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Abstract

Many solid tumors exhibit elevated interstitial fluid pressure (IFP). This elevated pressure within 

the core of the tumor results in outward flow of interstitial fluid to the tumor periphery. We 

previously found that the directionality of IFP gradients modulates collective invasion from the 

surface of patterned three-dimensional (3D) aggregates of MDA-MB-231 human breast cancer 

cells. Here, we used this 3D engineered tumor model to investigate the molecular mechanisms 

underlying IFP-induced changes in invasive phenotype. We found that IFP alters the expression of 

genes associated with epithelial-mesenchymal transition (EMT). Specifically, the levels of Snail, 

vimentin, and E-cadherin were increased under pressure conditions that promoted collective 

invasion. These changes in gene expression were sufficient to direct collective invasion in 

response to IFP. Furthermore, we found that IFP modulates the motility and persistence of 

individual cells within the aggregates, which are also influenced by the expression levels of EMT 

markers. Together, these data provide insight into the molecular mechanisms that guide collective 

invasion from primary tumors in response to IFP.
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This work identifies the molecular mechanisms by which interstitial fluid pressure drives 

collective invasion in an engineered model of solid human tumors.
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Introduction

During the transformation of healthy tissue into invasive cancer, the cellular 

microenvironment undergoes several physical changes.1 As solid tumors grow, their 

lymphatic vessels collapse due to increased mechanical compression from the presence of 

extra cells.2 The non-functioning intra-tumoral lymphatic system impairs drainage from the 

tumor, and hyperpermeable blood vessels lead to an accumulation of fluid and plasma 

macromolecules within the interstitium.2 As a result, the interstitial fluid pressure (IFP) 

within tumors tends to be dramatically elevated, resulting in localized interstitial 

hypertension.2, 3 In human and animal tumors, IFP rises steeply within the tumor periphery 

and plateaus at values as high as 50 mm Hg (compared to 0 mm Hg in normal tissue),4–9 

resulting in an outward flow of fluid from the tumor core.10, 11 Cellular responses to this 

physical abnormality result in increased tumorigenic potential. High IFP has been associated 

with poor prognosis12 and increased lymph node metastasis9 in cervical cancer. The 

molecular mechanisms underlying the effects of IFP on tumor progression and invasion, 

however, remain unclear.

Three-dimensional (3D) culture models have recently been used to investigate the effects of 

elevated IFP, interstitial flow, and mechanical compression on the invasive phenotype of 

breast cancer cells.13–17 In one study, a hydrostatic pressure gradient was applied across 

MDA-MB-231 human breast cancer cells embedded sparsely in an extracellular matrix 

(ECM) gel.13 Interstitial flow was found to increase the percentage of cells that migrated as 

well as their speed, suggesting that IFP can enhance tumor invasion.13 Cells migrated 

parallel to the direction of fluid flow via autologous chemotaxis, a phenomenon that was 

also observed in 3D Boyden chambers.18 In a similar study, applying a hydrostatic pressure 

gradient across a single cell suspension of the same cell line in a type I collagen gel induced 

the cells to migrate primarily against the direction of flow at higher seeding densities.14, 15 

Interstitial flow has also been shown to influence the type of cell motility, promoting 

amoeboid over mesenchymal migration in MDA-MB-231 cells.19 Although it is clear that 

elevated IFP and interstitial flow influence the migration of cancer cells in culture, the 

underlying molecular mechanisms are unknown.9

The specific responses of cancer cells to IFP appear to depend heavily on experimental 

context. In many solid breast tumors, cells do not exist in isolation; rather, they are packed 

together, much as in normal tissues. To recapitulate the aggregate nature of cells in a solid 

tumor, we recently developed an engineered 3D culture model, and used this system to 

apply a hydrostatic pressure drop across a packed aggregate of MDA-MB-231 human breast 

cancer cells. This model yields a more physiologically relevant system to study collective 
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cell behavior, such as IFP-induced invasion.20 We found that cells formed multicellular 

chains that invaded collectively from the tips of the aggregates. In addition, we found that 

invasion occurred against the direction of flow.16 Surprisingly, interstitial hypertension (i.e., 

elevated IFP at the base of the aggregates relative to the IFP at the tip) inhibited invasion 

from the tumor margin. Pressure-induced convection of tumor-conditioned medium 

controlled the invasive phenotype at the margin of the engineered tumors.

Here we took advantage of this 3D engineered tumor model to define the effects of IFP on 

invasion-related gene expression in human breast and prostate cancer cells, focusing 

specifically on genes associated with epithelial-mesenchymal transition (EMT).21 Using 

quantitative RT-PCR, we measured the relative transcript levels of several genes under three 

pressure profiles: control (i.e., uniform IFP), interstitial hypertension, and interstitial 

hypotension (elevated IFP at the tip of the aggregates relative to the base). We found that 

interstitial hypertension inhibited invasion and decreased expression of both mesenchymal 

and epithelial markers. Conversely, interstitial hypotension promoted invasion in part by 

increasing expression of the mesenchymal genes vimentin and Snail. Surprisingly, 

interstitial hypotension also increased the expression of epithelial markers E-cadherin and 

keratin-8. Using overexpression and RNAi strategies, we found that IFP-induced changes in 

gene expression were required to produce the observed invasive phenotype. Finally, we 

found that individual cells in aggregates under non-uniform IFP were more motile than those 

under uniform IFP, and that these characteristics were also modulated by changes in the 

expression levels of EMT markers. Together, these data highlight the effects of IFP on 

tumor cell migration and collective invasion in a physiologically relevant 3D culture model, 

and provide insight into the molecular mechanisms underlying the effects of IFP on invasive 

phenotype in solid tumors.

Materials and Methods

3D engineered tumor model

MDA-MB-231 human breast cancer cells and PC-3 human prostate cancer cells (passed at a 

1:4 ratio, and used from passage 6–9) were obtained from the American Type Culture 

Collection and cultured in DMEM/F12 growth medium (Hyclone) or RPMI 1640 growth 

medium (Hyclone) supplemented with 10% fetal bovine serum (FBS; Atlanta Biologicals) 

and 50 μg/mL gentamicin (Gibco), respectively. Engineered tumors consisted of aggregates 

of MDA-MB-231 or PC-3 cells embedded in collagen gels housed within chambers of 

polydimethylsiloxane (PDMS), and were fabricated as described previously.16 Acid-

extracted bovine type I collagen (Koken) was neutralized with NaOH to a pH of 8.5–9 and 

diluted with cell culture medium to a final concentration of 4 mg/mL. Seeded channels were 

incubated at 37°C for two days. To apply a hydrostatic pressure gradient, the heights of 

medium in the reservoirs adjacent to the channel either on the side of the tumor base (Pbase) 

or on the side of the tumor tip (Ptip) were altered using PDMS gaskets two days after 

seeding. The pressure differential |Pbase – Ptip| was ~1.6 cm H2O or ~1.2 mm Hg. Upon 

establishment of a pressure differential, flow speed in the channels was calculated to be ~1 

μm/s, similar to what has been reported in vivo.22 To establish moderate pressure profiles of 

either type, Pbase≤Ptip or Pbase≥Ptip, we added a slight excess of medium to one side such 
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that |Pbase – Ptip| was ~0.2 cm H2O or ~0.15 mm Hg. To maintain the pressure profiles, we 

replenished the medium twice per day. Samples were maintained in culture for up to nine 

days. To inhibit matrix degradation, GM6001 (40 μM; Calbiochem) was added to the high-

pressure reservoir.

Plasmids, transfection, and adenoviral transduction

The cDNA for human vimentin was PCR-amplified from pENTR-vimentin and ligated into 

the p3xFlag-CMV vector (Sigma Aldrich) using EcoRI and BamHI restriction sites. Empty 

p3xFlag-CMV vector was used as a control. Expression plasmids for shRNA against Snail, 

vimentin, and E-cadherin, pLKO.1-Snail-shRNA (shSnail), pLKO.1-vimentin-shRNA 

(shVim), and pLKO.1-E-cadherin-shRNA (shEcad), were obtained from Sigma Aldrich 

(TRCN0000063819, TRCN0000029119, and TRCN0000237840, respectively). The control 

scrambled shRNA plasmid, pLKO.1-scramble-shRNA, was obtained from Addgene 

(plasmid 1864). Ectopic expression of E-cadherin was achieved using pcDNA3.1-E-

cadherin-GFP (Addgene; plasmid 28009), with pcDNA3.1-YFP as a control. MDA-MB-231 

or PC-3 cells were transiently transfected with mammalian or shRNA expression constructs 

using Lipofectamine 3000 transfection reagent (Invitrogen). MDA-MB-231 cells stably 

expressing E-cadherin, shScr, shSnail, shVim, or shEcad were collected from pooled 

populations that were selected using G418 (1 mg/mL) or puromycin (1 μg/mL) for three 

weeks. Ectopic Snail expression was achieved by transducing cells with an adenoviral 

vector, AdSnail-GFP23, with AdGFP as a control. For live imaging, cells were transduced 

with AdH2B-mCherry. Cells were transduced at an MOI resulting in >99% transduction 

efficiency. For mosaic experiments, aggregates were formed using 30% MDA-MB-231 cells 

stably expressing YFP or Ecad-GFP and 70% untransduced cells.

Quantitative real-time PCR

Samples were treated with a 2 mg/mL solution of collagenase A (Sigma Aldrich) in cell 

culture medium for five minutes prior to isolation of total RNA using the Qiagen RNeasy 

Mini Kit (Qiagen, Inc.). Isolated RNA was used to synthesize cDNA using a Verso cDNA 

Synthesis Kit (Thermo Scientific). Transcript levels were measured by quantitative real-time 

PCR using a BioRad Mini-Opticon instrument and the iTaq Universal SYBR Green 

Supermix (BioRad). Primers for E-cadherin, keratin-8, vimentin, Snail, and 18S rRNA 

(Supplemental Table 1) were designed using Beacon Designer software (BioRad) and 

determined to be specific using BLAST and dissociation curve analysis. All transcript levels 

were normalized to that of 18S rRNA in the same sample. Experiments were performed 

independently in triplicate, with six samples per treatment condition per experiment.

Timelapse microscopy

Samples transduced with AdH2B-mCherry were imaged beginning seven days after seeding. 

Timelapse movies were collected using a Hamamatsu C4742-95 camera attached to a Nikon 

Ti-U inverted microscope and fitted with a humidified environmental chamber held at 37°C 

and 5% CO2. Image stacks (960 μm×730 μm×200 μm, spaced 20 μm in the z-direction) were 

acquired using a Plan Fluor 10×/0.3 NA objective every hour for a total of twenty hours.
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Quantitative image analysis

Samples were imaged under phase-contrast microscopy using a 10×/0.4 NA objective on a 

Nikon Ti-U inverted microscope (Nikon) with a Hamamatsu Orca CCD camera. On days 7–

9 after seeding, samples under all pressure conditions were fixed with 4% paraformaldehyde 

in PBS (added to the well on the higher pressure side for hypertension and hypotension 

(Pbase≠Ptip), or to the well on the Pbase side for the control pressure condition (Pbase=Ptip)) 

and washed three times with PBS. Nuclei were labeled using Hoechst 33342 and visualized 

under UV illumination. Invasions were defined as multicellular protrusions from the 

aggregate tips. The lengths of these protrusions and invadopodia (anuclear protrusions) were 

measured using ImageJ software (NIH). Invadopodial density per aggregate was calculated 

as total length of invadopodia divided by the perimeter of the aggregate. For analysis of live 

imaging data, cells within 150 μm of aggregate tips were tracked manually using the 

MTrackJ plugin in Image J. Cell tracks were exported to Microsoft Excel in order to 

calculate speed, net displacement, path length, and directionality ratio (net displacement 

divided by path length of a trajectory) using open-source macros from DiPer.24 Correlations 

between individual cell tracks were determined using the sample cross-covariance function 

as described previously.25

Immunofluorescence analysis

Fixed samples were removed from the PDMS chamber, blocked with 10% goat serum and 

0.1% Triton X-100, and incubated overnight in primary antibody diluted 1:200 in blocking 

buffer. Blocked samples were washed with 0.1% Triton X-100 and incubated overnight with 

Alexa Fluor-conjugated secondary antibody (Invitrogen) diluted 1:1000 in blocking buffer. 

After additional washing, samples were visualized using a spinning disk confocal (BD 

Biosciences) attached to a Nikon Ti-U microscope using a Plan Fluor 20×/0.45 NA 

objective. Primary antibodies were used to detect cortactin (Millipore), Tks5 (M-300; Santa 

Cruz), phosphorylated FAK (on Y397; Invitrogen), MMP14 (Millipore), and β-catenin 

(Sigma Aldrich). Isotype control staining was negative.

Immunoblotting

Samples were lysed with RIPA lysis buffer (Thermo Scientific) supplemented with protease 

inhibitors (Roche), and protein concentrations were measured using the Pierce Bicinchoninic 

acid (BCA) Protein Assay Kit (Thermo Scientific). Samples were then mixed with Laemmli 

sample buffer, boiled at 95°C for 5 min, resolved by SDS-PAGE, and transferred to 

nitrocellulose membranes, which were blocked in 5% nonfat milk in Tris-buffered saline 

with Tween 20 (TBST) buffer. Blocked membranes were incubated overnight at 4°C in 

blocking buffer containing antibodies specific for vimentin (clone VIM-13.2; Sigma 

Aldrich), Snail (clone L70G2; Cell Signaling), E-cadherin (clone 24E10; Cell Signaling), or 

β-actin (Cell Signaling). Signals were visualized using the ECL Plus Western Blotting 

Detection System (GE Healthcare).

Statistical analysis

Results were analyzed in GraphPad Prism (GraphPad Software). To compare invasion 

frequencies, we used Fisher’s exact test. To compare invadopodial lengths or invadopodial 
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length densities, we used the Mann-Whitney U test. To correlate invadopodial length density 

with hydrostatic pressure differential, we used Spearman’s rank correlation test. To compare 

relative transcript levels among different pressure conditions, we used ANOVA with 

Bonferroni’s post-test for multiple comparisons. We used the Student’s t-test to compare 

relative transcript levels of transduced cells, percentages of YFP- or GFP-expressing cells 

forming invasions in mosaic experiments, and sample cross-correlation coefficients. To 

compare the numbers or total lengths of multicellular invasions for gene manipulation 

conditions, we used the Chi-Square test and Kruskal-Wallis test with Dunn’s multiple 

comparison post-test, respectively. Mean values represent at least three independent 

experiments, and error bars represent standard error of the mean. For all statistical tests, 

P<0.05 was considered to be statistically significant.

Results

Interstitial fluid pressure regulates collective invasion from tumor cell aggregates

We used a 3D microfluidic culture model to engineer intact aggregates of MDA-MB-231 

human breast cancer cells embedded within a gel of type I collagen (Fig. 1A). Briefly, a 

needle was used to mold a blind-ended channel within the gel, which was filled with a 

concentrated suspension of cells.16 This procedure yielded an aggregate of cells, the base of 

which mimicked the core of a solid tumor while the tip mimicked the tumor periphery. 

Tumor aggregates were subjected to different hydrostatic pressure profiles by independently 

varying the pressure at the base of the aggregate (Pbase) from that at the tip (Ptip). This 

system allowed us to determine the effects of IFP on collective invasion. Invasions were 

defined as multicellular protrusions emanating from aggregate tips (Fig. 1B), as determined 

using a nuclear stain (Fig. 1C). The characteristically collective invasions that we observed 

are consistent with reports by others using the same cell line.26, 27

Under the control pressure profile (Pbase=Ptip), 25% of aggregates developed invasions (Fig. 

1D). Under Pbase>Ptip, which mimics the interstitial hypertension frequently observed in 

solid tumors, invasions were absent (0 out of 51 samples). In contrast, when aggregates were 

subjected to interstitial hypotension (Pbase<Ptip), 50% developed invasions. Even moderate 

pressure profiles of either type (Pbase≥Ptip or Pbase≤Ptip) affected invasion frequency. IFP 

similarly controlled invasion from aggregates of PC-3 prostate cancer cells (Fig. S1A). 

These data suggest that interstitial hypertension prevents invasion, whereas interstitial 

hypotension promotes invasion. Cells thus invaded collectively primarily against the 

direction of fluid flow, which is consistent with what others have reported for densely 

seeded single-cell suspensions of MDA-MB-231 cells.14, 15

Although it prevented invasion, interstitial hypertension induced the formation of anuclear 

membrane protrusions (Fig. 1E) that resembled invadopodia, membrane protrusions of 

tumor cells that locally degrade the ECM.28 We quantified the response of these putative 

invadopodia to IFP by measuring their average length and density. Aggregates under 

hypertension displayed longer and denser invadopodia than those under control pressure or 

hypotension (Fig. 1F, G). Similar results were observed in samples under moderate 

hypertension or hypotension (Fig. S1B). The density of putative invadopodia did not 

correlate with the magnitude of the pressure profile for interstitial hypertension (Fig. S1C).
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The formation of invadopodia is believed to precede invasion by tumor cells.29 We therefore 

sought to determine whether the membrane protrusions observed in our samples primarily 

under hypertension displayed characteristic features of invadopodia, such as the ability to 

degrade the ECM. We treated samples with the broad-spectrum matrix metalloproteinase 

(MMP) inhibitor, GM6001, which prevented invasion under hypotension (Fig. 1H), 

suggesting that matrix remodeling is required for collective invasion. Treatment with 

GM6001 did not, however, suppress the formation of putative invadopodia under 

hypertension (Fig. 1I). We also stained samples for the invadopodial markers cortactin, 

Tks5, phosphorylated FAK (pY397),30 and MMP14. The multicellular collective invasions 

that formed under hypotension strongly expressed these markers (Fig. S2). The putative 

invadopodia in samples under hypertension were enriched in cortactin and Tks5. Staining 

for MMP14 was weak, consistent with the behavior of GM6001-treated samples (Fig. S2). 

The levels of phosphorylated FAK in the putative invadopodia were also weak. These 

results suggest that the anuclear membrane protrusions observed in the tumor aggregates are 

non-functional invadopodia—whereas they express some invadopodial markers, they are 

unable to degrade the ECM.

Interstitial fluid pressure induces changes in the expression of EMT-associated markers

To determine the molecular mechanisms underlying IFP-induced invasive phenotypes, we 

performed a targeted gene expression analysis over several days of culture using quantitative 

RT-PCR. We focused on genes associated with epithelial-mesenchymal transition (EMT), a 

phenotypic switch often implicated in tumor cell invasion.26 Specifically, we examined the 

expression of the epithelial markers E-cadherin and keratin-8, and the mesenchymal markers 

vimentin and Snail. The expression of these genes has previously been shown to be 

modulated by fluid flow in ovarian cancer cells.31 Moreover, the invasive response of breast 

cancer cells to interstitial fluid flow has been shown to vary depending on expression levels 

of EMT markers.32

We found that under interstitial hypotension, which promotes invasion, the expression of 

vimentin and Snail were significantly elevated over several days compared to other IFP 

profiles, with the most striking effects observed on days 5 and 6 (Fig. 2). The levels of 

vimentin and Snail in aggregates subjected to hypertension were not significantly different 

from the control. Surprisingly, we found that even though hypotension promoted invasion, 

epithelial genes were significantly upregulated in these aggregates (Fig. 2), and 

downregulated in those under hypertension. These data suggest that the invasive phenotypes 

observed under different pressure profiles might result from changes in the expression of 

genes associated with EMT. Furthermore, elevated expression of mesenchymal and 

epithelial markers correlate with invasion in this system.

Snail promotes collective invasion and controls invasion length

We next investigated whether the above-described changes in gene expression were required 

to alter collective invasion in response to IFP. We ectopically expressed Snail by 

transducing MDA-MB-231 cells with a recombinant adenovirus, resulting in a four-fold 

increase in Snail, as determined by quantitative RT-PCR (Fig. S3A) and immunoblotting 

analysis (Fig. S3B). Ectopic expression of Snail increased the frequency of invasion 
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compared to control (P<0.0001), even under hypertension, indicating that Snail is sufficient 

to induce an invasive phenotype (Fig. 3A, B). Snail also increased the number (P=0.0003) 

(Fig. 3C) and total length (P<0.0001) (Fig. 3D) of multicellular invasions from individual 

aggregates compared to control. Invadopodia still formed under hypertension in Snail-

overexpressing tumor aggregates (Fig. 3B, inset); under hypertension, there was no 

difference in invadopodial density between AdGFP (1.94 ± 0.13 μm/μm) and AdSnail (2.06 

± 0.14 μm/μm) samples.

To determine whether Snail is necessary for invasion in response to IFP, we used an shRNA 

approach to stably deplete its levels. MDA-MB-231 cells were transfected with an shRNA 

construct targeting Snail (shSnail). The resulting stable cell line showed 75% knockdown of 

Snail transcript compared to scrambled shRNA control (shScr; Fig. S3C), as well as a 

reduction in Snail protein (Fig. S3D). Aggregates expressing shSnail under control pressure 

or hypotension had a slightly reduced frequency of invasion compared to the shScr control, 

though differences were not statistically significant (Fig. 3E). Similar to shScr controls, 

shSnail aggregates did not invade under hypertension. Under hypotension, shSnail 

aggregates produced short multicellular invasions (Fig. 3F), but invadopodia were still 

present (Fig. 3F, inset). We observed no difference in invadopodial density between shScr 

(2.00 ± 0.14 μm/μm) and shSnail (1.97 ± 0.15 μm/μm) under hypertension, indicating that 

Snail is not required for invadopodia formation. Furthermore, shSnail did not significantly 

affect the number of multicellular collective invasions that formed (Fig. 3G), but did 

decrease their total length (P=0.0004) (Fig. 3H), as compared to control. These results 

suggest that Snail promotes collective invasion in response to IFP, and may play a role in the 

lengthening of invasions.

Vimentin is required for collective invasion and formation of invadopodia

We performed a similar series of experiments to examine the role of vimentin in IFP-

mediated invasion. Vimentin was expressed ectopically in MDA-MB-231 cells (Fig. S4A, 

B), which increased the frequency (P=0.0002), number (P=0.0007), and total lengths 

(P<0.0001) of multicellular collective invasions compared to control (Fig. 4A–D). Ectopic 

expression of vimentin did not significantly affect invadopodial density (2.17 ± 0.09 μm/μm) 

compared to vector control (2.00 ± 0.12 μm/μm) under hypertension.

To determine whether vimentin expression is necessary for invasion in the engineered 

tumors, we stably decreased its levels using shRNA (shVim; Fig. S4C, D). Depleting 

vimentin completely blocked invasion from the shVim aggregates compared to shScr control 

(P=0.0008) (Fig. 4E), even under hypotension (Fig. 4F–H). These results suggest that 

vimentin is required for IFP-induced invasion. In addition to inhibiting collective invasion, 

shVim also inhibited the formation of invadopodia (Fig. 4F, inset). Even under 

hypertension, invadopodial density was significantly decreased (P<0.0001) in shVim 

samples (0.40 ± 0.06μm/μm) compared to shScr (2.06 ± 0.19 μm/μm), which is consistent 

with the prevailing hypothesis that vimentin-containing intermediate filaments are required 

for the elongation of invadopodia.33
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E-cadherin promotes extensive collective invasion

Because E-cadherin levels were elevated under hypotension (Fig. 2), which promoted 

invasion, we hypothesized that E-cadherin-mediated intercellular adhesion might be 

important for collective invasion under IFP. We created a stable line of MDA-MB-231 cells 

that expressed elevated levels of an E-cadherin-GFP fusion protein (Ecad-GFP; Fig. S5A, 

B), which surprisingly increased the frequency (P<0.0001), number (P<0.0001), and total 

lengths (P<0.0001) of invasions compared to control (Fig. 5A–D), and permitted formation 

of invadopodia (Fig. 5B, inset). There was no difference in invadopodial density between 

Ecad-GFP (2.02 ± 0.11μm/μm) and YFP (2.04 ± 0.12μm/μm) aggregates under 

hypertension. We observed similar trends in Ecad-GFP-expressing PC-3 aggregates (Fig. 

S6). E-cadherin thus appears to promote collective invasion under IFP.

To determine whether E-cadherin is required for collective invasion, we stably decreased its 

levels in the aggregates using shRNA (shEcad; Fig. S5C). Similar to shSnail, shEcad 

reduced the frequency of invasion under control pressure or hypotension compared to the 

shScr control, though these differences were not statistically significant (Fig. 5E). ShEcad 

aggregates (Fig. 5F) produced a similar number of invasions per aggregate as shScr (Fig. 

5G), but the total lengths of invasion per aggregate were shorter (P=0.0043) (Fig. 5H). 

ShEcad aggregates did not invade under hypertension (Fig. 5E), and invadopodial density 

was unaffected (2.09 ± 0.15μm/μm) compared to shScr controls (2.02 ± 0.11μm/μm). These 

results suggest that, like Snail, E-cadherin promotes invasion, and may be necessary for 

extensive collective invasion in response to IFP.

Confocal fluorescence imaging revealed that E-cadherin was diffuse (Fig. 6A, B) and co-

localized with β-catenin in Ecad-GFP-expressing aggregates (Fig. S5D). No clear cell-cell 

junctions were discernible, suggesting that transient intercellular contacts may be sufficient 

for the extensive invasion observed. To determine whether E-cadherin levels per se increase 

ability to invade, we created mosaic aggregates that contained 30% YFP or Ecad-GFP cells. 

As expected, multicellular invasions from YFP-mosaic aggregates contained ~30% YFP-

expressing cells. In contrast, multicellular invasions from Ecad-GFP-mosaic aggregates 

(under hypotension) contained ~96% Ecad-GFP-expressing cells (Fig. 6C). These data 

suggest that high levels of E-cadherin promote collective invasion in response to IFP, and 

that invasions are enriched in cells with high levels of E-cadherin. These data may help 

clarify the clinical finding that breast cancer cells in metastases express higher levels of E-

cadherin than those in the primary tumor,34 by predicting that E-cadherin-overexpressing 

cells preferentially form initial invasions from the primary site.

Cells within aggregates are more motile under IFP gradients

IFP regulates the collective invasion of MDA-MB-231 cells from an engineered primary 

tumor. This finding suggested that IFP might affect the motility of individual cells. We 

labeled the nuclei of cells in aggregates with H2B-mCherry, and tracked cell positions over 

20 hours of culture (Fig. 7A–C). Under hypotension, invading cells migrated farthest from 

their initial positions (Fig. 7B) and against the direction of fluid flow, consistent with recent 

single-cell suspension studies.14, 15 We also noted that invading cells migrated in a pulsatile 

fashion, occasionally moving backwards, rather than only progressing forward, congruent 
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with recent observations of collective invasions of normal cells.35 Cells were also more 

motile than controls under hypertension (Fig. 7C), despite the fact that these cells did not 

invade the surrounding ECM. This suggests that gradients in interstitial fluid pressure 

enhance cell motility without necessarily resulting in invasion.

Non-invading cell tracks were used to compute net displacement, path length, and cell 

speed. Cells in aggregates under hypotension or hypertension migrated further from their 

starting positions and had longer path lengths than cells under control pressure conditions 

(Fig. 7D–F). The directionality ratio, a measure of persistence, was higher for cells under 

hypotension (0.32 ± 0.04) and hypertension (0.27 ± 0.03) compared to the control pressure 

(0.20 ± 0.03). Cells under IFP gradients also migrated faster; cells under control pressure 

had an average speed of 3.35 ± 0.21 μm/hr compared to hypotension (5.80 ± 0.31 μm/hr) 

and hypertension (5.47 ± 0.51 μm/hr). Expression of Ecad-GFP increased net displacement 

as well as path length (Fig. 7G). Ecad-GFP cells also migrated faster (7.43 ± 0.45 μm/hr) 

than YFP control cells (6.17 ± 0.60 μm/hr). We also noted a subset of non-invading cells 

within the Ecad-GFP aggregates that migrated together in small groups (2–4 cells) (Fig. 7H). 

These data suggest that IFP controls collective invasion by modulating the motility of 

individual cells, in part through E-cadherin.

Discussion

Our data provide molecular insight into how IFP, a physical property of the tumor 

microenvironment, modulates the collective behavior of tumor cells. We found previously 

that the direction of IFP-induced flow regulated the invasive phenotype by altering the 

chemical composition of the interstitial fluid near the surface of the aggregates.16 Here, we 

further probed the effects of IFP on invasion by focusing on gene expression and found that 

the direction of IFP gradients alters the expression levels of the EMT-associated markers 

Snail, vimentin, and E-cadherin. Elevated expression of these markers promotes collective 

invasion, for which vimentin is absolutely required. In addition to affecting the invasive 

phenotype of multicellular aggregates, IFP also affects the persistence and motility of 

individual cells, which are regulated by EMT-marker expression. Our system provides 

insights into the results of single-cell suspension culture models and illuminates how IFP 

affects collective cell behavior.13–15, 19

The predominant form of invasion from solid tumors is collective in nature and histological 

sections of many epithelial tumors reveal collective invasion.36–38 Our data suggest that 

cells need not necessarily exhibit a completely mesenchymal phenotype in order to invade 

collectively from a solid tumor. We observed that aggregates with the highest frequency of 

collective invasion had elevated levels of both mesenchymal and epithelial markers, and that 

E-cadherin in particular promoted collective invasion, which suggests an additional role for 

EMT markers in the cellular response to physical cues such as IFP. These results are 

consistent with those from other studies showing that E-cadherin expression may actually 

enhance metastatic potential,34, 39, 40 which contrasts with the classical view of E-cadherin 

as a tumor suppressor.41–45 Remarkably, we found that E-cadherin was enriched in invading 

cohorts. While it is perhaps counterintuitive for a cell-cell adhesion protein to promote 

invasion, E-cadherin might permit the directed motion of cohorts by maintaining cohesion 
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between cells.26 Cell-cell contacts could facilitate the long-range transmission of force, 

guiding cells in the rear of a cohort to migrate in the same direction as those at the leading 

edge. We observed this phenomenon in timelapse imaging of Ecad-GFP aggregates; cohorts 

of cells migrating together had highly correlated motion. Consistently, disrupting adherens 

junctions was found to impair the directional motion of collectively migrating epithelial 

cells.46 Interestingly, however, the localization of E-cadherin in E-cad-GFP invasions was 

not purely junctional, and E-cadherin appeared to also be present in the cytoplasm. This 

suggests that aberrant E-cadherin localization might also contribute to increased 

invasiveness in our system, consistent with previous studies of human breast cancer 

samples.34, 47 These data support the theory that tumor cells do not need to transition 

entirely to a mesenchymal cell fate in order to invade from a primary tumor.

In response to IFP, changes in gene expression preceded changes in phenotype, as 

differences in EMT marker levels persisted over several days prior to invasion. Maintained 

expression of these proteins may therefore be required to induce downstream signaling for 

collective invasion in response to IFP. Snail and vimentin are known to interact with key 

mechanotransduction pathway components: Snail can activate myosin II,47 and vimentin can 

activate ERK and protect it from dephosphorylation, in addition to binding to AKT to escape 

proteolysis.48–51 Vimentin also plays a role in conferring mechanical stability, protecting 

cells against compressive stress, as well as enhancing their elastic behavior and 

contractility,52 which may in turn mediate invasion. In endothelial cells, fluid flow results in 

rapid translocation of vimentin to the nucleus and near cell-cell junctions,53 indicating that 

vimentin is part of the cellular response to physical signals, translating deformations at the 

cell surface to an intracellular reaction. Consistently, depleting vimentin completely 

inhibited invasion under all IFP profiles in our system, suggesting that these cells could not 

respond to IFP. E-cadherin is also involved in the cellular response to mechanical cues via 

transcription regulation.54 The amplified invasive phenotype of Ecad-GFP aggregates could 

be related to an enhanced response to IFP. Our data suggest that these EMT markers are 

required for the translation of physical cues such as IFP into changes in cell behavior.

IFP is known to affect the transport and delivery of cancer therapeutics.55 Importantly, our 

results suggest that elevated IFP in vivo, which manifests as interstitial hypertension, also 

affects cancer cell behavior. Interstitial hypertension may in fact inhibit invasion from the 

boundary of a primary tumor into the surrounding tissue space. As such, commonly 

prescribed therapeutics that directly alter IFP may also affect the invasive phenotype of cells 

in a tumor. Our results also suggest that, within a mechanically heterogeneous tumor, local 

hypotension could promote cell migration up the pressure gradient. The main source of 

interstitial fluid in tumors is the leaky vasculature;57 tumor cells in close proximity to 

intratumoral blood vessels, where the local vascular pressure is relatively higher than the 

interstitial fluid pressure, may be prone to migrate upstream towards these vessels, and 

potentially metastasize.15 Determining how IFP contributes to tumor phenotype will be 

critical for a complete understanding of the interaction between tumor cells and their local 

microenvironment.
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Insight box

High IFP, a characteristic of most solid tumors, has been shown to influence the 

migratory behavior of cancer cells in a variety of 3D culture models. However, the 

underlying mechanisms remain elusive. Here, we used a 3D microfluidic flow chamber 

to control IFP across cancer cell aggregates and investigated how pressure-induced 

changes in gene expression regulate collective invasion and individual cell motility. We 

show that IFP dramatically alters gene expression, and that these changes are both 

necessary and sufficient to determine the invasive phenotype. This study integrates an 

innovative engineered tumor, analytical methodologies, and genetic manipulation, to 

provide new insight into the mechanisms that guide collective invasion of tumor cells in 

response to IFP.
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Figure 1. 
IFP determines the invasive phenotype of human breast cancer aggregates. (A) Schematic of 

the 3D culture model. Top panel: perspective view at a control pressure profile. Middle 

panel: side view. Bottom panel: perspective view showing the use of a gasket to apply a 

pressure difference. (B) Phase-contrast image of an aggregate under Pbase<Ptip. Arrow 

indicates collective invasion. Dashed yellow line denotes the shape of the aggregate at day 

0. (C) Hoechst 33342 staining of cell nuclei (white). (D) Frequency of invasion of 

aggregates under Pbase=Ptip (n =49), Pbase<Ptip (n = 50), or Pbase>Ptip (n = 51). (E) Phase-

contrast image of an aggregate under Pbase>Ptip. Arrow indicates invadopodia. Inset shows 

magnified image of boxed region. (F) Average length of invadopodia for aggregates under 

Pbase=Ptip (n = 49), Pbase<Ptip (n = 49), or Pbase>Ptip (n = 55). (G) Invadopodial length 

density for aggregates under Pbase=Ptip (n = 57), Pbase<Ptip (n = 51), or Pbase>Ptip (n = 56). 

(H) Frequency of invasion with (n = 26) and without (n = 27) GM6001 in aggregates under 

Pbase<Ptip. (I) Invadopodial length densities with (n = 26) and without (n = 25) GM6001 in 

samples under Pbase>Ptip. * P<0.05, *** P<0.001. Scale bars, 100 μm.
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Figure 2. 
IFP regulates the expression of EMT markers in human breast cancer aggregates. (A)–(D) 

Relative transcript levels of vimentin (VIM), Snail (SNAI1), E-cadherin (CDH1), and 

keratin-8 (KRT8) in aggregates under Pbase=Ptip (n = 4), Pbase<Ptip (n = 4), or Pbase>Ptip (n = 

4) over 3–6 days of culture, respectively. * P<0.05, ** P<0.01, *** P<0.001.
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Figure 3. 
Snail controls invasion in response to IFP. (A) Frequency of invasion of AdGFP or AdSnail 

aggregates under Pbase=Ptip (AdGFP: n = 18; AdSnail: n = 19), Pbase<Ptip (AdGFP: n = 12; 

AdSnail: n = 17), or Pbase>Ptip (AdGFP: n = 16; AdSnail: n = 12). (B) Phase-contrast image 

of an AdSnail aggregate under Pbase>Ptip. Arrow indicates collective invasion. Inset shows 

magnified image of boxed region. (C) Number and (D) length of invasions in AdGFP or 

AdSnail aggregates under IFP. (E) Frequency of invasion of shScr or shSnail aggregates 

under Pbase=Ptip (shScr: n = 23; shSnail: n = 24), Pbase<Ptip (shScr: n = 23; shSnail: n = 25), 

or Pbase>Ptip (shScr: n = 9; shSnail: n = 11). (F) Phase-contrast image of an shSnail 

aggregate under Pbase<Ptip. Arrows indicate short collective invasion. Inset shows magnified 

image of boxed region. (G) Number and (H) length of invasions in shScr or shSnail 

aggregates under IFP. * P<0.05, ** P<0.01. Scale bars, 100 μm.
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Figure 4. 
Vimentin is required for collective invasion in response to IFP. (A) Frequency of invasion of 

vector or vimentin-expressing aggregates under Pbase=Ptip (vector: n = 16; vimentin: n = 20), 

Pbase<Ptip (vector: n = 16; vimentin: n = 16), or Pbase>Ptip (vector: n = 15; vimentin: n = 14). 

(B) Phase-contrast image of a vimentin aggregate under Pbase>Ptip. Arrow indicates 

collective invasion. Inset shows magnified image of boxed region. (C) Number and (D) 

length of invasions in vector or vimentin aggregates under IFP. (E) Frequency of invasion of 

shScr or shVim aggregates under Pbase=Ptip (shScr: n = 16; shVim: n = 15), Pbase<Ptip 

(shScr: n = 15; shVim: n = 15), and Pbase>Ptip (shScr: n = 9; shVim: n = 9). (F) Phase-

contrast image of an shVim aggregate under Pbase<Ptip. Inset shows magnified image of 
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boxed region. (G) Number and (H) length of invasions in shScr or shVim aggregates under 

IFP. * P<0.05, ** P<0.01, *** P<0.001. Scale bars, 100 μm.
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Figure 5. 
E-cadherin promotes invasion in response to IFP. (A) Frequency of invasion of YFP or 

Ecad-GFP-expressing aggregates under Pbase=Ptip (YFP: n = 16; Ecad-GFP: n = 22), 

Pbase<Ptip (YFP: n = 17; Ecad-GFP: n = 17), or Pbase>Ptip (YFP: n = 10; Ecad-GFP: n = 13). 

(B) Phase-contrast image of an Ecad-GFP aggregate under Pbase<Ptip. Arrows indicate 

collective invasions. Inset shows magnified image of boxed region. (C) Number and (D) 

length of invasions in YFP or Ecad-GFP aggregates under IFP. (E) Frequency of invasion of 

shScr or shEcad aggregates under Pbase=Ptip (shScr: n = 13; shEcad: n = 14), Pbase<Ptip 

(shScr: n = 10; shEcad: n = 15), or Pbase>Ptip (shScr: n = 9; shEcad: n = 9). (F) Phase-

contrast image of an shEcad aggregate under Pbase<Ptip. Arrow indicates collective invasion. 
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Inset shows magnified image of boxed region. (G) Number and (H) length of invasions in 

shScr or shEcad aggregates under IFP. * P<0.05, ** P<0.01, *** P<0.001. Scale bars, 100 

μm.
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Figure 6. 
Cells expressing ectopic E-cadherin preferentially undergo collective invasion. (A) Phase-

contrast image of an invasive protrusion from an Ecad-GFP aggregate under Pbase<Ptip. (B) 

Confocal image of the invasion from (A) showing Ecad-GFP localization (green) and 

Hoechst 33342 staining of cell nuclei (blue). (C) Percentage of fluorescent cells in invasions 

in aggregates under Pbase<Ptip from YFP or Ecad-GFP mosaic aggregates. *** P<0.001. 

Scale bars, 50 μm.
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Figure 7. 
Cells in aggregates under elevated IFP are motile and persistent. Data are representative of 

cells in aggregates from three independent experiments. Overlaid individual cell tracks from 

aggregates under (A) Pbase=Ptip (n = 16), (B) Pbase<Ptip (n = 18), or (C) Pbase>Ptip (n = 15) 

are shown. Arrows indicate direction of fluid flow. Light grey tracks represent cells 

undergoing collective invasion. Net displacement (black lines) and path length (grey lines) 

for non-invading cells in aggregates under (D) Pbase=Ptip, (E) Pbase<Ptip, and (F) Pbase>Ptip. 

(G) Net displacement (black lines) and path length (grey lines) for YFP (solid lines; n = 15) 

or Ecad-GFP (dotted lines; n = 21) cells in aggregates under Pbase<Ptip. (H) Overlaid 

individual cell tracks from non-invading Ecad-GFP cells under Pbase<Ptip (n = 8). Light grey 

tracks indicate cells moving together as a cohort.
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