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CANCER RESEARCH | CONVERGENCE AND TECHNOLOGIES

Cell Adhesiveness Serves as a Biophysical Marker for
Metastatic Potential
Pranjali Beri1, Anna Popravko1, Benjamin Yeoman1,2, Aditya Kumar1, Kevin Chen1, Enio Hodzic1,
Alyssa Chiang1, Afsheen Banisadr3, Jesse K. Placone1, Hannah Carter4,5, Stephanie I. Fraley1,4,
Parag Katira2,6, and Adam J. Engler1,3,7

ABSTRACT
◥

Tumors are heterogeneous and composed of cells with different
dissemination abilities. Despite significant effort, there is no uni-
versal biological marker that serves as a metric for metastatic
potential of solid tumors. Common to disseminating cells from
such tumors, however, is the need to modulate their adhesion as
they detach from the tumor and migrate through stroma to intra-
vasate. Adhesion strength is heterogeneous even among cancer cells
within a given population, and using a parallel plate flow chamber,
we separated and sorted these populations into weakly and strongly
adherent groups; when cultured under stromal conditions, this
adhesion phenotype was stable over multiple days, sorting cycles,
and common across all epithelial tumor lines investigated. Weakly
adherent cells displayed increased migration in both two-
dimensional and three-dimensional migration assays; this was
maintained for several days in culture. Subpopulations did not

show differences in expression of proteins involved in the focal
adhesion complex but did exhibit intrinsic focal adhesion assem-
bly as well as contractile differences that resulted from differ-
ential expression of genes involved in microtubules, cytoskeleton
linkages, and motor activity. In human breast tumors, expression
of genes associated with the weakly adherent population resulted
in worse progression-free and disease-free intervals. These data
suggest that adhesion strength could potentially serve as a stable
marker for migration and metastatic potential within a given
tumor population and that the fraction of weakly adherent
cells present within a tumor could act as a physical marker for
metastatic potential.

Significance: Cancer cells exhibit heterogeneity in adhesivity,
which can be used to predict metastatic potential.

Introduction
The high mortality rate associated with cancer is due to metastasis

from a primary tumor to a distal site (1, 2). Patient outcomes typically
scale with rate of cell dissemination from the tumor, resulting in lower
5-year survival rates for aggressive tumors such as invasive ductal
carcinoma (1). However, determining cell dissemination rate from a
tumor is difficult due to heterogeneity, that is cells in the same tumor
have different propensities for forming secondary metastases (3–5).
Furthermore, there are no universal biochemical markers that
predict metastatic potential across solid tumors (4, 6); next-
generation assays that use these biomarkers typically only surveil
cells post-intravasation.

Biophysical markers, such as cell deformability, are an emerging
alternative to assess metastatic potential (7–12). Assays based on these
metrics focus largely on characterizing the physical properties of
already circulating cells rather than understanding how cancer cells
physically interact with and adhere to the extracellular matrix (ECM)
at the onset of invasion. Given that all cancer cells must interact with
the ECM to initiate metastasis, understanding variations in these
interactions can serve as an early indicator of metastatic ability. For
optimal cell migration into adjacent parenchyma, cells must turnover
their focal adhesions (FA) to move through the tissue effectively;
extremely unstable or stable adhesion can arrest migration as the cell
can never establish contractile forces or unbind and retract rear
portions of the cell (13). Thus, migration speed is a function of the
strength of attachment and is maximized when migrating cells can
cycle their adhesions (13, 14). Indeed, invasive cancer cells have more
dynamic FAs than their noninvasive counterparts (15), and decreased
adhesion strength corresponds to increased metastatic potential (16).
As a result, the adhesion of cancer cells to ECMproteins is becoming an
accepted metric for metastatic potential (17, 18).

Many assays have been developed to demonstrate how adhesion
differs in metastatic cells compared with their nonmetastatic
counterparts (17, 19–21). However, such assays are either low
throughput or not quantitative. It is also difficult to assess adhesive
heterogeneity within a single cancer line using these methods (22).We
have previously demonstrated that metastatic breast cancer cells
display lower cell-ECM adhesion strength than their nonmetastatic
counterparts using a spinning-disk shear assay (23, 24), especially
when cells are exposed to an environment whose low cation concen-
tration mirrors stroma (25, 26). We also observed an inherent het-
erogeneity in adhesion strength in multiple lineages including breast,
prostate, and lung cancer cell lines (23). Given this information, we
developed a parallel plate flow chamber to isolate distinct fractions of
cells from a heterogeneous population. Cells were isolated by applying
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a uniform shear stress to the cell population in the presence of stromal
concentrations of Mg and Ca cations (25, 26). Within a given tumor
line, we observed significant adhesion heterogeneity and found that the
more weakly adherent fraction displays increased migration in both
two dimension (2D) and three dimension (3D). This is due to the
increased contractility and FA disassembly present in weakly adherent
cells, resulting from transcriptomic expression differences in cytoskel-
etal components. Together, these data suggest that intrinsic differences
in adhesion strength of cells within a population can act as markers of
intratumoral heterogeneity in metastatic potential and be exploited to
biophysically fractionate subpopulations.

Materials and Methods
Cell culture

MDA-MB-231 and MCF7 cells were cultured in DMEM, 10% FBS,
and 1% antibiotic/antimycotic; MCF10A and MCF10AT cells were
cultured in DMEM/F-12, 5% horse serum, 1% penicillin/streptomycin
(Pen/Strep), 0.5 mg/mL hydrocortisone, 20 ng/mL hEGF, 10 mg/mL
insulin, 100 ng/mL cholera toxin; NCI-H1299 cells were cultured in
RPMI, 10% FBS, and 1% Pen/Strep. Products were purchased from
Life Technologies. All cells were obtained from ATCC (authenticated
by morphology, growth curve, and isoenzyme analysis), verified
Mycoplasma free via PCR, and were not used beyond passage 10.

Parallel plate shear assay
Glass plates (Brain Research Laboratories) were sonicated in 70%

ethanol and water. Plates were coated with fibronectin at 2 mg/cm2 for
60 minutes and then blocked with 5% BSA for 2 hours at 37�C. Plates
are then seeded with cells at a density of 5,000 cells/cm2 and incubated
overnight. Components of the parallel plate shear assay (polysulfone
base plate), 38-mm-thick silicone gasket (SMI), polypropylene luer
fixtures (Cole Parmer), 1/8-inch inner diameter tubing (Thermo
Fisher Scientific) were assembled and the glass plate was clamped to
the base plate containing the inlet and outlet. The inlet tubing was
connected to a syringe pump. Shear stress, t, was calculated using the
following equation:

t ¼ 6mQ
wh2

; ðAÞ

wherem is viscosity of thefluid,Q is volumetricflow rate,w is thewidth
of the chamber, and h is the height of the chamber.

Isolating weakly and strongly adherent cells
To test adhesion stability of weakly adherent (WA) and strongly

adherent (SA) fractions of the population, we first determined an
intermediate shear stress to detach roughly 40% of cells (�170 dynes/
cm2 for MDA-MB-231 cells). PBS without magnesium and calcium
and with 4.5 g/L of dextrose was used to shear cells. Cells were
subjected to the intermediate shear stress for 3 minutes to isolate WA
cells in the flow-through, which was collected at the outlet. 0.25%
trypsin-EDTA was added to the device to isolate SA cells. Once cells
detached, media was pushed through the device to neutralize the
trypsin and remove the SA cells. Both populations were then seeded.

To perform the adhesion stability remixed population assay, WA
and SA cells were isolated at day 0, cultured separately for 24 hours, re-
mixed and seeded onto a plate overnight, then re-isolated at 48 hours
after the initial isolation.

To isolate the weakest and strongest 2% of the MDA-MB-231 cell
population formigration assays, the seeded platewas subjected to a low
shear stress (28 dynes/cm2) for 3minutes to isolateWAcells in theflow

through from the outlet. The shear stress was then increased to a high
shear stress (510 dynes/cm2) for 2 minutes to eliminate intermediate
cell fractions. The remaining steps to isolate SA cells are listed above.
TheweakestMCF10A andMCF10AT cells were isolated using 170 and
130 dynes/cm2 of shear stress, respectively; the strongest were isolated
using 1,275 and 595 dynes/cm2, respectively.

Coculture assay
MDA-MB-231 and MCF10A cells were trypsinized and resus-

pended in 25 mmol/L of CellTracker fluorescent probes (Molecular
Probes, Life Technologies) in serum-free DMEM: MDA-MB-231 in
green CMFDA and MCF10A in Orange CMRA. Cell-dye solutions
were incubated at room temperature for 20 minutes. The cells were
then centrifuged and resuspended inMDA-MB-231media. Cells were
mixed 50:50 and seeded such that the final seeding density was 5,000
cells/cm2, then incubated overnight.

Upon isolation of WA and SA cells, both fractions were seeded,
incubated overnight, then fixed the following day with 3.7% formal-
dehyde for 10 minutes. Cells were imaged using a Nikon Eclipse Ti-S
microscope at �10 magnification with FITC and Texas Red and
counted by color.

Measuring percent detachment versus metastatic capability
MDA-MB-231, MCF7, MCF10A, and MCF10AT cells were sub-

jected to 250 dynes/cm2 of shear. The detached and adherent fractions
were isolated as described and counted to calculate the fraction of cells
detached.

Immunofluorescence staining and FA analysis
Fixed cells were incubated for 10minutes at room temperature with

CellMask Deep Red plasma membrane stain (1:1,000; Thermo Fisher
Scientific) in 1 mmol/L MgCl2 solution, followed by incubation for
1 hour at room temperature with blocking solution of 10% goat serum,
0.1% saponin, 1% BSA, 0.03 M glycine in 1 mmol/L MgCl2 solution.
Primary paxillin antibody (1:250; ab32084; Abcam) in blocking solu-
tion was applied overnight at 4�C. Then, a secondary Alexa Fluor 488-
conjugated antibody (1:2,000; Invitrogen) in blocking solution was
applied for 1 hour at room temperature, followed by Hoechst 33342
(1:2,000; Invitrogen) in DI water for 10 minutes at room temperature.
The cells were subsequently mounted with Fluoromount-G (Southern
Biotech). The samples were imaged with a Zeiss LSM 780 confocal
microscope (Zeiss) with a 63� oil-immersion objective. A custom-
written ImageJ programwas used to quantify cell area and FA number
and size. All FA metrics were computed across the entire cell to avoid
regional biases.

Traction force microscopy
Cell tractions were measured as described and calculated using a

custom Matlab routine (27). 2% (v/v) of 0.2 mm diameter 580/605
FluoSpheres microspheres (Invitrogen) were added to the prepolymer
solution, composed of 5% acrylamide, 0.06% bisacrylamide, 1%
ammonium persulfate (Thermo Fisher Scientific), and 0.1% (v/v) of
N,N,N’,N’-tetramethylethylenediamine (VWR International). Gels
were prepared in 12-well glass bottom plates (Cellvis), which were
precleaned in a UV/Ozone cleaner (ProCleaner Plus; Bioforce Nano-
sciences) andmethacrylated to ensure binding of the gel. Collagen was
bound to the surface by adding 0.2 mg/mL sulfo-SANPAH and
activating with UV light (wavelength 350 nm) for 10 minutes followed
by incubation with 0.15 mg/mL type I collagen. Isolated cells were
seeded at �15,000 cells/cm2 on the gels and allowed to adhere for
3 hours. Brightfield images were taken of each cell prior to obtaining
microsphere displacements at 60�. Bead reference positions were then
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reobtained after removing the cells with a 10% (v/v) Triton X solution
for 10 minutes. Strain energy was determined from the traction stress
map and normalized to cell area.

Western blotting
WA and SA cells were isolated and plated in fibronectin-coated 12-

well plates for 3 hours. Cells were lysed with mRIPA supplemented
with phosphatase and protease inhibitors as described previously (28).
Protein concentration was measured using a BCA assay. Five micro-
grams of protein was mixed with 50 mmol/L DTT, loading buffer, and
mRIPA, heated at 95�C for 5minutes, and loaded into a Bolt 4% to 12%
Bis-Tris Plus gel (Invitrogen) and then run with MES running buffer
for 30 minutes at 200 V. Protein was transferred to a nitrocellulose
membrane using an iBlot Cell Transfer Stack (Invitrogen). Membrane
was blocked with 5% SeaBlock for 1 hour at room temperature then
incubated overnight at 4�C with anti-paxillin (Abcam, ab32084), anti-
pFAK (Y397; Abcam, ab81298), anti-FAK (Origene, TA506161), anti-
actin (Abcam, ab8226), and anti-GAPDH (Abcam, ab8245). The
membrane was then incubated for 2 hours at room temperature with
Alexa Fluor 680 donkey antimouse (Life Technologies, A32788) and
Alexa Fluor 790 donkey anti-rabbit (Life Technologies, A11374)
antibodies. The membrane was imaged using a Li-Cor Odyssey CLx
and analyzed using Image Studio Lite (Li-Cor).

2D migration assays on collagen gels
2.4 mg/mL type I collagen gels were prepared by mixing collagen

(Corning) with PBS, DI water, and 1MNaOH and adjusted to pH 7.0.
Gels were added to a 12-well plates and cured at 37�C for 30 minutes.
The weakest and strongest 2% of the cell population were seeded onto
the gels and incubated overnight. The cells were imaged with a Nikon
Eclipse Ti-S microscope equipped with a temperature- and CO2-
controlled stage. Cells were imaged at 10� in brightfield every 15
minutes for 24 hours. The migration data were analyzed via Fiji. The
positions were normalized to the starting point and analyzed via a
custom MATLAB script to compute instantaneous speed and cell
displacement. Cells that divided or did not remain in the frame for
24 hours were not tracked. Cells that interacted with other cells for
more than 2 hours were not tracked, as cell–cell interactions artificially
slowed cell speed. For MDA-MB-231 cell migration under drug
treatment, cells were treated with either 0.2 mg/mL nocodazole
(Cayman Chemical) or 0.5 mg/mL paclitaxel (LC Laboratories). Cells
were imaged the following day for 24 hours and tracked as stated
above.

2Dmigration assays on polyacrylamide gels of varying stiffness
Polyacrylamide gels of low and high stiffness were prepared as

described in the TFM methods section, without fluorescent microbe-
ads. The high stiffness prepolymer solution has an identical compo-
sition to the gels used for TFM, whereas the low stiffness prepolymer
solution consists of 3% acrylamide and 0.06% bisacrylamide with all
other components identical to the high stiffness gel. Cells were isolated,
seeded, and tracked as described previously.

Preparing spheroids of MDA-MB-231 cells
The weakest and strongest 2% of theMDA-MB-231 cell population

and unselected cells were isolated and seeded in a 12-well plate
overnight. Cells were trypsinized and resuspended in 25 mmol/L
CellTracker fluorescent probes (Molecular Probes, Life Technologies)
as described above. Cells were then centrifuged and resuspended in a
solution of 0.25% Methocult in culture media. A total of 2,500 cells
(eitherWA or SA) were added to wells in a 96-well Corning Ultra-Low

Attachment Spheroid Microplate (Corning) then incubated for
48 hours.

3D migration assay in collagen gels
Collagen gels were prepared as described previously. Spheroidswere

embedded in a collagen gel solution and added to a 24-well plate.
Media was added to the top of the gel, and a time 0 image was captured
at �10 magnification with brightfield to obtain initial radius. Embed-
ded spheroids were incubated for 24 hours, after which, theywere fixed
with 3.7% formaldehyde in solution A for 20 minutes. Spheroids were
imaged with a Zeiss LSM 780 confocal microscope at �10 magnifi-
cation with the FITC and Texas Red channel. Z-stack images were
acquired at 30 mm intervals from the bottom to the top of the spheroid.
Maximum intensity projection images were generated and input into a
custom Python script to analyze invasive index of spheroid and
maximum displacement of cells in the spheroid. Invasive index is
defined as:

I ¼ rfinal
rinitial

; ðBÞ

where rinitial is the radius at time t¼ 0 hours of the spheroid and rfinal is
the radius at time t ¼ 24 hours.

RNA sequencing
RNA fromWAand SA cells was purified usingQiagen RNeasyMini

Kit (Qiagen, 74104). RNA quality was assessed using TapeStation
(Agilent), RNA libraries were prepared using the Illumina TruSeq
Stranded RNA, High Throughput Library Prep Kit and sequenced
using the Illumina HiSeq 4000 system to generate 50 bp single-end
reads. Data were analyzed by Rosalind (https://rosalind.onramp.bio/),
with aHyperScale architecture developed byOnRampBioInformatics,
Inc. Reads were trimmed using cutadapt (29). Quality scores were
assessed using FastQC (30). Reads were aligned to the Homo sapiens
genome build hg19 using STAR (31). Individual sample reads were
quantified usingHTseq (32) and normalized via relative log expression
(RLE) using DESeq2 R library (33). Read Distribution percentages,
heatmaps, and sample plots were generated as part of theQC step using
RSeQC (34). DEseq2 was also used to calculate fold changes and
P values. Clustering for the differentially expressed gene heatmap was
done using the Partitioning Around Medoids method with the fpc R
library (35). Functional enrichment analysis of pathways, gene ontol-
ogy, domain structure, and other ontologies was performed using
HOMER (36). Enrichment was calculated relative to a set of back-
ground genes relevant for the experiment.

qPCR
RNA fromWAand SA cells was purified usingQiagen RNeasyMini

Kit and reverse transcribed using SuperScript III Reverse Transcriptase
(Thermo Fisher Scientific, 18080093). Quantitative PCR was per-
formed (45 cycles, 95�C for 15 seconds followed by 60�C for 1 min)
using a 7900HT Fast Real-Time PCR System (Thermo Scientific,
4329001) with the primers listed (Supplementary Table S1), and iQ
SYBR Green Supermix (Bio-Rad Laboratories, 1708880). Target genes
were normalized to GAPDH and mRNA quantity was calculated on
the basis of a standard curve generated from a fibronectin plasmid.

The Cancer Genome Atlas dataset analysis
The Cancer Genome Atlas (TCGA) raw data were downloaded

from NIH NCI GDC Data portal directly. Corresponding clinical
metadata were obtained from a previous publication (37). Only the
patients with breast cancer (BRCA)with reported negative histological
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staining for the three markers (Her2, ER, PR) and American Joint
Committee on Cancer (AJCC) pathology stages below stage IV were
included in our analysis cohort. Patient data were analyzed to deter-
mine correlation between gene expression corresponding toWAor SA
phenotypes and 5-year survival. Patient data were analyzed by nor-
malizing patient gene expression to z-transformed scores with respect
to the differentially expressed genes between the WA and SA sub-
populations. The z-scores were then summed for every patient, and z-
score sum-based quantiles were mapped to SA and WA categories
based onmean gene expression levels. The Kaplan–Meier method was
used to create survival plots comparing the 20% of individuals with the
lowest score to the 20% with the highest score. The log-rank test was
used to determine significance of survival differences between groups.
Survival analyses use the Lifelines python library (https://lifelines.
readthedocs.io/en/latest/). Relevant scripts for the analysis of
TCGA data are available at: https://github.com/kec162ucsd/
Tumor-Heterogeneity-Adhesion-Strength/.

Statistical analysis
2D migration assays, 3D spheroid migration assays, and FA disas-

sembly plots were analyzed using a one-way ANOVA with Tukey test
formultiple comparisons. Adhesion stability remixed population assay
was analyzed with a two-way ANOVA, with Sidak multiple compar-
ison test. All other comparisons were performed using two-tailed
unpaired t test unless otherwise indicated. For all analyses, �, P < 0.05;
��, P < 0.01; ���, P < 0.001; and ����, P < 0.0001. Data expressed as
box-and-whisker plots show all points with the whisker ends
corresponding to minimum and maximum values. All other values
are expressed as mean� SD. Statistical analyses were performed using
Prism software.

Data availability
Data generated in this study was deposited to NCBI under GEO

GSE135515. We do not impose any restrictions on data availability.

Results
SA and WA phenotypes are maintained after sort

We fabricated a parallel plate flow chamber that exposes cells to
discrete, uniform shear stresses to isolate fractions of cells based on
adhesion strength, and study those cells within a heterogeneous
population (Supplementary Fig. S1). To ensure that the application
of shear did not change the adhesive heterogeneity of the population,
we isolated weakly and strongly adherent fractions of MDA-MB-231
cells from a parental cell population by exposing the cell to a shear of
170 dynes/cm2 and stratifying the populations depending on whether
they were found in the flow-through or still attached to the device.
After sorting, cells were cultured separately, remixed, seeded into the
device, and subsequently sheared. We found no significant changes
between the percent of WA and SA cells when tracking cells between
days 0 and 2 (Fig. 1A), indicating that the parallel plate shear device
assesses, but does not alter, the inherent adhesion heterogeneity of the
population.

We next wanted to determine if the adhesion phenotype is stably
maintained postisolation. We isolated both fractions fromMDA-MB-
231 cells, cultured them separately in either normal or reduced cation
media, and then repeated the isolation on the separated fractions. We
found that strongly adherent cells maintained their adherent pheno-
type 14 days postisolation, regardless of culture conditions. Weakly
adherent cells did not maintain their adhesion phenotype in normal
culture media as cells reverted back to their distribution in the parental

population; if the selection pressure of low stromal-like cation con-
centrations was maintained postisolation, weakly adherent cells were
enriched to more than 70% of the population 6 days postisolation
(Fig. 1B).

Parallel plateflow chamber can distinguish betweenWAand SA
cell lines

To test the ability of the flow chamber to select for cells known to
have a weaker adhesion strength as a result their higher metastatic
potential, MDA-MB-231 (metastatic breast cancer line) andMCF10A
(nonmalignant breast cell line) cells were seeded in a 50:50mixture and
exposed to a shear stress that should detach theMDA-MB-231 cells but
not the MCF10A cells (170 dynes/cm2 based on population adhesion
assays; ref. 23). The fraction of cells that detached contained 41.7% of
the total number ofMDA-MB-231 cells, whereas only 0.7% of the total
number of MCF10A cells were present in the detached fraction
(Fig. 1C), consistent with 10-fold higher adhesion strength of
MCF10A versus MDA-MB-231 cells in the absence of cations (23)
and suggesting that this assay could distinguish metastatic cells from
noncancerous cells.

To link quantitative adhesiveness to metastatic potential, we
exposed four cell lines of varying metastatic potential (high met-
astatic capability: MDA-MB-231; low metastatic capability: MCF7
and MCF10A; and H-Ras transformed: MCF10AT, which give rise
to invasive carcinomas in vivo; ref. 38) to 250 dynes/cm2 of shear
stress and counted the fraction of detached cells. As expected, cells
with greater tumorigenic and/or metastatic potential had signifi-
cantly greater detachment at the same shear stress in comparison
to cells with lower tumorigenic and/or metastatic potential
(Fig. 1D).

WA cells display greater migratory propensity than SA cells
To assess migration differences in adhesion sorted populations,

we isolated the �2% most weakly and most strongly adherent cells
of the MDA-MB-231 population using 28 and 510 dynes/cm2,
respectively and seeded them onto type I collagen gels. Over
24 hours postplating, we found that WA cells displayed significantly
higher average speed than the SA or unselected (nonsheared) cells
(Fig. 2A). Weakly adherent cells also displayed increased total cell
displacement than the SA or unselected cells (Fig. 2B; Supplemen-
tary Fig. S2). Because the adhesion phenotype appears stable, we
investigated if migratory differences were stable. WA and SA cells
along with unselected population were imaged after selection, and
then re-imaged 2 days later. No significant differences for any
population were observed after selection or later while the WA
fraction maintained its increased migratory propensity (Fig. 2C).
The two populations did not exhibit differential proliferation during
migration assessments (Fig. 2D), suggesting that higher migration
speeds for WA cells were not the result of proliferation differences.
In addition to sorting a metastatic population, we further demon-
strated sorting fidelity by directly comparing the �2% most WA
and SA of MCF10A and isogenic H-Ras transformed MCF10AT
cells. Post-sort on collagen gels, we observed that the WA fraction of
MCF10AT cells had increased migration speed and displacement
relative to its strongly adherent counterpart, whereas MCF10A cell
fractions did not show differences (Supplementary Fig. S3). These
data suggest that heterogeneity in migratory phenotype as a result of
selection by adhesion strength is only present in more aggressive
cells with increased tumorigenic capability.

Migration can often be affected by matrix properties, and so we
sought to determine if migration differences are intrinsic and therefore
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persist regardless of environmental changes that could reduce sub-
strate adhesion. WA and SA MDA-MB-231 cells were plated on
polyacrylamide gels of low (300 Pa) and high stiffness (1.8 kPa) and
migration observed for 24 hours. WA cells were more migratory that
the SA cells independent of substrate stiffness. However, average speed
scaled with substrate stiffness gel for both cell fractions, which
indicates that both fractions are mechanically sensitive (Supplemen-
tary Fig. S4). These results indicate that there are cell intrinsic
differences independent of environmental changes that could poten-
tially alter substrate adhesion.

Assays thus far show behaviors in 2D rather than 3D, so we next
assessed the outwardmigration from spheroids containingWA, SA, or
unselected cells (Fig. 2E and F). There was no significant difference in
maximum cell displacement (Fig. 2G), but the leading edge of weakly
adherent cells, that is the distance at which the signal is higher than
background (Supplementary Fig. S5), migrated further than SA and
unselected cells, indicated by the significantly higher ratio of final
radius to initial radius (Fig. 2F andH). Consistent with 2Dmigration,
these 3D spheroid data bolster the concept that the fraction of tumor
cells with the WA most represents those with the highest metastatic
potential.

All the cells examined thus far are mammary epithelial, so we next
explored whether cells from other epithelial tumors would exhibit the
same cation-dependent adhesion sorting and migration phenotype.
WA and SANCI-H1299metastatic lung cancer cells were isolated and

their migration analyzed. Aswith themetastatic mammary tumor line,
WA metastatic lung cancer cells were more migratory than their SA
counterparts (Supplementary Fig. S6), suggesting that this behavior
may be universal across epithelial tumors.

WA cells have more labile FAs and are more contractile
Migratory differences betweenWA and SA cells did not result from

expression differences in FA proteins, for example pFAK, FAK,
paxillin, or actin (Fig. 3A). However, we previously found that
metastatic cells preferentially disassemble their FAs relative to non-
metastatic cells when exposed to low cation conditions (23). Consis-
tent with this, we found that the strongly adherent subpopulation of
MDA-MB-231 cells did not fully disassemble FAs after removal of
cations. Conversely,WA cells disassembled their FAs in the absence of
cations on fibronectin (Fig. 3B–D) or on type I collagen-coated
substrates (Supplementary Fig. S7). These data suggest that weak
adhesion could be driven by differential sensitivity to cations and
could therefore enhance migration. Similarly, cancer cells that exhibit
increased contractility are also more migratory than their less con-
tractile counterparts (39, 40). To ascertain if adhesive state is coupled
with contractility differences, traction force microscopy was per-
formed on cells post-sort. WA cells were significantly more contractile
than their strongly adherent counterparts (Fig. 3E and F), suggesting
that weakly adherent cells represent a more aggressive fraction of the
population.
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Intrinsic transcriptional variation in microtubule proteins
contributes to increased migration of WA cells

Given that populations sorted at the less restrictive 170 dynes/cm2

still remain stable with over 1 to 2 weeks in culture, and cells sorted at
the more restrictive 28 dynes/cm2 show cell intrinsic migration
differences independent of environmental changes that are stable for
days in culture, we next interrogated transcriptional differences
underlying WA and SA phenotypes sorted at 28 dynes/cm2. Stability
appears in part because individual populations do not out compete
each other, that is cell proliferation rates appear similar (Supplemen-

tary Fig. S8). With stable sorting and expansion, we sought to assess
differences through post-sort RNA sequencing (RNA-seq). Analyses
revealed 500 differentially expressed genes between the subpopula-
tions (Fig. 4A); replicates clustered by subpopulationwhen comparing
differentially expressed genes (Fig. 4B). Analysis of genes upregulated
in weakly adherent cells demonstrated significant enrichment of gene
ontology terms involved in microtubule and cytoskeletal organization
and binding (Fig. 4C). Genes in these categories with the most
significant expression differences are involved in cytoskeletal compo-
nents, specifically microtubule-associated proteins. For example,
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GAS2L3 has been implicated in linking microtubules and actin and
results in increased FA turnover andmigration; SYNE2 is also essential
for nuclear-cytoskeletal mechano-transduction in invasion and cell
contraction (41–43). Components linking the cytoskeleton to the
nuclear or plasma membranes were also implicated, for example
AKAP9, which regulates microtubule movement and is highly
expressed in highly metastatic cells (Fig. 4D; refs. 44, 45). There was
also significant enrichment in the expression of motor proteins,
specifically those involved in vesicular transport along microtubules
(KIF14, DYNC1H1) as well as in cytoskeletal contraction
(MYO9A; Fig. 4C and D). KIF14, in particular, is a potent oncogene
that is highly expressed in several cancers, particularly breast cancer,
and is linked to improved invasiveness and dynamically changing
FAs (46, 47). Changes detected through RNA-seq were validated by
qPCR, which confirmed increased expression in WA cells (Fig. 4E).

To functionally confirm a link between the upregulatedmicrotubule
components in theWAcells and their subsequent increasedmigration,
we exposed bothWA and SA cells to either nocodazole or paclitaxel to
dissemble or capmicrotubules, respectively.When trackingmigration,
untreated WA cells had increased average speed compared with
untreated strongly adherent cells. However when treated with either

microtubule-targeting drugs, the WA cells exhibited a significant
decrease in average speed, whereas the SA cells were unaffected
(Fig. 4F). These data suggest that inhibiting the microtubule cyto-
skeleton preferentially impacts the WA fraction and points to micro-
tubule-affecting agents as potent therapeutic targets.

Finally, we investigated whether differentially expressed genes
linked to the highlighted microtubule, cytoskeletal, and microtu-
bule-binding protein ontology terms played a role in human cancer
progression.We narrowed the list of genes down to those linked to our
highlighted GO terms in Fig. 4C, resulting in 100 genes (Supplemen-
tary Table S2). Using this gene set, we then analyzed The Cancer
Genome Atlas (TCGA) breast cancer dataset and restricted our
analysis to patients with triple-negative breast cancer (TNBC) with
tumors that ranged from stage I to III.We then compared patients who
had gene expression scores that aligned with the SA andWA cells. We
observed that patients with gene expression profiles similar to theWA
cells had decreased progression-free intervals (Fig. 5A) and disease-
free intervals (Fig. 5B) compared with patients with gene expression
profiles similar to the SA cells. These data suggest that increased
expression of genes associated with microtubule and microtubule-
binding proteins, as present in the WA fraction, could define an
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“adhesive signature” that results in an increase in metastatic potential
and promotes human breast tumor progression.

Discussion
Because of the highly heterogeneous nature of tumor cells, both

within a given tumor as well as across tumors fromdifferent patients, it
is difficult to assess tumor aggressiveness and the likelihood of
metastasis. In addition, there are no universal biochemical markers
that can be utilized to determine metastatic potential. The emergence
of biophysical markers is a new approach to identifying the most
aggressive subpopulations of the tumor population. Common cell–
ECM interactions of early dissemination of cancer cells of different
tumor origins and subsequent ECM deformation reflect the impor-
tance of identifying biophysical markers as metrics for metastatic
potential (1, 2). To accomplish this, we utilized a parallel plate flow
chamber to study the correlation between decreased adhesion strength
of cells to ECM proteins and their subsequent metastatic potential. In
conjunction with our previous studies (23), we showed that metastatic
cancer cells are significantly less adherent than their nonmetastatic

counterparts. This is demonstrated by the ability to select for MDA-
MB-231 cells over MCF10A cells from a mixed population. We also
found thatWA can serve as a potentialmarker formetastatic potential,
which was demonstrated by the greater percent detachments of
MDA-MB-231 and MCF10AT cells in comparison to MCF7 and
MCF10A cells at the same shear stress.

This study also identified heterogeneity in adhesion strength of
cells within a metastatic cancer cell population, especially under
stromal-like cation conditions, which may be linked to heteroge-
neity in metastatic potential of cells within a tumor population
and/or circulating tumor cells. This notion is supported by our
observations that WA MDA-MB-231 cells exhibited increased
migration in comparison to their strongly adherent counterparts.
These differences in migration exist in both 2D and 3D environ-
ments, which indicates that the WA subpopulation represents the
cells that are more likely to leave the primary tumor and establish
secondary metastases (48–50). The stability of this increased migra-
tory propensity for multiple days post-sorting further demonstrates
the intrinsic nature of this phenotype. In addition, recapitulating
this phenotype in metastatic lung cancer cells suggests that adhesion
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strength is broadly involved in the more migratory subpopulations
within tumors from multiple epithelial backgrounds.

The ability to select this more migratory subpopulation of the
cell line stems from differences in FA disassembly between the WA
and SA cells. Faster FA disassembly of WA cells is consistent with
previous findings that link quicker FA disassembly to more migra-
tory cell lines (15, 51, 52). In addition, WA cells are more
contractile than their SA counterparts, where increased contrac-
tility has also been linked to increased migration and more
aggressive cancers (39, 40). Differences in migration, FA assembly,
and contractility can be tied to inherent transcriptomic differences
between WA and SA cells; genes linked to the cytoskeleton,
specifically to microtubules, as well as motor proteins involved in
vesicular transport and contraction showed significant differential
expression. When we compared human patients with breast cancer
with gene expression signatures that resembled the WA and SA
cells for our genes of interest, we observed decreased progression-
free and disease-free intervals, implying that tumors resembling
the WA fraction are more aggressive. Several standard cancer
therapy drugs (nocodazole, taxols, etc.) target microtubules to
reduce the growth and spread of aggressive tumors, indicating
that differences in microtubules and the cytoskeleton could explain
the heterogeneity of tumor cell populations. We confirmed these
findings by treating WA cells to nocodazole and paclitaxel and
found that their migration speed reduced to that of the SA cells,
whose speed was unaffected by both drugs. Therefore, targeting the
cytoskeleton is potentially an important method of restricting the
motility of highly aggressive subpopulations early in tumor devel-
opment and suppressing the migratory populations that we
observe (53).

This study reveals a strategy to identify distinct subpopulations via
shear separation that can be implemented to study the dissemination
of cells from a variety of epithelial cancers. Comparing WA cell

populations across multiple metastatic cell lines of various tumor
origins could enable the identification of similarities among the most
aggressive subpopulation in an effort to identify more universal
targeted treatments. Finally, this shear assay can be adapted to study
diseases with a similar adhesion component, highlighting the versa-
tility of this technique.
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