial 

marker in MDA− cells compared to MDA+ cells.

E-cadherin expression in phenotypically sorted subpopulations is necessary for 
successful completion of the metastatic cascade

Based on the formation of MDA− CTM in the circulation and our RNAseq data, we 

investigated the role of E-cadherin, a cell-cell adhesion protein implicated in CTM formation 

(26–28). MDA− cells were found to possess significantly higher E-cadherin compared 

to MDA+ based on both qPCR (Fig. 4a) and western blotting (Fig. 4b, Supplementary 

Fig. 12a). Immunofluorescence staining for E-cadherin in MDA− cells indicated that it 

is localized to cell-cell junctions within cell clusters (Fig. 4c). These assays confirm that 

MDA− cells express E-cadherin.

To determine whether E-cadherin expression was involved in the increased metastatic 

potential of MDA− cells, an E-cadherin knockdown cell line was created by transducing 

MDA− cells with E-cadherin shRNA (Supplementary Fig. 12b). When E-cadherin 

knockdown MDA− (EcadKD) cells were injected orthotopically, BLI signal indicated 

slightly slowed growth of EcadKD primary tumors compared to MDA− scrambled shRNA 

control (Scrambled) primary tumors (Fig. 4d). To compensate for this, EcadKD primary 

tumors were removed after they reached a comparable size to control tumors. After 

primary tumor removal, BLI showed reduced distal metastasis in EcadKD mice compared 

to control mice (Fig. 4e). Anti-GFP IHC staining of lungs and liver confirmed a marked 

decrease in distal metastasis in EcadKD mice compared to scrambled control mice (Fig. 

4f). Additionally, macroscopically, there were significantly fewer liver nodules in EcadKD 

compared to controls (Supplementary Fig. 12c). When quantified, a significantly greater 
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percentage of GFP-positive cells were found in liver (Fig. 4g) and lungs (Fig. 4h) of 

scrambled control mice compared to EcadKD. These findings suggest that E-cadherin 

promotes distal metastasis of the MDA− subpopulation and may be required for metastasis 

of these cells.

To determine whether E-cadherin expression can enable the MDA+ subpopulation to 

metastasize, we transduced MDA+ cells to express E-cadherin (Fig. 4i, Supplementary Fig. 

12d). Primary tumor growth was monitored using BLI, and primary tumors were removed 

at 4 weeks (Fig. 4j). At the study endpoint, distal metastasis can be consistently observed in 

MDA+ + E-cadherin injected mice via BLI in locations indicative of lungs, liver, and bone 

(Fig. 4k). Metastasis to lungs and liver was confirmed using anti-GFP IHC staining (Fig. 4l). 

Additionally, quantification of metastatic liver nodules reveals a significantly higher nodule 

count for MDA+ + E-cadherin mice compared to MDA+ mice (Supplementary Fig. 12e). 

When quantified, the percentage of GFP-positive cells was significantly higher in liver (Fig. 

4m) and lungs (Fig. 4n) of MDA+ + E-cadherin mice compared to MDA+ mice. At 4 weeks 

post-injection, CTCs were collected from MDA−EcadKD- and MDA+ + E-cadherin-injected 

mice as before, and no significant difference in CTC concentration for these conditions 

compared to either MDA+- or MDA−-injected mice was observed (Supplementary Fig. 12f). 

Further, CTC clusters were abrogated in MDA−EcadKD-injected mice while CTC clusters 

were present in MDA+ + E-cadherin-injected mice (Supplementary Fig. 12g). Together, 

these results establish that E-cadherin expression enables successful distal metastasis in 

both of our phenotypically sorted subpopulations and that E-cadherin plays a role in CTC 

clustering.

E-cadherin expression tunes migration mode and extent in subpopulations

Our data indicate that E-cadherin expression is related to the metastatic phenotype of 

highly migratory MDA+ and weakly migratory MDA− cell subpopulations. However, the 

molecular mechanism governing their difference in migration behavior in vitro is not 

clear. To determine whether E-cadherin plays a role in migration phenotype, we sought 

to further characterize these subpopulations and their variants to determine if modulation of 

E-cadherin expression would be sufficient to affect their distinct migratory phenotypes in 

vitro.

First, we characterized the localization of E-cadherin across all MDA-MB-231 conditions 

(Supplementary Fig. 13a). As seen in the representative immunofluorescence images, 

as expected, E-cadherin localizes to junctions as well as the cytoplasm in cells within 

MDA−, MDA+EcadLow (used for in vivo experiments described above), and MDA+EcadHigh 

(transduced with comparatively much higher E-cadherin expression) subpopulations while 

it is observed cytoplasmically in cells within the MDAPAR population and is absent from 

MDA+ and MDA−EcadKD cells. We revisited the transwell migration sorting platform to 

determine if modulation of E-cadherin expression affects either subpopulation’s ability to 

migrate through a collagen-coated transwell membrane. As expected, MDA+ cells migrated 

through the transwell significantly more than MDAPAR, which migrated significantly more 

than MDA− (Fig. 5a). When MDA+ cells were induced to express a relatively modest 

amount of E-cadherin that was used previously in our in vivo experiments (MDA+EcadLow), 
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the fraction of cells migrated significantly decreased, whereas when E-cadherin was 

knocked down in MDA− cells, the fraction of cells migrated significantly increased. 

However, even with a much higher level of E-cadherin expression, MDA+EcadHigh cells still 

migrated significantly more than MDA− cells. The migration fraction for MDA+EcadLow 

cells was significantly higher than MDA−EcadKD cells indicating that E-cadherin alone is 

not responsible for the differences in migration ability. We also compared the motile fraction 

of each condition seeded as single cells in 3D collagen matrix (Fig. 5b). Here, we found 

similar trends where E-cadherin addition significantly attenuated the motile fractions of 

both MDA+EcadLow and MDA+EcadHigh conditions compared to MDA+, and knockdown 

significantly enhanced the motile fraction of MDA−EcadKD cells compared to MDA− cells. 

Here, even the much higher level of E-cadherin expression in MDA+EcadHigh was not 

sufficient to lower motile fraction to MDA− or MDA−EcadKD levels. These data show that 

E-cadherin affects the migration of the phenotypically sorted subpopulations but does not 

completely explain their distinct migratory abilities.

Given that MDA− are relatively weak migrators, we sought to determine whether their 

migration defect was related to their ability to remodel matrix to facilitate movement. It 

has been previously shown that cancer cells can utilize channels found in native mammary 

stroma to migrate independent of proteolysis and matrix reorganization (8). To test whether 

MDA− are capable of migrating in the more permissive environment of collagen channels, 

subpopulations were seeded in channels micromolded into collagen, and phase time-lapse 

microscopy was performed. MDA+ cells in channels displaced more readily than MDA− 

cells in channels (Supplementary movies 3,4), indicating that this permissive environment 

is not sufficient to improve MDA− migration ability to levels comparable to MDA+. Cell 

velocities in the channels were quantified and MDA+ cells migrated significantly faster 

than MDAPAR cells, which migrated significantly faster than MDA− cells (Fig. 5c). In the 

channels, MDA+EcadLow and MDA+EcadHigh cell velocities were not significantly different 

from that of MDA−EcadKD cells. This suggests that while there are still additional factors 

responsible for part of the differential migration modes of these subpopulations, decreased 

ability to remodel matrix could also contribute to a portion of the residual differences that 

remain between the subpopulations after E-cadherin is altered.

While single cell migration models are often used to study cancer cell migration, collective 

migration is thought to be the more prevalent mode of migration in vivo (29). To assess 

the migration ability of these subpopulations and their E-cadherin variants in a collective 

context, in vitro tumor spheroids were formed. When embedded in collagen and monitored 

for 48 h, all conditions resulted in spheroid outgrowth into the surrounding matrix (Fig. 5d). 

MDA− spheroids outgrew significantly less than MDAPAR, which outgrew significantly less 

than MDA+ spheroids (Fig. 5e). Consistent with single cell measurements, outgrowth area 

of MDA+EcadLow and MDA+EcadHigh spheroids were significantly reduced compared to 

MDA+ spheroids, and outgrowth area significantly increased in MDA−EcadKD spheroids 

compared to MDA− control spheroids. Interestingly, MDA+ spheroids migrated out largely 

as single cells while MDA− spheroids migrated as collective strands while MDAPAR 

spheroids presented as a mixture of the two modes. This suggests that while MDA− cells do 

not migrate well as single cells, they are able to migrate collectively albeit less effectively 

than MDA+ cells. Additionally, while MDA+EcadLow spheroids exhibit reduced outgrowth 
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but no noticeable change in migration mode compared to MDA+ spheroids, MDA+EcadHigh 

spheroids shift from single to collective migration modes and obtain a reduced outgrowth 

area similar to that of MDA− spheroids. Conversely, MDA−EcadKD spheroids retain the 

collective mode of migration while exhibiting a higher outgrowth area compared to MDA− 

spheroids. Together, this suggests that while E-cadherin expression can modulate cell 

migration in both single and collective contexts, there are still other inherent differences 

between these subpopulations that affect their determining migration ability.

Phenotypically sorted subpopulations display different morphologies and contractility

After further characterizing the migration abilities of phenotypically sorted weakly and 

highly migratory cells and their E-cadherin variants, we sought to examine cytoskeletal 

architecture, cell-ECM signaling, and mechanotransduction, since these all can impact 

migration ability. To assess the morphologies of the phenotypically sorted cells with and 

without E-cadherin, we imaged them using phase-contrast microscopy (Fig. 6a). The MDA+ 

and MDA− display distinct phenotypes which are present in the heterogeneous parental 

cells. When comparing the morphologies of MDA+, MDA+EcadLow, and MDA+EcadHigh, 

more cell spreading and cell-cell contacts occur as E-cadherin expression increases. 

Conversely, when comparing the MDA− and MDA−EcadKD cell morphologies, there is 

a slight reduction in cell-cell contacts and cell spreading. When cell area is quantified, 

MDA− cells have significantly greater cell area compared to MDAPAR cells which have 

greater cell area than MDA+ cells (Fig. 6b). Interestingly, both the addition or knockdown of 

E-cadherin to MDA+ and MDA− cells, respectively, result in increased cell area compared to 

the baseline phenotypes.

Since migration behavior is dependent on cytoskeletal architecture (11), actin staining 

was performed on both subpopulations. MDA− cells exhibit robust stress fibers while 

MDA+ cells display both stress fibers as well as ruffling lamellipodia (Supplementary 

Fig. 14a). Again, MDAPAR cells display attributes of both subpopulations and E-cadherin 

addition or knockdown can attenuate these phenotypes in each respective subpopulation. 

Lamellipodia formation has been associated with both migratory and metastatic phenotypes 

(30). Additionally, stress fibers in non-motile cells are expected to be more robust compared 

to stress fibers in migratory cells (31). Thus, the prevalence of lamellipodia in MDA+ 

and stress fibers in MDA− are consistent with their migratory phenotypes. Together, these 

data show that the subpopulations display distinct morphologies that are present in the 

heterogeneous parental population and can be altered by changing E-cadherin expression.

Since the actin cytoskeleton and cell-matrix adhesions are interdependent (32), we examined 

adhesive structures and signaling across all cell conditions. Since focal adhesion kinase 

(FAK) has been correlated with an invasive phenotype and metastasis (33), we investigated 

whether subpopulations had differential FAK expression and activation. While total FAK 

levels were similar between subpopulations, MDA− cells had significantly higher FAK 

activation compared to MDA+ as indicated by pFAK/FAK levels (Figs. 6c,f). Western 

blotting shows that loss of E-cadherin in MDA− reduces FAK activation (Figs. 6d,g) 

while addition of E-cadherin to MDA+ increases FAK activation (Figs. 6e,h). To further 

characterize focal adhesions, we performed staining for phosphorylated FAK, which 
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revealed small, nascent focal adhesions localized at the lamellipodium in MDA+ cells and 

large, elongated focal adhesions capping stress fibers in MDA− (Supplementary Fig. 14a). 

When quantified, MDA− cells had significantly larger focal adhesions than MDAPAR, which 

had larger focal adhesions than MDA+ (Fig. 6i). When E-cadherin was knocked out in 

MDA−, focal adhesion area decreased while when E-cadherin was added to MDA+ cells, it 

was increased. Together, these results suggest that MDA+ and MDA− subpopulations have 

differential FAK signaling which is mediated in part by E-cadherin.

Given the robust differences in morphologies and cytoskeletal architecture between the 

subpopulations, traction force microscopy (TFM) was performed to quantify contractile 

forces generated by MDA+ and MDA− cells with and without E-cadherin. Prior work 

indicates traction stresses are increased in malignant and more metastatic cells (34,35). 

While both subpopulations were not significantly different from MDAPAR, traction forces 

of MDA+ were significantly increased compared to MDA− (Fig. 6j). To determine whether 

this trend persists in 3D collagen matrix, a collagen contraction assay was performed. 

MDA+ seeded collagen gels contracted significantly more than MDAPAR seeded collagen 

gels which contracted more than MDA− seeded collagen gels (Fig. 6k). These data indicate 

that the highly motile, weakly metastatic subpopulation is more contractile than the weakly 

motile, highly metastatic subpopulation, which is counter to the hypothesis that more 

malignant and metastatic cells exert higher forces (34,35). While MDA+EcadHigh exhibited 

relatively weak traction stresses in the TFM assay, this condition showed compaction 

comparable to those of MDA+ gels in the collagen gel contraction assay (Fig. 6j,k). In 

addition, in vitro tumor spheroids were imaged at 24 h post-embedding using quantitative 

polarization microscopy to assess cell contractility in the context of multicellular cancer 

cell strand migration (Supplementary Fig. 15a). Here, optical anisotropy (which represents 

the contractility of cells within the migration strands) of each condition shows comparable 

trends to the TFM and gel contraction assay data. The optical anisotropy signal is highest 

in MDA+ migrating cells compared to MDAPAR cells which show higher optical anisotropy 

signal than cells in MDA− migration strands. Additionally, MDA+EcadLow migrating cells 

have lower optical anisotropy signal compared to MDA+ cells but greater signal than cells in 

MDA+EcadHigh migration strands. MDA−EcadKD migration strands showed higher optical 

anisotropy signal compared to MDA− migration strands.

Together, this data demonstrates that phenotypically sorted subpopulations possess unique 

cytoskeletal features, cell-ECM signaling, and contractility behavior that are distinct even 

when modulated by E-cadherin expression.

Clustering of circulating tumor cells in patient blood correlates with prognosis

Based on our data, the MDA− subpopulation has a higher metastatic fitness that is associated 

with E-cadherin expression and clustering of CTCs. To determine if CTC clustering and 

E-cadherin expression are clinically relevant markers of metastatic potential, blood samples 

from patients with metastatic cancer were collected and processed (Supplementary Table 

2). After staining for cytokeratin, single CTCs and CTC clusters were quantified (Fig. 7a). 

Our data indicate there is a significant trend between the concentration of CTC clusters per 

mL blood and patient survival, where patients with survival time of less than 12 months 
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had significantly increased CTC cluster concentrations compared to patients with 12–24 

month survival and those alive with progression (Fig. 7b). In a separate cohort of metastatic 

breast cancer patient samples (Supplementary Table 3), when stained for E-cadherin, both 

single cell and clustered CTCs in metastatic breast cancer patient blood were positive for 

E-cadherin in all patient samples tested (Fig. 7c). Additionally, we used a Kaplan-Meier 

Plotter to determine the relationship between E-cadherin and distal metastasis-free survival 

(DMFS) and overall survival (OS) in breast cancer patients (36). The upper tercile of 

patients based on E-cadherin gene expression showed a significant reduction in both DMFS 

(Fig. 7d) and OS (Fig. 7e) compared to the lower tercile of patients. These results suggest 

E-cadherin expression and CTC clustering have prognostic value in breast cancer.

Discussion

Here, we used the approach of sorting cells based on migratory phenotype to identify 

the phenotype associated with the most aggressively metastatic cells. MDA+ and MDA− 

subpopulations were sorted based on their ability to migrate through a transwell migration 

assay. Notably, MDA− cells were highly metastatic in vivo compared to MDA+ cells when 

injected orthotopically into mice. RNA sequencing revealed robust differences in gene 

regulation across many aspects of cellular function including cell adhesion and motility, 

which are associated with epithelial-to-mesenchymal transition (EMT). MDA− cells showed 

increased epithelial gene expression compared to MDA+ cells, which showed increased 

mesenchymal gene expression. The increased metastatic potential of MDA− was found to 

be dependent on E-cadherin, which enabled CTC clusters to form and disseminate in the 

circulation leading to enhanced colonization of distant tissues. Further, we established that 

induced expression of E-cadherin was sufficient to rescue MDA+ cells and allow them to 

metastasize to the same tissues as MDA−. Notably, in cancer patients, the number of CTC 

clusters in blood trended with worsened patient outcomes, CTCs from metastatic breast 

cancer patients were found to be positive for E-cadherin, and E-cadherin was associated with 

decreased distal metastasis free survival and overall survival. Together, these data indicate 

that migration ability in vitro is not positively correlated with metastasis, and E-cadherin 

plays a significant role in determining metastasis.

Perhaps one of the most surprising results from this study is that migration ability does 

not correlate with metastasis. Our results generate numerous questions regarding intratumor 

heterogeneity in the context of migratory and metastatic phenotypes. Importantly, how much 

value should be placed on single cell migration studies and the most migratory cells in 

a population in cancer research? Even in highly permissive collagen microtracks, MDA− 

cells migrated poorly until placed in the collective context of in vitro tumor spheroids. 

Given that our MDA− subpopulation migrates poorly as single cells compared to in 

spheroids when they are permitted to migrate collectively, many researchers focused on 

single cell assays might inadvertently dismiss these cells, as motility is often correlated with 

cancer aggressiveness. Thus, these results highlight the need for physiologically relevant 

multicellular migration assays that can allow more complex cell behaviors, such as collective 

migration to be observed. Even with that consideration, our data indicate that migration 

ability, even when in a collective context, is not predictive of metastasis.
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Based on our findings, E-cadherin, an epithelial protein that is generally considered a tumor 

suppressor, enables breast cancer metastasis. Epithelial-to-mesenchymal transition (EMT) 

has traditionally been considered necessary for metastasis, with cancer aggressiveness 

and metastatic potential correlating with the extent of EMT (37,38). Increasing evidence 

calls into question the necessity of traditionally defined EMT and places increasing 

importance on cells that possess the capacity to exhibit epithelial properties required for 

metastatic colonization (38–40). E-cadherin along with other epithelial markers including 

keratin-14 have been shown to facilitate metastasis (40,41). The enabling role of E-cadherin 

for metastasis and reciprocal effects on migration were recently delineated in several 

breast cancer models (24,25). Our data may suggest that E-cadherin expression in the 

MDA− subpopulation endows these cells with a hybrid epithelial/mesenchymal (E/M) 

phenotype, which has been suggested to enhance metastatic potential (42–45). The MDA+ 

subpopulation may represent an extreme mesenchymal phenotype, which lacks the epithelial 

traits necessary for metastatic colonization (38,42,46,47). Probing the effects on both 

migration and metastasis of other epithelial and mesenchymal genes that we assessed using 

RNA sequencing could help determine which are associated with hybrid or extreme EMT 

states. As intermediate EMT states are being characterized, further work should be done 

towards probing heterogeneity of the EMT spectrum within primary tumors and metastatic 

sites.

We have shown that MDA− are capable of migrating collectively in an in vitro tumor 

spheroid model but do not know what specific cues and machinery enable this migration. 

In Drosophila, E-cadherin has been shown to play a critical role as a mechanical signal 

integrator where it was necessary for directed migration of cellular clusters (48). Using 

MDCK cells, it was recently shown that FAK-Src signaling is involved in relaxation of E-

cadherin tension which facilitates migration via β-catenin signaling (49). Given our findings 

that MDA− cells exhibited higher FAK activation compared to MDA+ cells, further work 

should be done to determine if FAK signaling plays a role in the collective migration 

abilities of MDA−. E-cadherin loss in MDA− cells increased migration, consistent with 

findings of others (24,50), but was not sufficient to completely alter migration mode, 

indicating that there are other factors, most likely other epithelial cell-cell adhesion proteins, 

contributing to this behavior.

One caveat of this study is that the implications of our phenotypic cell sorting process on the 

resulting subpopulations remain incompletely understood. One limitation of the transwell 

sorting platform is that it does not lend itself to real-time observation, which could provide 

more insight into the migration modes of the subpopulations when migrating through 

the transwell membrane. While none of the behaviors observed in either subpopulations 

appear to reside outside of the range of MDAPAR behaviors, it remains possible that the 

20 rounds of sorting could condition or evolve the cells in a way that we have not yet 

identified. While this assay’s greatest perceived strength is that instead of selecting for 

protein expression or another well-defined metric, we are selecting for the multi-faceted 

behavior of cell migration, it is important to note that this limits our understanding of how 

these subpopulations relate to fully heterogeneous, unsorted parental cells. Further efforts 

to elucidate how representative these subpopulations are in the context of their parental 

cell lines should be considered as well as continued interrogation of the MCF10CA1a 
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and SUM159 subpopulations as the notable transcriptional differences observed in the 

subpopulations across all three triple negative breast cancer cells lines test may contribute 

novel insight into the mechanisms of migration and metastasis. Additionally, comparison 

with subpopulations obtained from phenotypic sorting methods based on other cell 

behaviors such as adhesion and metastatic site preference could provide a more complete 

understanding of intratumor heterogeneity in the context of metastasis (51–53).

Our data supports the critical role of hybrid E/M phenotypes and the concept that certain 

subpopulations of cells, in this case MDA+ cells, can be too mesenchymal, lacking epithelial 

features required to colonize metastatic sites. We have demonstrated that E-cadherin 

facilitates cancer metastasis in weakly motile cells and can ameliorate the metastatic 

potential of highly migratory cells. Since colonization is the step in metastasis in which 

cancer gains its lethality, future therapeutic strategies could potentially take advantage 

of these findings by forcing metastatic cancer cells towards an extreme mesenchymal 

phenotype to prevent colonization and disease progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of Significance:

This study employs phenotypic cell sorting for migration to reveal a weakly migratory, 

highly metastatic breast cancer cell subpopulation regulated by E-cadherin, highlighting 

the dichotomy between cancer cell migration and metastasis.
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Figure 1. 
Heterogeneity of MDA-MB-231 human cancer cell migratory capability is heritable and 

can be sorted based on migration behavior using an in vitro transwell migration assay. a) 

Fraction of motile MDA-MB-231 cells following seeding in 1.5 mg/mL collagen matrix. 

Dashed line indicates maximal motile fraction achieved by steady state. b) Single-cell 

migration paths and c) total and net cell migration speeds over 8 h. d) Correlation of total 

cell migration speed before and after mitosis. Each pair of daughter cells, D1 and D2, is 

connected by a vertical line, and the average daughter cell speed was used to determine 
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correlation (R2 = 0.62). e) Schematic of migration cell sorting technique. f) Fraction of 

cells migrated through transwell assay for indicated populations after 4 days. g) Motile 

fraction of MDA-MB-231 subpopulations and parental cells. h) Single-cell migration paths 

of MDA-MB-231 subpopulations. i) Migration speeds of MDA-MB-231 subpopulations and 

MDA-MB-231 parental cells after seeding in 1.5 mg/mL collagen matrix. Data in (a), (f), 

and (g) display mean ± SEM. Statistical significance in (f) was calculated using one-way 

ANOVA (n = 3,4,4). Statistical significance in (g) was calculated using one-way ANOVA 

(n = 10,13,14). In (i), box and whisker plot show medians, 25th/75th, and minimum and 

maximum values. Statistical significance in (i) was calculated using a Kruskal-Wallis H test 

(n = 34,41,28). * p < 0.05, **** p < 0.0001, n.s., non-significant.
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Figure 2. 
Phenotypically sorted subpopulations show differential metastatic potentials in vivo. a) 

Primary tumor growth quantified by bioluminescence imaging using log(normalized average 

radiance) (n = 4). b) Primary tumor volume as measured by calipers (n = 3). c) Endpoint 

image showing metastasis via bioluminescence imaging. d) Representative images of anti-

GFP immunohistochemical (IHC) staining of lung, liver, and bone samples counterstained 

with hematoxylin. e) Representative images of livers collected at study endpoint and f) 

quantification of percentage of GFP-positive cells in liver anti-GFP IHC sections (n = 9). 
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g) Quantification of metastatic liver nodules at study endpoint (n = 5,6). h) Representative 

images of lungs at study endpoint. i) Quantification of GFP-positive cells measured via IHC 

of lung histological sections (n = 8,9). j) Representative migration traces of MDA− cells 

seeded in 1.5 mg/mL collagen after isolation from lungs of mice at 4 weeks post injection. 

Dark grey dashed line represents average distance migrated from MDA− cells in vitro 

with light grey dotted line representing standard deviation. k) Schematic of stages of the 

metastatic cascade assessed by each experiment. l) Anti-GFP IHC staining of en bloc tumor 

sections; white arrow indicates local spread at the primary tumor periphery; black arrows 

indicate cell migration into the stroma. m) Quantification of outgrowth index to assess local 

dissemination in en bloc histology (n = 6,5). n) Quantification of circulating tumor cells 

(CTCs) per mL blood in orthotopically injected mice after 4 weeks (n = 3). o) Percentage 

of clustering of CTCs in mouse blood at 4 weeks (n = 3). p) Relative trans-endothelial 

migration fraction of MDA-MB-231 subpopulations (n = 3). q) Representative images of ex 

vivo lung decellularization colonization assay for MDA-MB-231 subpopulations imaged 9 d 

post-seeding using confocal reflectance and immunofluorescence; GFP-tagged cells: green, 

nuclei: blue, extracellular matrix: white; Scale bars: 50 μm. r) Quantification of colonization 

index in ex vivo lung tissue at 9 d post-seeding (n = 50). Data in (a), (b), (f), (g), (i), (m), 

(n), (p) and (r) display mean ± SEM. Statistical significance in (a) was calculated using 

multiple t-tests. Statistical significance in (b), (f), (g), (m), (n), (p) and (r) were calculated 

using unpaired, two-tailed Student t-tests. Statistical significance in (i) was calculated using 

a Mann-Whitney test. * p < 0.05, ** p < 0.01., **** p < 0.0001, n.s., non-significant.
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Figure 3. 
RNA sequencing reveals differential EMT gene regulation in phenotypically sorted 

subpopulations. a) RNAseq Z score heatmap showing differential gene regulation of MDA+ 

and MDA− subpopulations (n = 3). b) Log 2 fold change of MDA−/MDA+ epithelial-to-

mesenchymal transition genes (n = 3). c) Epithelial and d) mesenchymal scores for MDA+ 

and MDA− subpopulations (n = 3). Data in (b), (c), and (d) display mean ± SEM. Statistical 

significance in (c) and (d) was calculated using unpaired, two-tailed Student t-tests. **** p < 

0.0001.
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Figure 4. 
E-cadherin expression is necessary for metastasis in phenotypically sorted subpopulations. 

a) qPCR of E-cadherin in MDA-MB-231 subpopulations normalized to MDA+ cells (n = 

3). b) Western blot of E-cadherin and GAPDH in subpopulations. c) Immunofluorescence 

staining of E-cadherin expression in MDA− cells. Scale bar: 25 μm. d) Primary tumor 

growth of MDA− E-cadherin knockdown and scrambled control tumors monitored via 

bioluminescence imaging (BLI) (n = 3). e) End point BLI of scrambled and E-cadherin 

knockdown mice at 4 weeks post tumor removal. f) Representative images of lung and 
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liver histological sections stained with anti-GFP IHC. Quantification of percentage of GFP-

positive cells in g) liver (n = 10,12) and h) lung (n = 10,12) histological sections. i) 

Immunofluorescence staining of E-cadherin expression in MDA+ + E-cadherin cells. Scale 

bar: 20 μm. j) Primary tumor growth of MDA+ + E-cadherin tumors monitored via BLI 

(n = 6). k) End point BLI of MDA+ + E-cadherin mice at 4 weeks post tumor removal 

l) Representative image of lungs and livers histological sections stained with anti-GFP 

IHC. Quantification of percentage of GFP-positive cells in m) liver (n = 6,9) and n) lung 

(n = 6,9) IHC-stained tissue sections. Data in (a), (d), (g), (h), (j), (m), and (n) display 

mean ± SEM. Statistical significance for (a), (g), and (h) was calculated using an unpaired, 

two-tailed Student’s t-test. Statistical significance for (m) and (n) was calculated using a 

Mann-Whitney test. *p < 0.05, **p < 0.01.
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Figure 5. 
E-cadherin expression tunes migration ability and mode in phenotypically sorted 

subpopulations. a) Fraction of cells migrated for MDA subpopulations with and without 

E-cadherin in transwell assays (n = 3). b) Motile fraction of MDA subpopulations with 

and without E-cadherin in 1.5mg/mL 3D collagen (n = 10–35). c) Microtrack migration 

speeds for MDA-MB-231 subpopulations with and without E-cadherin (n = 30–36). d) 

Representative images of tumor spheroid outgrowth at 48 h post-embedding. Scale bar: 100 

μm e) Outgrowth area to quantify cell migration from in vitro tumor spheroids made from 
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MDA-MB-23 subpopulations with and without E-cadherin embedded in 1.5 mg/mL 3D 

collagen matrix at 48 h. Data from (a) and (b) display mean ± SEM. The box and whisker 

plot in (c) and (e) shows medians, 25th/75th percentiles, and minimum and maximum 

values. Statistical significance for (a) and (b) was calculated using an ordinary, one-way 

ANOVA. Statistical significance for (c) and (e) was calculated using a Kruskal Wallis H test. 

Statistical significance for (f) was calculated using an unpaired, two-tail Student’s t-test. * p 

< 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n.s., non-significant.
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Figure 6. 
Subpopulations exhibit differential morphologies, cell-ECM signaling, and contractility. a) 

Representative two-dimensional morphologies with red arrows pointing to parental cells 

with weakly motile-like morphologies and the green arrows pointing to parental cells with 

strongly motile-like morphologies; Scale bar: 50 μm. b) Quantification of cell area for 

subpopulations with and without E-cadherin. c) Western blot of pFAK, FAK, and GAPDH 

for MDAPAR, MDA+, and MDA−. d) Western blot of pFAK, FAK, and GAPDH for MDA− 

control and MDA−EcadKD. e) Western blot of pFAK, FAK, and GAPDH for MDA+, 
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MDA+EcadLow, and MDA+EcadHigh. f) Quantification of FAK expression and activation 

from Western blot in (c) (n = 3). g) Quantification of FAK expression and activation from 

Western blot in (d) (n = 3). h) Quantification of FAK expression and activation from 

Western blot in (e) (n = 3). i) Quantification of focal adhesion area for subpopulations 

with and without E-cadherin. j) Total traction force magnitude, |F|, of MDA-MB-231 

subpopulations with and without E-cadherin (n = 51–129). k) Percentage of bulk collagen 

matrix contraction for collagen gels seeded with MDA-MB-231 subpopulations with and 

without E-cadherin after 4 days (n = 4–14). Data from (f), (g), (h) and (k) display mean ± 

SEM. The box and whisker plots in (b), (i), and (j) shows medians, 25th/75th and minimum 

and maximum values. Statistical significance for (b), (i), and (j) were calculated using a 

Kruskal-Wallis H test. Statistical significance for (f), (h), and (k) were calculated using an 

ordinary, one-way ANOVA. Statistical significance for (g) was calculated using an unpaired, 

two-tailed Student’s t-test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n.s. 

non-significant.
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Figure 7. 
Circulating tumor cell clusters and E-cadherin expression trend with worsened patient 

outcome. a) Representative image of circulating tumor cells (CTCs) from human cancer 

patient blood stained for cytokeratin (green) and DAPI (blue); filled arrows denote CTC 

clusters while empty arrows denote single CTCs. Scale bar: 50 μm. b) Quantification of 

CTC cluster concentration from blood isolated from 11 metastatic cancer patients binned 

by patient survival time. c) Representative image of CTCs isolated from metastatic breast 

cancer patient blood with E-cadherin (red), cytokeratin (green), CD45 (magenta), and DAPI 

(blue) staining. Scale bar: 20 μm. Kaplan-Meier curve depicting d) distal metastasis free 

survival (DMFS) and e) overall survival (OS) of upper and lower terciles of breast cancer 

patients divided by E-cadherin mRNA expression in the primary tumor. n = 1803 for (d) 

and n = 1402 for (e). Data in (b) display mean ± SEM. Significance was determined by a 

Kruskall-Wallis H test for (b). * p < 0.05, ** p < 0.01, n.s. non-significant.
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