
Received June 19, 2020; revised October 22, 2020; accepted December 26, 2020

© The Author(s) 2021. Published by Oxford University Press. All rights reserved. For permissions, please e-mail: journals.permission@oup.com

17

Integrative Biology, 2021, 13(1),17–29

doi: 10.1093/intbio/zyaa026
Advance Access publication January 27, 2021
Original Article

OR IGINAL ARTICLE

Matrix degradation and cell proliferation are coupled
to promote invasion and escape from an engineered
human breast microtumor
Emann M. Rabie1,2, Sherry X. Zhang3, Andreas P. Kourouklis3,
A. Nihan Kilinc3, Allison K. Simi3, Derek C. Radisky4, Joe Tien5,6,*, and
Celeste M. Nelson2,3,*
1Rutgers Robert Wood Johnson Medical School, Piscataway, NJ, USA, 2Department of Molecular Biology,
Princeton University, Princeton, NJ, USA, 3Department of Chemical & Biological Engineering, Princeton
University, Princeton, NJ, USA, 4Department of Cancer Biology, Mayo Clinic, Jacksonville, FL, USA, 5Department
of Biomedical Engineering, Boston University, Boston, MA, USA, and 6Division of Materials Science and
Engineering, Boston University, Boston, MA, USA

*Corresponding authors. E-mail: jtien@bu.edu and celesten@princeton.edu

Abstract

Metastasis, the leading cause of mortality in cancer patients, depends upon the ability of cancer cells to invade into the
extracellular matrix that surrounds the primary tumor and to escape into the vasculature. To investigate the features of the
microenvironment that regulate invasion and escape, we generated solid microtumors of MDA-MB-231 human breast
carcinoma cells within gels of type I collagen. The microtumors were formed at defined distances adjacent to an empty
cavity, which served as an artificial vessel into which the constituent tumor cells could escape. To define the relative
contributions of matrix degradation and cell proliferation on invasion and escape, we used pharmacological approaches to
block the activity of matrix metalloproteinases (MMPs) or to arrest the cell cycle. We found that blocking MMP activity
prevents both invasion and escape of the breast cancer cells. Surprisingly, blocking proliferation increases the rate of
invasion but has no effect on that of escape. We found that arresting the cell cycle increases the expression of MMPs,
consistent with the increased rate of invasion. To gain additional insight into the role of cell proliferation in the invasion
process, we generated microtumors from cells that express the fluorescent ubiquitination-based cell cycle indicator. We
found that the cells that initiate invasions are preferentially quiescent, whereas cell proliferation is associated with the
extension of invasions. These data suggest that matrix degradation and cell proliferation are coupled during the invasion
and escape of human breast cancer cells and highlight the critical role of matrix proteolysis in governing tumor phenotype.
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INSIGHT BOX

Invasion and intravasation, early steps in the metastatic cascade, are critical for subsequent dissemination of cancer
cells. The challenges of directly visualizing these steps have hindered our understanding of the relative roles of matrix
degradation and cell proliferation during the intravasation process. This work uses 3D microtumor aggregates separated
from an empty cavity, which serves as an artificial vessel, to provide insight into the effects of matrix degradation
and cell proliferation on tumor intravasation. In particular, this work highlights the essential role played by matrix
proteolysis in tumor invasion and intravasation.

INTRODUCTION

The escape and subsequent dissemination of cancer cells from
a primary tumor to distant sites depend upon their ability
to invade and migrate through the surrounding extracellular
matrix (ECM). Cancer cell invasion and intravasation into
the nearby lymphatic or circulatory system are influenced
by many factors, including ECM concentration, pore size,
and degradability. Different modes of single-cell invasion
have been extensively characterized, particularly those that
rely on amoeboid or mesenchymal motility [1]. Amoeboid
motility involves a series of contractions and expansions of
the cell body that allow the cancer cell to migrate without
degrading its surrounding ECM [2]. In contrast, mesenchymal
motility requires cells to proteolytically degrade the ECM using
enzymes such as matrix metalloproteinases (MMPs) [2]. When
intercellular adhesions are maintained, cells invade collectively
as multicellular chains. This type of migration is dependent
on mesenchymal motility, where leader cells extend actin-rich
protrusions and continually degrade the ECM through MMP-
mediated proteolysis to allow extension into the surrounding
tissue [3]. MMP-mediated proteolysis has been found to increase
tumor angiogenesis, invasion, and metastasis [4]. MMPs promote
invasion and metastasis by cleaving E-cadherin, which can
result in epithelial–mesenchymal transition (EMT) and increased
tumor cell motility [5]. Upregulation of MMPs in breast cancer
has been associated with genomic instability, shorter relapse-
free survival, and decreased overall survival [6, 7].

In addition to matrix degradation, abnormally high rates of
cell proliferation are a common characteristic of tumors. In prin-
ciple, elevated proliferation can increase the likelihood of future
metastases by increasing the number of potentially invasive
cells [8, 9]. Even so, several studies have suggested that highly
proliferative cells have decreased invasive capacity compared
with nonproliferating cells, and must be arrested in the G1 phase
of the cell cycle in order to invade through the ECM [10–13]. The
switch from a proliferative state to a G0/G1 cell cycle-arrested
state has been associated with an EMT phenotype, an upreg-
ulation of genes involved in actin cytoskeletal reorganization
and basement membrane invasion [12]. At the same time, down-
regulation of genes associated with proliferation, such as cyclin
D1/E, has been correlated with increased invasiveness in patient
samples [14]. Consistently, clinical and preclinical studies have
found that conventional chemotherapy, which targets growth of
the cells in the primary tumor, is associated with an increase in
metastasis in some patients and animal models [15–17]. There-
fore, although elevated proliferation rates are characteristic of
many types of cancer, inhibiting proliferation may inadvertently
promote cancer progression.

Mouse models of cancer have been used to investigate the
different factors involved in tumor cell invasion [18–21]. It is
difficult to directly image intravasation and escape in these sys-
tems; vascular escape is usually detected indirectly by capturing
circulating tumor cells or by measuring the metastatic burden
in one or more target organs [18, 22]. Therefore, our understand-
ing of the mechanisms of invasion and escape has primarily
resulted from studies using culture models, including transwell
assays, tumor spheroids, artificial microvessels, and microflu-
idic devices [18, 23]. Although devices have been developed to
incorporate vascular or interstitial flow, many fail to combine the
flow with the 3D cellular organization and microenvironment
within and around a tumor [23, 24].

We previously described a culture model that allows for the
direct visualization of tumor cell invasion [25, 26]. This system,
which consists of a microtumor in the form of an engineered
aggregate of human breast cancer cells embedded within a
3D collagen matrix, was recently modified to incorporate an
empty cavity located adjacent to the microtumors into which
invasive cells can escape [27, 28]. Here, we used this engineered
microtumor model to investigate the relative roles of matrix
degradation and cancer cell proliferation in invasion and escape
in the absence of the chemical and biological contributions of
endothelial and other stromal cells. The microtumors were com-
prised of MDA-MB-231 cells, a cell line commonly used in studies
of invasion and other steps of the metastatic cascade in culture.
We found that the ability of the microtumor to continually
degrade the matrix is essential for escape of cancer cells into the
empty cavity, whereas proliferation is not necessary for invasion
or escape. In fact, the majority of cells that initiate invasion
are quiescent, and blocking proliferation increases the rate of
invasion. Cell proliferation is instead associated with the growth
and extension of invading collectives. These observations sug-
gest that although invasion and escape depend on proteolysis,
proliferation can enhance the persistence of existing invasions
to allow for a more aggressive phenotype. Taken together, our
data show that matrix degradation and proliferation work syn-
ergistically to influence cancer progression by promoting the
initiation and growth of invasions.

MATERIALS AND METHODS

Cell culture and reagents

MDA-MB-231 human breast cancer cells (ATCC), passaged at
a 1:4 ratio and used between passages 3–15, were cultured
in DMEM/F12 medium (Hyclone) supplemented with 10%
heat-inactivated fetal bovine serum (FBS, lot F17089; Atlanta
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Biologicals) and 50 μg/ml gentamicin (Gibco). The following
reagents were used at the indicated concentrations: GM6001
(40 μM; Calbiochem), mimosine (400 μM; Sigma) and aphidicolin
(2 μM; Sigma).

Plasmid transfection

MDA-MB-231 cells were transfected with pBOB-EF1-FastFUCCI-
Puro plasmid (Addgene plasmid #86849) using FuGENE HD Trans-
fection Reagent (Promega). FuGENE and the plasmid were mixed
with Opti-MEM medium (3:1 FuGENE reagent:DNA ratio), incu-
bated for 10 min at room temperature, and then added directly
to culture medium. Cells stably expressing the plasmid were
generated by pooling several clones that were selected using
puromycin (2.5 μg/ml; Sigma) for 2–3 weeks.

Formation of 3D microtumors

Microtumors consisted of aggregates of MDA-MB-231 cells sur-
rounded by a collagen gel within a channel of polydimethyl-
siloxane (PDMS), and were constructed by modifying a previ-
ously described technique [25–28]. Briefly, acid-extracted bovine
type I collagen (4.9 mg/ml; lot# 210090, Koken) was neutralized
to pH 9–9.5 using 0.2 M NaOH and mixed with 10× Hank’s
balanced salt solution (Invitrogen) and cell culture medium to
obtain a solution with final collagen and FBS concentrations
of 3.9 mg/ml and 0.4%, respectively. The collagen solution (10–
15 μl) was introduced into a PDMS channel that contained two
opposing 120 μm diameter needles (Seirin) and then allowed to
gel for 25 min at 37◦C (Fig. 1A). After gelation, the needles were
removed to generate two empty cavities opposing each other.
The resulting gels were conditioned by adding ∼50 μl culture
medium to one side and allowing it to percolate through the gel
for at least 1 h prior to seeding cells. To seed the microtumors,
we introduced ∼50 μl of a concentrated cell suspension (2–3
million cells in 1 ml) to one side of the gel. Cells flowed into
the adjacent empty cavity by advection and completely filled
the cavity within 15 min of introducing the cell suspension.
Once the cavity was seeded, the cell suspension was replaced
with culture medium and the microtumors were incubated for
2 days at 37◦C, with the culture medium replaced every 10–
14 h. The microtumors were then exposed to flow by placing a
PDMS spacer (7–8 mm high, with an 8 mm diameter hole) on
the well of the empty cavity, and filling the well and hole in
the spacer with culture medium. The flow speed (∼1 μm/s) was
measured as previously described [29] and was similar to values
obtained in vivo [30] and in computational models of similar
microtumors in vitro [27, 28]. Samples were monitored and fed
once every 10–14 h, with ∼60 μl of culture medium added to the
stack and ∼60 μl removed from the downstream well. Samples
were imaged once per day using a Hamamatsu camera attached
to a Nikon Ti-U inverted microscope at 10× magnification in
air.

Measurement of gel permeability

To measure the permeability of the collagen gel, we used a
similar procedure as described above, but without needles, to
generate a solid collagen gel. A PDMS stack was used to apply
a pressure difference across the gel, and the volume of cul-
ture medium that flowed through the gel was measured 2–4 h
later. The permeability of the gel (κ = 0.053 ± 0.0048 μm2) was
calculated using Darcy’s Law, Q = κA

μL �P, where Q is the total
discharge or flow rate of the medium, κ is the permeability, A is

the cross-sectional area of the collagen gel (0.7–1.1 mm2), �P is
the pressure difference across the gel (0.8–1.5 cm H2O), μ is the
viscosity of culture medium (0.72 mPa s) and L is the length of the
gel (6–7.5 mm).

Analysis of proliferation

Proliferation was assessed by quantifying the percentage of
EdU-positive cells using the Click-iT EdU Alexa Fluor 594 Kit
(Thermo Fisher Scientific). Samples were exposed to EdU for
2 h and then immediately fixed with 4% paraformaldehyde in
phosphate-buffered saline (PBS) before applying the Click-iT
cocktail reagent.

Imaging and image analysis

Phase-contrast images of the microtumors were collected using
a Nikon Ti-U inverted microscope at 10× magnification. The
tumor-to-cavity distance was measured as the smallest distance
from any tumor cell to the tip of the empty cavity, starting at day
2 of culture. Microtumors were considered to have invaded when
one cell body protruded from the surface of the aggregate into
the surrounding collagen; this invasion was classified as an ini-
tial invasion or as an initial invading cell, depending on whether
it was multicellular or unicellular. Microtumors were considered
to have escaped when at least one cell body was observed within
the empty cavity. Invasions that failed to increase in length after
they were first detected were considered to be static invasions,
whereas those that increased in length were considered to be
extending invasions. Leader cells were considered to be the
cells at the tip of an existing invasion. The diameter of each
microtumor was measured at a distance of 200 μm plus the
initial (day 2 after seeding) tumor-to-cavity distance away from
the tip of the empty cavity.

Quantitative reverse transcriptase polymerase chain
reaction analysis

Microtumors were incubated with a solution of 2.5 mg/ml
collagenase (Sigma) for 5–10 min prior to isolating RNA
using TRIzol (Invitrogen). Isolated RNA was used to generate
complementary DNA (cDNA) using a Verso cDNA Synthesis Kit
(Thermo Scientific). Transcript levels were measured using an
Applied Biosystems Step One Plus instrument and iTaq Universal
SYBR Green SuperMix (Bio-Rad). Melt-curve analysis was used to
verify the amplification of only one polymerase chain reaction
(PCR) product. The expression level of each gene was normalized
to that of 18S ribosomal RNA in the same sample. Primers were
designed using PrimerQuest (IDT) and verified for specificity
using BLAST (Supplementary Table S1). Experiments were
performed on at least three independent biological replicates
with at least 10 microtumors per treatment condition per
experiment.

Statistical analysis

All statistical analysis was performed using Prism version 8
(Graphpad). Comparisons of invasion and escape kinetics were
performed using the log-rank (Mantel–Cox) test with hazard
ratios calculated by the Mantel–Haenszel method. Comparisons
of microtumor diameter and tumor-to-cavity distance used
repeated measures two-way analysis of variance (ANOVA)
with Sidak’s post hoc test (for two groups) and Tukey’s post
hoc test (for more than two groups). Student’s t-test was used
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Figure 1. Three-dimensional microtumor model to study invasion and escape. (A) Schematic of 3D microtumor. (B) Phase-contrast images of microtumors showing

invasion and escape. Kaplan–Meier plots of (C) invasion (n = 83) and (D) escape (n = 50). (E) Schematic of microtumors indicating initial tumor-to-cavity distance D.

Kaplan–Meier plots of (F) invasion (P = 0.10) and (G) escape [P = 0.023, hazard ratio (HR): 2.3, 95% CI: 1.1–4.8] for microtumors with D < 150 μm (n = 24) or 150 < D < 300 μm

(n = 26). Scale bars, 200 μm.

for comparisons of percent EdU+ cells. Welch’s t-test was
used for comparisons of relative MMP expression. Group and
pairwise comparisons of cell cycle analysis used one-way
ANOVA with Tukey’s post hoc test, respectively. All experiments

were performed using at least three independent biological
replicates. All reported P-values have been adjusted for any
multiple comparisons, and a P-value <0.05 was considered to
be statistically significant.
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RESULTS

Tumor-to-cavity distance has no effect on invasion,
but controls the rate of escape

Although it is well established that matrix degradation plays a
role in local invasion, the effects of matrix degradation on the
process of escape have not been reported. To parse the effects of
matrix degradation on invasion and subsequent escape in the
absence of contributions from endothelial cells, we generated
microtumors comprised of MDA-MB-231 human breast cancer
cells that were embedded within a type I collagen gel (Fig. 1A).
Briefly, two needles were used to generate blind-ended cavities
within the gel. A high concentration of suspended cells was then
used to seed one of the cavities to produce the microtumor [25,
26]. Tumor cells encounter either interstitial, lymphatic, or vas-
cular fluid flow during metastasis to distant organs. Interstitial
hypertension, which results in an outward flow of interstitial
fluid from the tumor core into the periphery, has been shown
to suppress invasion in culture [25, 29]. We previously found
that microtumors fail to invade in the absence of flow from the
boundary of the tumor to the tumor bulk [25, 29]. Therefore,
to permit invasion into the surrounding microenvironment, we
exposed microtumors to interstitial flow directed at the tumor 2
days after seeding [25, 26] (Fig. 1B). After 4 days of flow (6 days
after seeding), almost all microtumors had formed invasions
(Fig. 1C). After 14 days of flow (16 days after seeding), at least one
cell from three-quarters of the microtumors had escaped into
the empty cavity (Fig. 1D).

Since the migration of tumor cells is one process that allows
for escape, and since tumors are surrounded by vessels located
at varying distances in the microenvironment, we examined
the effect of the distance between the microtumor and the
empty cavity on the kinetics of invasion and escape. Analyses of
tumors of the breast as well as head-and-neck cancers have
revealed that intercapillary distances greater than ∼150 μm
can result in the development of hypoxia and necrosis [31,
32]. In addition, analysis of cervical cancer has shown that the
mean tumor–intercapillary distance is ∼300 μm, regardless of
clinical stage [33]. Therefore, we varied the initial tumor-to-
cavity distance from <150 to ∼300 μm and monitored invasion
and escape. We segregated the microtumors into those in
which the distance to the cavity was <150 μm and those with
distances between 150 and 300 μm (Fig. 1E). Regardless of the
initial tumor-to-cavity distance, nearly all microtumors invaded
into the surrounding collagen within 4 days of the application
of flow (6 days after seeding) (Fig. 1F). Escape, however,
occurred faster in microtumors located closer to the cavity
(Fig. 1G). These data suggest that, in the absence of endothelial
cells, the rate-limiting step for escape is migration through
the ECM between the primary microtumor and the escape
cavity.

Matrix degradation is required for invasion and escape

To determine the effects of matrix degradation on invasion
and escape, we matched microtumors based on initial tumor-
to-cavity distance (Supplementary Fig. S1A) and treated them
with vehicle control (0.1% v/v DMSO) or the broad-spectrum
MMP inhibitor GM6001 (40 μM) starting on the day that flow
was applied (2 days after seeding) (Fig. 2A and B). Compared
with controls, GM6001-treated microtumors neither invaded nor
escaped (Fig. 2C and D). These data suggest that tumor growth
alone is insufficient for tumor cells to escape, and that instead

matrix proteolysis is essential for invasion and escape through
a collagen-rich microenvironment.

Since invasion precedes escape, it is possible that the effects
of GM6001 on escape result solely from its suppression of inva-
sion. To test this possibility, we next examined whether matrix
degradation is required for the escape of microtumors that have
already invaded. We generated distance-matched microtumors
(Supplementary Fig. S1B), cultured them in the presence of flow
for 4 days to promote invasion, confirmed that the tumor-to-
cavity distance distributions remained matched after 4 days
and only then treated the microtumors with vehicle control or
GM6001 (Fig. 2E). Even when MMP activity was only inhibited
after invasions had already formed (Fig. 2F), we found that micro-
tumors still failed to escape (Fig. 2G). These results suggest that
continuous degradation of the surrounding matrix is required for
progressive invasion and escape.

Inhibiting matrix degradation decreases
the proliferation and growth of microtumors

Phase-contrast images revealed that the diameter of the
microtumors increased significantly over the 2 weeks of culture
(Fig. 3A). Curiously, treatment with GM6001 led to a reduction in
the diameter of the microtumors (Fig. 3B). These data suggest
that inhibiting MMP-associated proteolysis might also affect the
proliferation of the cancer cells within the microtumor.

To test this hypothesis, we carried out an EdU-incorporation
assay to detect DNA synthesis in the microtumors. We found
that microtumors treated with GM6001 showed a reduction in
EdU-positive cells (Fig. 3C), consistent with the decrease in their
diameters relative to controls. This decrease in proliferation in
the presence of GM6001 is also consistent with previous work
showing that GM6001 reduces proliferation of fibroblasts [34]. It
remains unclear why inhibiting MMP activity decreases prolifer-
ation of MDA-MB-231 cells in the microtumors; the reduction in
proliferation that we observed here could be a result of confine-
ment [35] or the inability of the microtumor to expand into the
surrounding collagen rather than a direct effect of GM6001 itself.

Inhibiting proliferation accelerates invasion, but does
not affect escape

To decouple the effects of MMP inhibition on proliferation and
the kinetics of escape, we next examined whether proliferation
is required for invasion and escape. To block proliferation, we
treated microtumors with mimosine, a DNA replication inhibitor
that arrests cells in the G1 phase of the cell cycle by inhibiting
deoxyribonucleotide metabolism and preventing the formation
of new replication forks [36] (Fig. 4A and B). One day prior to the
start of flow (1 day after seeding), microtumors were distance-
matched (Supplementary Fig. S1C) and treated with either vehi-
cle control (3% v/v PBS) or mimosine (400 μM). We used EdU
analysis to assess proliferation 2 days later (1 day of flow).
This assay confirmed that treatment with mimosine for 48 h
blocked proliferation of the cells within the microtumors nearly
completely (Supplementary Fig. S2). Surprisingly, we found that
mimosine-treated microtumors formed invasions earlier than
did controls (Fig. 4C), but showed no overall difference in the
kinetics of escape (Fig. 4D). Although they invaded earlier than
controls, the migration rate of mimosine-treated microtumors
decreased over time (Fig. 4E), which could explain the para-
doxical escape kinetics. As expected, treatment with mimosine
caused a decrease in the growth of the microtumors as compared
with vehicle controls (Fig. 4F). These observations are consistent
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Figure 2. Inhibiting MMP activity prevents invasion and escape. (A) Timeline of experiment. (B) Phase-contrast images of microtumors treated with vehicle control

(DMSO) (top panel) or the MMP inhibitor GM6001 (bottom panel) starting on the day of flow (2 days after seeding). Kaplan–Meier plots of (C) invasion [P < 0.0001, HR:

25.9, 95% CI: 11.8–57.1 for D < 150 μm vehicle control (n = 32) vs. GM6001 (n = 30); P < 0.0001, HR: 27.9, 95% CI: 12.4–62.7 for 150 < D < 300 μm vehicle control (n = 30) vs.

GM6001 (n = 27)] and (D) escape [P < 0.0001, HR: 13.1, 95% CI: 5.5–31 for D < 150 μm vehicle control (n = 32) vs. GM6001 (n = 30); P = 0.0011, HR: 9.1, 95% CI: 2.4–34.1 for

150 < D < 300 μm vehicle control (n = 30) vs. GM6001 (n = 30)]. (E) Timeline of experiment. Kaplan–Meier plots of (F) invasion (P = 0.73) and (G) escape (P = 0.0021, HR:

8.0, 95% CI: 2.1–29.8) for microtumors treated with vehicle control (n = 26) or GM6001 (n = 21). Scale bars, 200 μm. HR, hazard ratio.
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Figure 3. Inhibiting MMP activity reduces growth and proliferation of microtumors. (A) Phase-contrast images of microtumors treated with vehicle control (DMSO) (top

panel) or GM6001 (bottom panel) starting on the day of flow. Quantification of (B) diameters (measured at dotted line) and (C) proliferation of microtumors treated with

vehicle control or GM6001. Shown are mean ± SD of three to five independent experiments. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001 using two-way ANOVA

with Tukey’s post hoc test (B) or Student’s t-test (C). Scale bars, 200 μm.

with other studies that have shown that exposure to mimo-
sine reduces cell migration [37]. Therefore, although mimosine-
treated microtumors invade earlier than controls, their migra-
tion rates decrease over time, which could explain why their
escape kinetics do not differ from that of controls.

To determine whether these alterations in the invasion
and escape kinetics were specific to mimosine, we treated
microtumors with aphidicolin (Supplementary Fig. S3A and B),
which prevents DNA replication by inhibiting DNA poly-
merases [36]. Unlike mimosine, aphidicolin does not affect
cell migration, thus allowing the effects of proliferation and
migration to be decoupled [38, 39]. As with the mimosine
experiments, microtumors were distance-matched 1 day
prior to application of flow (1 day after seeding) and treated
with either vehicle control (0.01% v/v DMSO) or aphidicolin
(2 μM) (Supplementary Fig. S3C). EdU analysis confirmed that
treatment with aphidicolin for 48 h blocked proliferation of
the cells within the microtumors (Supplementary Fig. S3D).

Similar to mimosine-treated microtumors, aphidicolin-treated
microtumors formed invasions earlier than vehicle-treated
microtumors (Supplementary Fig. S3E), but escaped with similar
kinetics as controls (Supplementary Fig. S3F). These observa-
tions reveal that inhibiting proliferation hastens the initiation
of invasions, but has no effect on the escape of microtumors
through collagen-rich microenvironments.

Mimosine-treated microtumors upregulate expression
of MMPs

It has been shown previously that exposure to mimosine can
result in an increase in MMP activity [40]. To determine whether
an increase in MMP expression could explain the faster invasion
kinetics of mimosine-treated microtumors, we used quantitative
reverse transcriptase PCR analysis to monitor MMP expression
in microtumors in the presence or absence of mimosine. Pre-
vious work identified expression of >20 MMPs in MDA-MB-231
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Figure 4. Inhibiting proliferation leads to earlier invasion. (A) Timeline of experiment. (B) Phase-contrast images of microtumors treated with vehicle control (PBS) (top

panel) or the DNA replication inhibitor mimosine (bottom panel). Kaplan–Meier plots of (C) invasion (P = 0.0003, HR: 3.9, 95% CI: 1.9–8.1) and (D) escape (P = 0.12, HR: 0.6,

95% CI: 0.31–1.1) of microtumors treated with vehicle control (n = 26) or mimosine (n = 26). (E) Distance between the microtumor and the cavity at different days of flow

for vehicle control- and mimosine-treated microtumors. (F) Diameters of microtumors in each group. Shown are mean ± SD of three to four independent experiments.
∗∗P < 0.01, ∗∗∗P < 0.001 using two-way ANOVA with Sidak multiple comparisons test (E and F). Scale bars, 200 μm. HR, hazard ratio.
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Figure 5. Mimosine-treated microtumors upregulate the expression of MMPs. Relative transcript levels of (A) MMP1, (B) MMP14, and (C) MMP19 in vehicle control- or

mimosine-treated microtumors after 2 days of flow. Shown are mean ± SD of four independent experiments. ∗∗P < 0.01 using Welch’s t-test.

cells at varying levels, with MMP1, 14, and 19 expressed at the
highest levels [41]. We found that microtumors treated with
mimosine upregulated the expression of MMP1 and MMP19, but
we observed no apparent change in the expression of the trans-
membrane MMP14 (Fig. 5A–C). MMP1, a collagenase, is upregu-
lated in human breast cancer tissues [42], promotes the growth
and metastasis of cancer cells in mice [43], and is associated with
shorter relapse-free survival [44]. Similarly, increased expression
and activation of MMP19, a stromelysin, is associated with poor
prognosis in patients with breast, lung, and colorectal cancer
[44–46]. Although we found no change in the expression of
MMP14, this transmembrane protease is also associated with
metastasis and poor prognosis in breast cancer patients [47, 48].
Since MMP-mediated proteolysis is necessary for invasion of
cells from the microtumors, these data suggest that the faster
invasion kinetics in response to pharmacological inhibition of
the cell cycle may be a result of increased MMP expression and
activity.

Proliferation is not required for initiation of invasions,
but is associated with their extension

Since inhibiting proliferation promoted invasion but had no
effect on escape, we hypothesized that the cells that initiate
invasions might be preferentially not proliferating. To test this
hypothesis, we generated a stable line of MDA-MB-231 cells
that expressed the fluorescent ubiquitination-based cell cycle
indicator (FUCCI), which allows different stages of the cell cycle
to be distinguished visually by labeling G0/G1 phase nuclei with
red fluorescent protein and S/G2 phase nuclei with green flu-
orescent protein [49]. We generated microtumors comprised of
FUCCI-expressing cells and tracked the cell cycle status of the
population during invasion. Consistent with our hypothesis, we
observed that the cell population that had the largest fraction
of cells in the G0/G1 phase of the cell cycle were cells that
initiated invasions (Fig. 6A–C). In other words, cells that initiate
invasions are more likely than other cells to be quiescent. We
next quantified whether the leading cell, i.e. the cell at the tip in
an existing invasion, had a preferred cell cycle status. Although
most leader cells were in the G0/G1 phase of the cell cycle,
the percentage of leader cells in G0/G1 was similar to that of
cells within the bulk microtumor (Fig. 6C). These data suggest
that leader cells exhibit no preferred cell cycle phase relative
to the tumor. It remains unclear, however, whether a cell in
the leading position retains leader cell status over the multiday
period required for extension and escape.

To determine whether proliferation is required for an
invasion to continue to extend through the collagenous

microenvironment, we quantified the percentage of proliferating
and nonproliferating cells within invasions that increased in
length and compared that with invasions that remained static
in size. Invasions that failed to increase in length after they were
first detected were considered to be static invasions, whereas
those that increased in length were considered to be extending
invasions. We found that ∼35% of the cells in extending
invasions were proliferating, compared with only ∼15% of
the cells in static invasions (Fig. 6C). Statistical comparisons
revealed that the entire tumor, extending invasions, and leader
cells form one group, whereas the initial invasions and static
invasions form a second group with a higher percentage of
cells in G0/G1. The spatial heterogeneity in cell cycle status
in untreated microtumors is consistent with our findings in
mimosine-treated microtumors, which show that inhibiting
proliferation hastens initiation of invasions, but that some level
of proliferation is required to promote the extension of invasions.

DISCUSSION

The metastatic cascade is a series of processes initiated by
local invasion through the basement membrane and surround-
ing ECM, followed by intravasation into the blood or lymphatic
vasculature prior to dissemination to distant sites [50]. Since
the density of the vasculature can vary, cancer cells must often
stimulate the formation of new vessels or invade through a wide
range of distances in the ECM prior to breaching the lumen
of lymphatic or blood vessels. Investigating how the features
of the microenvironment, including tumor-to-vascular separa-
tion distance, affect invasion and intravasation is important for
understanding the early processes that influence metastasis. To
address this problem, we engineered human breast microtumors
that were exposed to fluid flow separated by a controllable
distance from an empty cavity within a type I collagen gel
(Fig. 1). We found that increasing the tumor-to-cavity separation
distance does not affect the ability of the microtumor to invade,
but alters the probability and kinetics of escape (Fig. 1). These
data suggest that, in the absence of endothelial cells, migration
through the matrix microenvironment is the rate-limiting step to
escape. Given that biochemical and mechanical signaling from
the stroma influence cancer cell migration and invasion [51–
54], it will be interesting to determine the relative roles of dif-
ferent features of the microenvironment, including the vascular
endothelium, on the rates of invasion and escape.

Consistent with the above, inhibiting MMP-mediated prote-
olysis reduces the rate of migration of the cells from the micro-
tumor, preventing both invasion and escape (Fig. 2). Inhibiting
matrix degradation in microtumors that have already invaded
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Figure 6. Proliferation is not required for initiation of invasions, but is associated with their extension. (A) Merged phase-contrast and fluorescence images of

microtumors comprised of FUCCI-expressing cells at different time points. Inset, confocal image of an extending invasion. (B) Schematic representing the different

quantified invasion groups at (i) early and (ii) late time points in the microtumor. Pie charts represent the percentage of cells within each group. (C) Fraction of different

cell populations in G0/G1 phase of the cell cycle. Shown are mean ± SD of four independent experiments. ∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001 using one-way ANOVA

with Tukey’s post hoc test. Scale bar, 50 μm.

also prevents escape (Fig. 2G). These data highlight the fact that,
although it is necessary as the first step, invasion is not sufficient
to ensure the occurrence of subsequent steps (e.g. intravasation)
of the metastatic cascade [50]. Without continued proteolytic
degradation of the surrounding matrix, invading tumor cells
remain confined and are unable to extend and intravasate into
the vasculature [55, 56].

Although inhibiting matrix degradation prevents invasion
and escape in our system, which suggests MMP activity as a
logical target for chemotherapy, clinical studies have found that

synthetic inhibitors of MMPs failed to reduce metastatic burden
or improve survival [57–60]. The ability of tumor cells to compen-
sate by switching from a mesenchymal, MMP-dependent mode
of invasion to an amoeboid, MMP-independent mode has been
proposed as an explanation for the failed clinical trials using
MMP inhibitors [59, 61–63]. In our system, we did not observe
this switching, which could be the result of the concentration
of collagen that surrounds our microtumors. At the same time,
clinical evaluation of MMP inhibitors has been conducted largely
in late-stage cancer patients with severe metastasis, a setting
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Figure 7. Summary of proposed mechanism of invasion and escape. MMP activity is required for the initiation and extension of invasions in the collagen matrix.

Proliferation inhibits the initiation of invasions, but appears to be needed for the extension of invasions after they have formed.

where the effectiveness of these drugs is questionable [57–59].
To properly test whether inhibiting MMP activity may poten-
tially reduce metastatic burden, these trials should be performed
at earlier time points in patients with no metastatic disease
[57–59]. In support of this concept, recent work in mouse models
of breast cancer has shown that administering specific MMP
inhibitors prior to the occurrence of any metastasis reduces
metastatic burden and drastically improves survival [64]. These
findings suggest that specific MMP inhibitors can potentially
prevent metastatic disease and future recurrence if adminis-
tered at earlier stages of tumor progression.

Since inhibiting matrix degradation resulted in a decrease
in the proliferation of cells in the microtumors (Fig. 3), we
also examined the effects of proliferation on invasion and
escape. Surprisingly, inhibiting proliferation enhanced the
rate of invasion from the microtumors (Fig. 4). We therefore
hypothesized that cells that initiate invasion are quiescent.
Consistently, microtumors expressing the FUCCI reporter
revealed that the majority of the cells that initiate invasions
are in the G0/G1 phase of the cell cycle. Although blocking
proliferation increases the rate at which invasion is initiated,
we found that proliferation correlates with the extension of
existing invasions. Invasion from the microtumors resembles
angiogenic sprouting, wherein endothelial tip cells migrate
and proliferate minimally, whereas stalk cells proliferate to
support the extending vessel [65, 66]. Endothelial tip cells
express high levels of vascular endothelial growth factor (VEGF)
receptor, which in the presence of a VEGF gradient results in the
formation and extension of filopodia to allow the initiation of
sprouts [66]. Stalk cells, on the other hand, show high levels of
Notch signaling, minimal filopodia, and high proliferation rates,
thus allowing for sprout extension, growth, and branching [66].
Irradiating sprouting cells to inhibit proliferation permits some
extension of the sprout before extension ceases [65], similar to
the dynamics of invasion that we observe in mimosine-treated
microtumors. These microtumors invade earlier than controls
but show no differences in escape kinetics, highlighting the
need for proliferation to sustain the extension of invasions. This
behavior is reminiscent of the ability of irradiated endothelial
cells to initiate vascular sprouts that eventually cease in their
extension.

Recommended guidelines to treat solid tumors like those
of the breast involve a cocktail of chemotherapeutics, many
of which target cell proliferation. Given the high percentage

of recurrence observed in patients treated with these drugs,
it is not surprising that we found inhibiting proliferation of
the microtumors causes earlier invasion and still allows escape
[67, 68]. The failure of these cytotoxic drugs to reduce tumor
burden is often attributed to the heterogeneity of cancer cells
and the presence of drug-resistant cells that do not respond to
the therapy [67, 68]. Our data support an alternate explanation
(Fig. 7): inhibiting proliferation leads to the upregulation of MMP
expression, which suggests that tumors that are impervious to
cell cycle inhibitors may potentially be explained by a change
in phenotype rather than chemoresistance per se. Our findings
suggest that chemotherapeutics, which aim to reduce tumor
size and metastatic spread, would be more effective if opti-
mized to target both the highly proliferative nature of tumors
as well as the ability of their constituent cells to degrade and
invade through the matrix microenvironment. In other words,
antiproliferative agents and MMP inhibitors in combination may
be more effective than either individually in the treatment of
premetastatic breast cancer.

ABBREVIATIONS

EMT, epithelial–mesenchymal transition; ECM, extracellular
matrix; MMP, matrix metalloproteinase; PCR, polymerase chain
reaction; FUCCI, fluorescent ubiquitination-based cell cycle
indicator; PDMS, polydimethylsiloxane; PBS, phosphate-buffered
saline; cDNA, complementary DNA; ANOVA, analysis of variance;
VEGF, vascular endothelial growth factor; ATCC, American
Type Culture Collection; DMEM/F12, Dulbecco’s modified Eagle
medium/nutrient mixture F12; MEM, minimal essential medium;
EdU, 5-ethynyl-2’-deoxyuridine; BLAST, basic local alignment
search tool; DMSO, dimethyl sulfoxide.
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Supplementary material: 
 
Table S1. Primers used for qRT-PCR analysis 
 

Gene Sequence 
18S rRNA 
 

Forward: CGGCGACGACCCATTCGAAC 
Reverse: GAATCGAACCCTGATTCCCCGTC 

MMP1 Forward: GACAGAAAGAGACAGGAGAC 
Reverse: GAGTTATCCCTTGCCTATCC 

MMP14 Forward: GAGCTCAGGGCAGTGGATAG 
Reverse: GGTAGCCCGGTTCTACCTTC 

MMP19 Forward: GGGTCCTGTTCTTCCTACAT 
Reverse: CAATCCTGCAGTACTGGTCT 

 
 
Figure S1. Cumulative frequency plots showing that microtumors were distance-matched. (A) 

Cumulative frequency plot showing that the two groups of microtumors treated with vehicle 

control or GM6001 in Fig. 2 were equally matched (n = 32, 30, 30, 30 for D < 150 μm vehicle 

control, D < 150 μm GM6001, 150 < D < 300 μm vehicle control, and 150 < D < 300 μm 

GM6001-treated microtumors, respectively). (B) Cumulative frequency plot showing that the 

two groups of microtumors treated with vehicle control (n = 26) or GM6001 (n = 21) in Fig. 2 

were equally matched. (C) Cumulative frequency plot showing that the two groups of 

microtumors treated with vehicle control (n = 26) or mimosine (n = 26) in Fig. 4 were equally 

matched. 

 

Figure S2. EdU analysis of microtumors treated with vehicle control or mimosine. Shown are 

mean ± s.d. of three independent experiments. ***P < 0.001 using Student’s t-test. 

 

Figure S3. Inhibiting proliferation by treating with aphidicolin leads to earlier invasion. (A) 

Timeline of experiment. (B) Phase-contrast images of microtumors treated with vehicle control 

(DMSO) (top panel) or the DNA-replication inhibitor aphidicolin (bottom panel). (C) 



Cumulative frequency plot showing that the two groups of microtumors treated with vehicle 

control (n = 36) or aphidicolin (n = 40) were distance-matched. (D) EdU analysis of microtumors 

treated with vehicle control or aphidicolin. Kaplan-Meier plots of (E) invasion (P < 0.0001, HR: 

4.4, 95% CI: 2.2-8.8) and (F) escape (P = 0.69) for microtumors treated with vehicle control (n = 

30) or aphidicolin (n = 29). Shown are mean ± s.d. of 3-4 independent experiments. ***P < 

0.001 using Student’s t-test (D). Scale bar, 200 μm. 
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