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Abstract

The collagen-rich tumor microenvironment plays a critical role in directing the migration behavior of cancer cells. 3D
collagen architectures with small pores have been shown to confine cells and induce aggressive collective migration,
irrespective of matrix stiffness and density. However, it remains unclear how cells sense collagen architecture and transduce
this information to initiate collective migration. Here, we tune collagen architecture and analyze its effect on four core cell-
ECM interactions: cytoskeletal polymerization, adhesion, contractility, and matrix degradation. From this comprehensive
analysis, we deduce that matrix architecture initially modulates cancer cell adhesion strength, and that this results from
architecture-induced changes to matrix degradability. That is, architectures with smaller pores are less degradable, and
degradability is required for cancer cell adhesion to 3D fibrilar collagen. The biochemical consequences of this 3D low-
attachment state are similar to those induced by suspension culture, including metabolic and oxidative stress. One
distinction from suspension culture is the induction of collagen catabolism that occurs in 3D low-attachment conditions.
Cells also upregulate Snail1 and Notch signaling in response to 3D low-attachment, which suggests a mechanism for the
emergence of collective behaviors.

Insight, innovation, integration
Cancer cell interactions with the 3D collagen-rich tumor microenvironment influence several aspects of cell growth,
metabolism, and invasion. This study provides an integrative and time-dynamic understanding of how collagen is
sensed by cancer cells and can lead to cellular reprogramming. Using a combination of extracellular matrix engineering
techniques, biophysical measurements of cell-matrix interactions, as well as biochemical and transcriptional analyses,
we find that collagen architectures that are less degradable limit cell adhesion, inducing metabolic and oxidative stress
followed by collective migration. These findings lend deeper insight into the initiation of collective cancer cell
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(Continued)
behaviors associated with higher metastatic potential and suggest that matrix degradability is a key microenvironmen-
tal influence.

Introduction

Collective cancer cell migration is thought to be the predomi-
nant means of metastatic dissemination in many solid human
tumors [1–3]. In mouse models of cancer metastasis and in 3D
in vitro tumor models, collectively migrating cells are typically
more invasive and are resistant to chemotherapeutics [3–6].
Improved mechanistic understanding of how collective migra-
tion is initiated may reveal novel strategies for metastasis treat-
ment or prevention.

We and others have demonstrated that the fibrillar architec-
ture of 3D collagen plays a unique role in inducing collective
migration, independently of matrix stiffness and density [7–10].
In previous studies we showed that confining 3D collagen
matrices, characterized by short fibril architectures and small
pores, induce collective migration after ~36 hours of culture,
whereas culture in Matrigel or on top of collagen or Matrigel did
not induce collective migration. We also reported a conserved
transcriptional state that is associated with the collective
migration phenotype and is clinically relevant to patient out-
comes in nine human tumor types [9]. However, it remains
unclear how cancer cells sense and transduce collagen architec-
ture to ‘turn on’ the collective phenotype. Here, we sought to
address this knowledge gap by determining how collagen archi-
tecture regulates key cell-matrix interactions (adhesion, cyto-
skeletal polymerization, contractility, and matrix remodeling),
which are transduced into changes in cellular biochemistry. We
focus our study of these processes on the time frame before col-
lective migration is initiated, the first ~36 hr of 3D culture, in
order to establish the chain of events that lead to the long-term
collective migration phenotype.

By tuning the architecture of collagen using PEG as a molec-
ular crowding agent, which largely avoids changes in stiffness
or density, we find that more confining architectures, i.e. short-
er fibrils and smaller pores, are less susceptible to degradation
by matrix metalloproteinases (MMPs). Further, we show that
cell-matrix adhesive coupling relies on matrix degradation in
3D fibrilar collagen. Low-degradability matrices force cells into a
state of low adhesion, both biophysically and biochemically,
within the first 24 hours of 3D culture. The cellular response to
this state is characterized by upregulation of protease activity,
collagen catabolism, and Notch signaling, which precedes the
transition into collective migration.

Methods

Cell culture

HT-1080 and MDA-MB-231 fibrosarcoma cells were purchased
from (ATCC, Manassas, VA) and cultured in high glucose
Dulbecco’s modified Eagle’s medium supplemented with 10%
(v/v) fetal bovine serum (FBS, Corning, Corning, NY) and 0.1%
gentamicin (Gibco Thermofisher, Waltham, MA) and main-
tained at 37°C and 5% CO2 in a humidified environment during
culture and imaging. The cells were passaged every 2–3 days as
required.

Low attachment cultures

For measurements of cell activity under loss of attachment we
used low attachment plates (Corning, corning, New York). Cells,
were trypsinized from standard cell culture flasks and passage
into low attachment plates to a 50–60% confluency. For RNA
extraction cells were collected by resuspension in PBS and cen-
trifugation. For metabolism measurements, supernatant was
collected from culture and spun down to clear cell debris.

3D culture in collagen I matrix

Cell laden 3D collagen matrices were prepared by mixing cells
suspended in culture medium and 10X reconstitution buffer, 1:1
(v/v), with soluble rat tail type I collagen in acetic acid (Corning,
Corning, NY) to achieve the desired final concentration [62–64]
as described previously by our group. 1M NaOH was used to
normalize pH in a volume proportional to collagen required at
each tested concentration (pH 7.0, 10–20 μl 1M NaOH). Gels were
polymerized at 37°C in a humidified incubator. To modify the
structure of the collagen fibers to obtain LDSF gels we used a
technique previously reported by our group [11]. Briefly,
Polyethylene glycol (PEG, MW = 8000, Sigma, St. Louis, MO) was
solubilized in phosphate-buffered solution (PBS) and filter steril-
ized. Solubilized PEG was then mixed into the cells, reconstitu-
tion buffer solution described above to produce a final PEG
concentration of 10mg/mL in the collagen gel. The gels were al-
lowed to polymerized in the same conditions as collagen only
gels. Collagen structure modification was verified using confocal
reflection microscopy.

Collagen gel mechanical properties measurement using
shear rheology

To measure the collagen matrix stiffness, we used a shear rhe-
ometer (hybrid rheometer (DHR-2) from TA Instruments, New
Castle, DE) using a cone and plate geometry with a sample vol-
ume of 0.6ml. Shear storage modulus G′ was measured as re-
ported before [64]. Briefly, we first performed a strain sweep was
from 0.1 to 100% strain at a frequency of 1 rad s−1 to determine
the elastic region. Then a frequency sweep was performed at a
strain within the linear region (0.8%) between 0.1 and 100 rad s−1.
Three independent replicates were performed for each condition
tested.

Collagen gel stiffness using atomic force microscopy
(AFM)

AFM was performed to measure local collagen gel stiffness as
previously described [65–67]. Briefly, nano-indentations were
performed using a MFP-3D Bio Atomic Force Microscope (Oxford
Instruments) mounted on a Ti-U fluorescent inverted micro-
scope (Nikon Instruments). A pyrex-nitride probe with a pyra-
mid tip (nominal spring constants of 0.08 N/m, 35° half-angle
opening, and tip radius of 10 nm, NanoAndMore USA
Corporation, cat # PNP-TR) was first calibrated for the deflection
inverse optical lever sensitivity (Defl InvOLS) by indentation in
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PBS on glass followed by using a thermal noise method provided
by the Igor 6.34 A software (WaveMetrics) as previously
described. Samples were loaded on the AFM, submersed in
phosphate buffered saline (PBS), and indented at a velocity of
2 μm/s. Samples were indented until the trigger point, 2 nN, was
achieved. Five measurements, equally spaced 50 μm apart, were
taken per gel. Tip deflections were converted to indentation
force for all samples using their respective tip spring constants
and Hooke’s Law. Elastic modulus was calculated based on a
Hertz-based fit using a built-in code written in the Igor 6.34 A
software. The Hertz model used for a pyramidal tip is

π
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δ= ( )

−
( )E

F
2

tan
1

1
2
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where F is force, α is the half-angle opening of the tip, ν is the
Poisson’s ratio, E is elastic modulus and δ is indentation. We
assumed a Poisson’s ratio of 0.5 (incompressible) for all sam-
ples. Curves were only analyzed if at least 80% of the fit curve
crossed over the data points.

Chemical force spectroscopy

Silicon nitride probes were functionalized as previously
described [12, 68]. Probes were cleaned with chloroform for 30
seconds followed by incubation in 5M ethanolamine-HCL
(Sigma) overnight at room temperature. After washing in PBS,
tips were incubated in 25mM bis(sulfosuccinimidyl) suberate
(BS3, Thermo Fisher, Waltham, MA) for 30minutes. Tips were
washed in PBS before incubation with 200 μg/mL of recombinant
integrin α2β1 heterodimers (R&D Biosystems) for 30minutes.
Probes were washed and air-dried at 4°C until use. Upon use,
probes were thermally calibrated as previously described [12, 68].
Force curves were obtained on a 3D-MFP-BIO atomic force micro-
scope (Asylum Research, Santa Barbara, CA) but moving the
probe into contact with the material at indentation velocities of
2 μm/s and retracting at the same speed. To allow for adhesion, a
2 second dwell time was added upon probe contact with the sur-
face. Adhesion force during retraction was measured using the
Igor Pro 6.34 A software as the maximal negative force on the
probe when retracting the tip (Supplemental Figure 1A). As a
negative control, poly(ethylene glycol) diacrylate (PEGDA) hy-
drogels were made by mixing 10% w/v 6 kDa PEGDA (Sigma)
with 0.05% Irgacure 2959 (Sigma) and exposing the solution to
350 nm UV light (4mW/cm [2], UVP) for 5minutes. Tip interac-
tions with the substrate were thresholded to the non-adhesive
PEGDA hydrogels. This value was determined to be 0.5 nN for
the probe coated with integrin α2β1. Adhesive interactions were
divided by total tip indentations for three different gels for each
condition.

Confocal reflection microscopy

Confocal reflection images were acquired and processed as we
have previously reported [9]. Briefly, Images were acquired
using a Leica SP5 confocal microscope (Buffalo Grove, IL)
equipped with a HCX APO L 20 × 1.0 water immersion objective.
The sample was excited at 488 nm and reflected light was col-
lected without an emission filter. Collagen fibril length was ana-
lyzed using the free software ctFIRE (http://loci.wisc.edu/
software/ctfire) [69, 70].

Protrusion Analysis

To monitor actin polymerization activity, HT1080 were stably
transduced with Dendra-2-Lifeact (Dendra2-Lifeact-7 was a gift
from Michael Davidson (Addgene plasmid # 54 694)). Stably ex-
pressing cells were sorted (BD influx, FACS) to select for cell ex-
pressing the construct at low levels to avoid off target effects
caused by high copy numbers. Cells were embedded into 3D col-
lagen matrices as described above. Timelapse imaging was per-
formed using an inverted confocal microscope equipped with
temperature, CO2 and humidity controls for life cell imaging
(Olympus FV100).

3Dmatrix-bound fluorescent bead displacement
analysis

To quantify collagen matrix deformations due to cellular forces,
fluorescent carboxylate microspheres (1 μm, Thermofisher
Scientific, Waltham, MA) were added to the cell-gel solution
before polymerization and GFP+ HT1080 cells were used to
accurately track cell movements and protrusion extensions.
Thoroughly mixed gels were the poured into custom made
PDMS wells mounted on glass bottom dishes (Fluorodish, World
precision Instruments). The gels were left to polymerize for at
least 3 hours and full culture medium was added on top of the
gels before imaging started. Imaging was performed using a
Nikon TI inverted microscope equipped with a 40X (NA: 1.15)
long working distance objective (Nikon Instruments Inc.,
Melville, NY). For each experiment replicate, between 6–9 cells
were randomly selected around the matrix at different depths
and a Z stack of images of the beads (red channel) and cells
(green channel) was acquired every 0.8 μm, covering 17.5 μm
above the cell and 17.5 μm below the cell every 2minutes for
120minutes. Offline analysis was performed by generating a
extended depth of focus image (EDF) for each time point and
tracking individual beads using ImageJ software (NIH, Bethesda,
Maryland, USA, https://imagej.nih.gov/ij/). During data collec-
tion, special care was taken to select only cells that appeared
mostly in polarized in the XY plane to avoid underestimation of
Z movements by EDF analysis. We confirmed that the largest
deformations imposed by the cells into the matrix happen in
the cell plane (XY in this case). Although some information
might be lost due to projection to a single plane of a 3D volume
our internal controls confirm that deformations happening in
the Z directions are significantly smaller than those happening
in the XY directions (Supplementary Figure 4C).

Fluorescent beads trajectory analysis

Analysis of individual bead movements as a function of time
yielded X,Y coordinates for each bead in the field of view for
each time point. Supplementary Figure 3 describes the algo-
rithm followed to extract different metrics from that coordinate
data. First, a filter was applied to analyze only trajectories of
beads that were picked up by the PIV software at all time
points. Thus, beads that became out of focus and impeded
proper tracking were discarded. Second, the displacement at
each time point from the initial point was calculated for each
bead, which yielded trajectories like the ones depicted in
Supplementary Figure 3B. Next, to identify beads that were
actively pulled by the cells we used amoving standard deviation
approach where we calculated the standard deviation of conse-
cutive points across the entire bead trajectory. With this, as can
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be visualized in Supplementary Figure 3D-F, we were able to
identify the parts of the trajectory that significantly deviated
from the rest, which corresponds to a deformation in the
matrix. Importantly, when examining the trajectories that are
thresholded out using this method versus the ones that are
kept, we can see that a bead that is very close to a cellular pro-
trusion, and thus being strongly pulled, is kept (Supplementary
Figure 3F), whereas a trajectory that shows only a drift like
movement is thresholded out (Supplementary Figure 3E). From
the trajectories that passed this threshold we then calculate
max bead displacement and cell slip ratio metrics.

Whole cell slip ratio calculation

Slip ratios were calculated as the ration between the instant cell
velocity and the surrounding beads instant cell velocity. Cell
instant velocity was calculated by tracking single cells using
metamorph software (Molecular devices, San Jose, CA). Cell
tracking produces x,y coordinates for the cell body at every
time-lapse frame and instant velocity is computed as the dis-
tance traveled by the cell between consecutive frames. For sur-
rounding beads instant velocity, we tracked the trajectory of all
beads in a 165×165 μm square around the cell body using
ImageJ’s plugin MOSAIC particle tracker (http://mosaic.mpi-cbg.
de/?q=downloads/imageJ). For beads trajectories, we performed
the same analysis as for cell trajectories to obtain a frame by
frame velocity. Slip ratio was calculated as the cell velocity
divided by the average of all bead velocities around the cell
(Supplementary Figure 2E).

Western blotting from 3D constructs

Whole 200uL 3D collagen constructs from the different culture
conditions were scooped out if the well into vials containing
2mL of PBS and immediately spun down at 1500xg for 5mins.
Supernatant was then discarded and 200 uL of lysis buffer con-
taining proteases and phosphatase inhibitor cocktails was
added to the pellets (Thermofisher Scientific, Waltham, MA).
The samples were then sonicated on ice for 30 s and immedi-
ately after loading buffer containing SDS and DTT was added to
get a final 1X concentration. The samples were incubated on ice
in loading buffer for 1 h with vortexing every 10–15mins. After
this, the samples are spun down at 12 000xg for 10mins and
then boiled at 95 C for 5mins. Proteins are separated by SDS-
PAGE and transferred to a PVDF membrane. Membranes were
probed with antibodies against phosphorylated FAK (44–624 G,
Thermofisher) and tubulin (TU-01, thermofisher).

Gene expression using RNA Sequencing

A previously generated RNA Sequencing dataset was used to
investigate gene expression changes associated with short fiber
architecture [9]. Briefly, total RNA was extracted using Trizol
and prepared for sequencing on the Illumina MiSeq platform at
a depth of >25 million reads per sample. The read aligner
Bowtie2 was used to build an index of the reference human
genome hg19 UCSC and transcriptome. Paired-end reads were
aligned to this index using Bowtie2 [71] and streamed to
eXpress [72] for transcript abundance quantification using
command line ‘bowtie2 −a −p 10 −x /hg19–1 reads_R1.fastq
−2 reads_R2.fastq | express transcripts_hg19.fasta’. For down-
stream analysis TPM was used as a measure of gene expression.

Gene set enrichment analysis (GSEA)

Gene set enrichment analysis was performed using the Broad
institute GSEA tool software.broadinstitute.org/gsea/index.jsp)
with standard settings. Rank list were constructed from mean
log2 fold change from 2.5mg/mL to HD culture conditions
across 3 biological replicates.

Gene expression analysis using panther database

To identify gene expression programs upregulated in highly
confining matrices, we used a gene module previously reported
by us that is commonly upregulated to HT1080 fibrosarcoma
cells and MDA-MB-231 breast cancer cells cultured in this
matrix (HD collagen). The 70 gene module was used as input
for panther database analysis (http://www.pantherdb.org/
geneListAnalysis.do) and enrichment test was performed.

Glucose, lactate and glutamine measurements

Medium from the indicated culture conditions was harvested
after 24 h of incubation under standard cell culture conditions.
Aliquots were spun down at 300xg for 5min before 100 μL was
analyzed using a YSI 2950 Biochemistry Analyzer (YSI, Yellow
Springs, OH). Glucose, glutamine, and lactate were measured in
the collected samples and in medium incubated under the
same conditions but without cells. Consumption and produc-
tion were calculated as a delta between the experimental sam-
ples and the non-cell counterparts.

Gas chromatography–mass spectrometry (GC–MS)
sample preparation and analysis

Cells were seeded in LD and HD matrices at a density of 1M
cells/mL and cultured at standard conditions for 24 h. To assess
the oxidative pentose phosphate pathway, cells were cultured
with [1,2–13C] glucose (Cambridge Isotope Laboratories, Inc.) in
glucose-free medium supplemented with 10% (v/v) fetal bovine
serum (FBS, Corning, Corning, NY) and 0.1% gentamicin. To
determine labeling on metabolites, medium harvested from the
indicated culture conditions was centrifuged at 300xg for 5
minutes and 10uL of supernatant was extracted with -20°C
methanol/water (8:1, v/v) solution. Samples were then vortexed
for 5minutes and centrifuged at 21 000xg for 5minutes at 4°C.
The upper phase was collected and dried. Derivatization for
polar metabolites was performed using a Gerstel MPS with 15uL
of 2% (w/v) methoxyamine hydrochloride (Thermo Scientific) in
pyridine (incubated for 60minutes at 45°C) and followed
by 15uL N-tertbutyldimethylsilyl-N-methyltrifluoroacetamide
(MTBSTFA) with 1% tert-butyldimethylchlorosilane (Regis
Technologies) (incubated for 30minutes at 45°C). Polar deriva-
tives were analyzed by GC-MS using a DB-35MS column (30m x
0.25mm i.d. x 0.25m) installed in an Agilent 7890B gas chro-
matograph (GC) interfaced with an Agilent 5977B mass spec-
trometer (MS) with an XTR EI source using the following
temperature program: 100°C initial, increase by 3.5°C/min to
255°C, increase by 15°C/min to 320°C and hold for 3minutes.
The % isotopologue distribution of each fatty acid and polar
metabolite was determined by integration using in-house
MATLAB-based algorithm and corrected for natural abundance
using method described in Fernandez et al. [73].
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Matrix degradability

In order to measure degradability of the different collagen con-
structs, we used an approach based on measuring protein rom
the different hydrogels in the presence of collagenase, using a
BCA assay, as has been described previously [74]. For this, gels
100uL were prepared in 1.5mL reaction tubes and Collagenase
(Sigma, C0130) was prepared at 0.1mg/mL and added to the col-
lagen gels. The gels were incubated at 37 C and small aliquots
were taken from each degradation reaction after a brief centri-
fugation step. Protein in the collected supernatant was mea-
sured using a BCA assay kit (Thermofisher). Degradation rate
was calculated using linear regression and assuming a total
supernatant volume of 200uL to obtain an absolute protein con-
tent measurement at each time point.

DQ collagen degradation assay

Local matrix degradation was measured using DQ collagen
(Thermofisher Scientific, Waltham, MA). Briefly, collagen matri-
ces were prepared as described above with 100 ug/mL of DQ col-
lagen mixed in. Cell laden DQ-gels were incubated for 24hs in
standard cell culture conditions in the presence of full cell cul-
ture medium. 3D gels were imaged using a confocal microscope
equipped with a 40X objective (NA:0.75) (Olympus FV100).
Zstacks were acquired at a 0.4 μm step size covering the entire
cell body. Images were processed offline using ImageJ. DQ inten-
sity was quantified as the mean intensity around the cell body
minus the mean intensity of an ROI of the same area in a gel
area without cells to account for background DQ signal.

Diffusivity analysis

To assess whether diffusion was limited in more confining
matrices (Supplementary Figure 7A-C), we prepared collagen
gels as described above and polymerized them inside commer-
cially available rectangular microchannel (μ-Slide VI 0.4, IBIDI,
Munich, Germany). 88 μm solutions of fluorescein conjugated
dextran were prepared and added to one end of the microchan-
nel while keeping cell growth medium in the other end. The
gels were then placed in the stage of a fluorescence microscope
and imaged at 1min intervals for 8 hours to monitor the fluores-
cence signal as an indicator of dextran concentration along the
collagen matrix. Images were then analyzed using matlab and a
concentration profile was acquired for each time point. The ob-
tained data was fitted to a 1-D diffusion process using equation 1
and the parameter D extracted.

⎛
⎝⎜

⎛
⎝⎜

⎞
⎠⎟

⎞
⎠⎟( ) = ⁎ − ( )C t X C

X
Dt

, 1 erf
2

2max

where Cmax is the initial concentration at the source and erf is
the error function.

Quantitative reverse transcription PCR (RT-qPCR)

For qPCR experiments RNA was extracted using High Pure RNA
Isolation Kit (Roche, Basel, Switzerland). cDNA was synthesized
using superscript iii first-strand synthesis system (Thermofisher,
Waltham, MA). Relative mRNA levels were quantified using pre-
designed TaqMan gene expression assays (Thermofisher,
Waltham, MA). Relative expression was calculated using the DCt
method using GAPDH as reference gene. Assays used were:
GAPDH (Hs02758991_g1), MRC2 (Hs00195862_m1).

Results

3D collagen architecture is tuned by molecular crowding

To study the influence of matrix architecture on cancer cell
migration, we used a previously developed method to tuned col-
lagen fibril organization independently of altering density and
stiffness by molecular crowding with polyethylene glycol (PEG)
during polymerization and cell embedding [9, 11]. PEG, an inert
crowding agent, was subsequently washed out of the polymer-
ized matrix. Low density 2.5mg/ml collagen (LD) polymerized in
the presence of 10mg/ml PEG crowding agent (LD_PEG) pro-
duced a more confining matrix architecture with short fibrils
and small pores, which was similar to a high density HD colla-
gen matrix (HD) in terms of fibril length and pore size
(Figure 1A-C) but not mechanical properties (Figure 1D). Bulk as
well as local matrix stiffness was measured using shear rheol-
ogy and atomic force microscopy (AFM), respectively. By shear
rheology, we found that the HD matrix was significantly stiffer
that the LD and LD_PEG matrices (Figure 1D, left). No differences
were detected between the LD and LD_PEG (Figure 1D, left).
Using AFM we found statistically significant but small differ-
ences in the local stiffness between LD and LD_PEG conditions
(Figure 1D, right). However, a larger difference was observed
between the LD_PEG and HD conditions (Figure 1D, right). Upon
embedding MDA-MB-231 breast cancer or HT-1080 fibrosarcoma
cells sparsely in each matrix condition, we observed that cells
in LD_PEG or HD matrices underwent a migration transition
characterized by rapid, persistent, invasive, and collective cell
migration after ~36 hours [9]. This transition was associated
with the upregulation of cell-cell adhesion genes PECAM1,
ICAM1, CTNNA1, ITGB4, and ITGB5 (Figure 1E-F) and multicellu-
lar structure formation in long-term culture over 7 days
(Figure 1G). However, in LD matrices where collagen formed
long fibrils and large pores, cells migrated individually in a per-
sistent random-walk, mesenchymal migration mode and
remain as single cells for the entire observation period of 7days
(Figure 1G) [9]. To assess whether, in the event of incomplete
PEG removal, cell-collagen interactions were influenced by PEG,
we used a force spectroscopy approach [12]. Supplementary
Figure 1 demonstrates that even in the presence of excess PEG,
there are no significant differences in the ability of integrin het-
erodimers to bind collagen. Together, these data showed that
neither the stiffness nor the density of collagen could explain
the observed transition into a collective migration phenotype.
Next, we used this model system to study the initial cell-ECM
interactions occurring within the first ~36 hr after 3D embed-
ding to understand how matrix architecture triggers the collec-
tive phenotype.

Confining architectures reduce protrusion stability

Cells interact with their surrounding matrix using four key bio-
physical processes: cytoskeletal polymerization, adhesion, con-
tractility, and matrix remodeling. To comprehensively assess
the effect of fibril architecture on cell-matrix interactions, we
measured each of these processes within the first 1–24 hr after
cell embedding. First, we assessed cytoskeletal protrusion
dynamics. Time-lapse microscopy of LifeAct-expressing HT-
1080 cells in collagen (Figure 1H) revealed that cells in more con-
fining LD_PEG and HD matrices maintained a rounded shape, as
shown by cell circularity measured at 8 h (Figure 1I) and by cir-
cularity measured as a function of time after 3D embedding
(Supplementary Figure 2A). On the other hand, cells in LD
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matrices took on spindle-shaped mesenchymal morphology
rapidly after 3D collagen embedding (Supplementary Figure 2A-B).
During the first 8 h of culture, cells in LD_PEG and HD conditions
also interacted with the matrix using shorter-lived and smaller

protrusions than in the LDmatrices (Figure 1J-K). In the LDmatrix,
where fibril lengths averaged 13.5 μm, protrusions extended to
31.4 μm and lasted for 46min on average. On the other hand, in
LD_PEG and HD matrices having average fibril lengths of 9.5 and

Figure 1. Confining 3D ECM architectures constrain cell spreading and protrusion stabilization. A. Confocal reflection images showing the fiber architecture of collagen

matrices at 2.5mg/mL (LD, characterized by low bulk collagen density and long fibers), 6mg/mL (HD, characterized by high bulk collagen density and short fibers) and

2.5mg/mL+10mg/mL PEG (LD_PEG, characterized by low bulk collagen density and short fibers). B. Quantification of mean fiber length in the 3 matrix conditions shown

in A. C. Quantification of pore area in the 3 matrix conditions shown in A. D. Stiffness of matrices of the 3 different conditions shown in A as measured by shear rheol-

ogy (bulk stiffness, left panel) and Atomic Force Microscopy (AFM) (local stiffness, right panel) E. RT-qPCR quantification of upregulated cell adhesion genes in LD and

LD_PEG conditions. F. Immunofluorescent staining of ICAM1 cell-cell adhesion marker in single cell and multicellular morphologies. Scale bar shows 100 μm. G. Bright
field micrographs of HT-1080 cells cultured in collagen gels for 7 days, scale bar 50 μm. H. Dendra2-Lifeact cells show actin polymerization in cellular protrusions in the

3 described matrix conditions. Scale bar 25 μm. I. Circularity of cells embedded in the 3 matrix conditions at 8 hours after seeding. J. Protrusion lifetime and K. length
for cells embedded in the 3 matrix conditions. n = 3 biological replicates for each experiment, statistical significance described as *, **, *** for p≤0.05, p≤0.01, p≤0.001
respectively.
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10 μm respectively, protrusions extended to 15.7 and 13.7 μm and
lasted 19 and 16min on average. No statistically significant differ-
ences were observed between cells in LD_PEG and HD conditions.
Collectively, these results suggested that matrix architectures
with small pores and short fibers confined cells to a rounded
shape and altered protrusion dynamics independently of matrix
stiffness or bulk collagen density.

Confining matrix architectures destabilize cell adhesion

Since we observed small and short-lived protrusions in LD_PEG
and HD architectures where cells remained rounded, we
hypothesized that these protrusions were less stable in their
adhesion to and contraction of the matrix. Simultaneous confo-
cal reflection imaging of collagen fibrils and the cell protrusions
in the LD_PEG and HD conditions showed that cells were pri-
marily moving without causing large matrix deformations
(Supplementary videos 2–3). On the other hand, cells in the LD
condition showed significant pulling and displacement of fibrils
(Supplementary Figure 2B and Supplementary video 1).

To quantitatively assess the ability of cells to adhere to and
contract the matrix, we embedded GFP-expressing HT-1080 cells
in each matrix condition along with carboxylated fluorescent mi-
crospheres, which covalently bind to collagen fibrils and allow
for high resolution, time-resolved tracking of cell traction by
simultaneously monitoring bead and cell movements (Figure 2A,
Supplementary Figure 2C and Methods). Quantification of the
maximum bead displacement (Supplementary Figure 2D) by cells
in each condition during the first 8 h of culture revealed signifi-
cantly less matrix deformation in the LD_PEG and HD matrices
compared to the LD condition (Figure 2B).

Further detailed analysis of protrusion and matrix move-
ment (Figure 2C) revealed that in the LD architecture, cellular
protrusions and matrix deformations were well coordinated,
producing large bead displacements (See Methods and
Supplementary Figure 3 and 4). This phenotype was character-
ized by high matrix pulling even when the cell’s protrusion dis-
plays little local movement and is not visually translocating,
also known as treadmilling (Figure 2C). However, cells in the
more confining LD_PEG and HD matrices erratically pushed,
pulled, and lost attachment to the matrix as their short-lived

Figure 2. Short fiber architectures promote decreased cell-ECM adhesion. A. Representative maximum intensity projection fluorescent micrographs of GFP-expressing

HT-1080 cells embedded in collagen matrices containing fluorescent microbeads. Scale bar 25 μm. B. Average max bead displacement around cells in the 3 different

matrix architectures after 8 h of culture. C. A protrusion trajectory and mean trajectory of the top 25% moving beads highlights the pulling phenotype in LD matrix

compared to D. confining HD and LD_PEG matrices. E. Quantification of cells showing a tumbling phenotype in the different matrix architectures. F. Whole cell slip

ratio quantified from traction force microscopy data and single cell tracking after 8 h of culture (see methods). G. Western blot analysis of phosphorylated focal adhe-

sion kinase (FAK) of cells cultured on 2D tissue culture treated dishes (lane 1), low attachment plates (lane 2), and the three collagen matrix architectures (lanes 3–5).

Western blot images are representative of n = 3 experiments pooled after 8 h of culture. n = 3 biological replicates for each experiment, statistical significance described

as *, **, *** for p≤0.05, p≤0.01, p≤0.001 respectively.
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protrusions probed the surroundings (Figure 2D). Additionally,
we observed that a fraction of the cells in the LD_PEG and HD col-
lagen matrices exhibited a rotational tumbling or amoeboid phe-
notype, characterized by rapid cell movement without detectable
bead movement around them (Figure 2E, Supplementary video 4),
as opposed to the well-defined protrusion-associated deforma-
tions observed in LD matrices (Supplementary video 5). This sug-
gested that cells adhesion was reduced.

To quantitatively characterize cell adhesion to the matrix,
we simultaneously calculated the instantaneous velocity of the
cells and instantaneous velocity of the beads adjacent to each
cell. Cells well-coupled to the matrix produce bead movements
roughly equivalent to the movement of the cell body. In con-
trast, beads around weakly adhered cells are expected to move
at lower instantaneous rates than the cell body. Using this logic,
we calculated the cell slip ratio as the ratio between the instan-
taneous velocity of cell body and the instantaneous velocity of
the surrounding beads (Supplementary Figure 2E). We observed
a significantly higher slip ratio (slip ratio >1) for cells embedded
in LD_PEG and HD matrices compared to cells in LD (Figure 2F).
In LDmatrices, cells are well coupled to the matrix (slip ratio of ~1)
or occasionally exhibited treadmilling on the matrix (slip ratio <1).
Cells in all conditions displayed similar velocities (Supplementary
Figure 2F). This suggested that reduced adhesion caused the
decrease in bead displacement by cells in these matrices
(Figure 2B).

To confirm that cells are unable to stabilize adhesions in the
more confining LD_PEG and HD matrix architectures, we mea-
sured the amount of activated focal adhesion kinase (FAK) in
the cells. Western blot analysis of FAK phosphorylated at tyro-
sine residue 397 (pFAK) confirmed a decrease in pFAK in cells
embedded in the more confining matrices (Figure 2G). As a con-
trol, we compared this to pFAK levels in cells grown in non-
adherent plates, which showed a significant decrease to almost
undetectable levels, as has been previously reported [13, 14].
This suggested that more confining matrix architectures alter
protrusion dynamics by reducing, but not eliminating, cell
adhesion to the matrix.

Matrix induced low adhesion triggers metabolic and
oxidative stress

It is well established that suspension culture in non-adherent
conditions induces metabolic and oxidative stress [15, 16]. Since
cells in confining matrices maintained a low level of adhesion
and pFAK, we sought to determine the extent to which they
experience metabolic and oxidative stress characteristic of a
low-adhesion state. Phosphorylated FAK is an important nega-
tive regulator of Tuberous Sclerosis Complex 2 (TSC2) [17],
which in turn negatively regulates the mammalian target of ra-
pamycin (mTOR) pathway. It has been established that
decreased pFAK can lead to increased TSC2 activity, which
downregulates key mTOR target genes related to glycolysis,
phosphate pentose pathway, and lipid biosynthesis pathways
[18, 19]. Thus, we asked if the reduced levels of pFAK we
observed in confining collagen matrices impacted this pathway.
Analysis of RNA sequencing data revealed that mTOR target
genes were largely downregulated in cells in more confining
matrix conditions, consistent with their low levels of pFAK
(Figure 3A). Further gene set enrichment analysis also revealed
a decrease in the enrichment of TCA cycle and pyruvate meta-
bolism pathways (Supplementary Figure 5) for cells growing
in confining matrices compared to the non-confining LD
condition.

Loss of attachment to ECM in suspension culture has also
been shown to reduce glucose and glutamine uptake and pro-
mote accumulation of reactive oxygen species (ROS) due to
reduced glucose flux through the pentose phosphate pathway
(PPP) [15, 16, 20]. To further explore the parallels between how
cells experience confining collagen compared to suspension cul-
ture, we asked whether glucose metabolism was altered.
Measurement of glucose consumption and lactate production
by cells at 24 h after collagen embedding revealed reduced gly-
colytic activity in confining matrices compared to non-
confining matrices (Figure 3B-C). Cells consumed 10–20% less
glucose and secreted 10–20% less lactate in confining matrices
than in non-confining matrices. This biochemical state resem-
bled that of cells cultured in non-adherent plates (Figure 3B-C).
Glutamine uptake was also reduced in confining matrices
(15–20% lower) as well as in cells in non-adherent plates (40%
lower) (Figure 3D). Metabolic tracing of 1,2–13C labeled glucose
during the first 24 h of culture revealed that oxidative PPP
(oxPPP) flux was reduced in confining conditions, consistent
with decreased glucose uptake (Figure 3E). This suggested that
cells in confinement experience redox stress similar to cells in
suspension culture [15, 16, 20]. Relative shunting to the oxPPP
was increased in confining conditions (Figure 3F), which has
also been suggested to be a sign of redox stress [21]. Control ex-
periments confirmed that nutrient diffusion was not different
across the 3D culture conditions, and so cannot account for the
stressed state (Supplementary Figure 6A-C). Cell division within
the 24 h measurement window was also not statistically differ-
ent across the conditions, and so does not account for differ-
ences in nutrient consumption (Supplementary Figure 6D).
Taken together, these data indicate that confining collagen ar-
chitectures are weakly-adhesive and induce metabolic changes
in cells similar to that of anchorage-independent growth, which
promotes downregulation of mTOR pathway target genes and a
state of metabolic and oxidative stress. As a result, we hypothe-
sized that cells in this condition may upregulate the expression
of genes known to be ROS-responsive. In particular, heme
oxygenase-1 (HO-1) is a gene that has been widely studied as a
model oxidative stress-induced gene that serves as an endoge-
nous antioxidant response system by catabolizing heme to pro-
duce bilirubin and carbon monoxide [22, 23]. Gene expression
analysis of cells cultured in HD versus LD matrices 24 h after
embedding revealed significantly increased expression of HO-1
(3.6-fold increase, p = 0.001, Figure 3G).

Cell adhesion is regulated by matrix degradation

Previous reports have shown that matrix crosslinking can be
associated with a reduction in matrix degradability [24]. We won-
dered if confining architectures, i.e. smaller pores and shorter fi-
bers, could also be associated with lowered degradability. Using
an in vitro assay of collagen degradation with collagenase
(Supplementary Figure 6E), we found that the more confining
LD_PEG and HD matrices were significantly more resistant to
degradation than the LD matrix (Figure 3H). As a control, we
measured the diffusivity of molecular weight-matched fluores-
cent dextran and found no significant differences among the dif-
ferent collagen architectures (Supplementary Figure 6A-C).

Based on these results, we hypothesized that matrix degrad-
ability could modulate the ability of cells to create stable adhe-
sions to the matrix. If this were the case, then inhibition of MMP
activity would be expected to decrease cell adhesion. To test
this, we embedded GFP-expressing HT-1080 cells in bead-laden
matrices with the addition of a broad-spectrum MMP inhibitor
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Figure 3. Confinement triggers metabolic and oxidative stress and is regulated by matrix degradation. A. Differential expression of genes targeted by the mTOR path-

way in cells cultured in LD and HDmatrices for 24 h. B. Relative glucose uptake. C. Relative lactate production and D. Relative glutamine uptake for cells growing in HD,

LD_PEG, and LD matrices compared to tissue culture (TC) or non-adherent plates after 24 h. E. Profiling of oxidative Pentose Phosphate Pathway (oxPPP) measured by

oxPPP flux and F. oxPPP shunting, normalized to LD condition, after 24 h. G. Differential expression of HO-1 by cells cultured in LD and HD after 24 h. H. Degradability of

each collagenmatrix condition, measured by protein content in supernatant after addition of collagenase. Total protein content in supernatant after 90minutes of deg-

radation (left) and degradation rate (right) I. Slip ratio of cells cultured in the presence of 10uM marimastat in LD, J. HD, and K. LD_PEG matrices after 8 h. n=>3 biologi-

cal replicates for each experiment, statistical significance described as *, **, *** for p≤0.05, p≤0.01, p≤0.001 respectively.
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(Marimastat) and measured the cell slip ratio as described
above. MMP inhibition significantly increased cell slip across all
matrix conditions (Figure 3I-K), indicating that matrix degrada-
tion activity is required for effective cell adhesion in 3D fibrilar
collagen matrices.

Cells upregulate proteases, collagen catabolism, and
Notch signaling in response to low attachment in
confining architectures

Since MMP activity is required for successful cell-ECM coupling
(Figure 3I-K), and cells in confining matrices eventually migrate
to form collective networks (Figure 1E-G), we hypothesized that
cells may upregulate proteolytic activity as a means of overcom-
ing their low-adhesion state. Gene expression analysis of cells
cultured in HD versus LD matrices at 24 h after embedding

showed significant increased expression of MMP-1, −2, and −14
(Figure 4A). To assess whether this transcriptional program was
functional, we used dye quenched (DQ) collagen to measure
pericellular matrix degradation patterns. DQ collagen emits
strong green fluorescence when fibrils are cleaved and the
attached fluorescein dye is no longer quenched [25]. Confocal
imaging of the DQ collagen fluorescent signal 24 hours after 3D
embedding revealed a significant increase in collagen degrada-
tion surrounding cells in confining architectures (Figure 4B-C).
Very little collagen degradation was observed in LD matrices
(Figure 4B-C), and no significant difference was observed
between the DQ collagen intensity around the cell body versus
protrusions in LD conditions (Supplementary Figure 7A).

Surprisingly, cells in confining matrices accumulated the fluo-
rescent cleaved collagen in their cytoplasm (Figure 4B, white ar-
rows), suggesting increased collagen internalization. Internalization

Figure 4. Crosslinked architecture promotes upregulation of proteases and Notch signaling. A. Differential MMP gene expression between cells cultured in LD and HD

matrices. B. Fluorescent micrographs showing HT-1080 cells embedded in collagen matrices containing 100 ug/mL DQ-collagen type I (top row), white arrows point to

areas around the cells with increased DQ collagen intensity, and respective bright field images (bottom row), scale bar 25 μm. C. Quantification of DQ intensity around

cells cultured in the three different collagen architectures. D. Representative confocal z-stacks showing degraded collagen fragments internalized by cells (white ar-

rows) in confining HD and LD_PEG matrices but not in the LD matrix, scale bar 15 μm E. Quantification of the fraction of cells where internalized collaged was observed

F. MRC2 expression in cells cultured on tissue culture plates (TC) versus cells growing in low- attachment plates, LD, and HD collagen matrices. G. Differential expres-
sion of Notch pathway genes and H. Snai1 in cells cultured in LD and HD conditions. n=>3 biological replicates for each experiment, statistical significance described

as *, **, *** for p≤0.05, p≤0.01, p≤0.001 respectively.
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of fluorescent collagen was completely absent during the first few
hours of cell-ECM interaction (Supplementary Figure 7B), suggesting
internalization was an active process. High resolution z-stack imag-
ing confirmed the intracellular localization of the internalized
collagen (Figure 4D). This phenomenon was significantly more
prevalent in cells cultured in the more confining LD_PEG and HD
matrices (Figure 4E) compared to LD. Interestingly, gene expres-
sion analysis identified upregulation and significant enrichment
of genes involved in collagen catabolic processes (23.8 fold
enrichment, p = 3×10−6) in cells embedded in confining matri-
ces. Included in this set was MRC2, a gene encoding for Endo180,
which is the main collagen endocytic receptor responsible for
the internalization of degraded collagen [26, 27]. Using qRT-PCR,
we also found this gene upregulated by cells growing in non-
adherent plates (Figure 4F). However, these cells do not have
access to extracellular collagen.

Genes in the Notch signaling pathway were also upregulated
at 24 h and significantly enriched (26.52-fold enrichment, p =
0.03) by cells in confining matrices, including the Notch ligand
JAG1, the transcription factor RBPJ, and Notch target genes HES1
and HEY1 (Figure 4G) [28]. Since cells are embedded sparsely, as
single cells, this suggests ligand independent activation of
Notch by the low-adhesion matrix conditions. Expression of
Notch genes also suggest a potential molecular mechanism by
which collective behaviors are initiated. The epithelial to mes-
enchymal transition (EMT) transcription factor SNAI1 (Snail1),
was also upregulated by cells in confining matrices (3-fold
increase, p=0.01, Figure 4H). SNAI1 is known to be a transcrip-
tional target of the Notch intracellular domain.

Discussion

Previous studies by our group and others have characterized the
transition from single to collective migration in response to
confining 3D collagen environments [8, 9, 29, 30]. In the present
study we set out to investigate the cell-ECM interactions that
initiate this response. Our study reveals that changes in the
fibrillar architecture of collagen, independent of stiffness or
density, influence cell-ECM adhesive coupling. Fiber architec-
tures that are more confining, i.e. smaller pores and shorter fi-
bers, are less degradable, and this reduces cell adhesion
resulting low-attachment stress. Low-attachment stress in 3D is
characterized by reduced glycolytic activity and increased oxi-
dative stress, which mimics stress induced by suspension cul-
ture or growth on non-adherent plates [15, 19]. Subsequent
upregulation of genes involved in collagen catabolism, in com-
bination with increased collagen degradation and internaliza-
tion in 3D confining collagen, suggests that an endocytic
pathway may play a role in overcoming oxidative and glycolytic
stress associated with a 3D low-adhesion state. Interestingly,
recent studies have shown that collagen internalization is upre-
gulated in nutrient-starved cells, where collagen-derived pro-
line is used as a substitute to fuel the TCA cycle and maintain
cell survival [31]. Similarly, it has been shown that macro pino-
cytosis of proteins can be used as an amino acid supply by
transformed cells [31, 32]. Symptoms of limited nutrient avail-
ability also include upregulation of MMPs [33, 34] and MRC2 [31],
demonstrating that low adhesion and nutrient deprivation
stress responses share several commonalities.

Collagen matrices with small pore sizes have previously
been found to drive collective cell migration behavior and the
upregulation of MMPs due to restriction of the nucleus [8, 29, 30].
However, matrix degradability and cell adhesion were not

assessed in these earlier studies. Our study shows that a major
difference in how cells interact with confining matrices is that
they are unable to stabilize adhesions, which we show leads to
metabolic and oxidative stress as well as ligand independent
Notch activation. Other studies have linked destabilized adhe-
sion to the upregulation of MMPs through oxidative stress
induced NF-kB [35–38]. There is also evidence that Notch may be
induced by ROS and NF-kB [39–41]. Further examination is nec-
essary to determine whether these mechanistic links are
involved in the induction of collective cancer cell migration.
Ligand-dependent Notch signaling is known to regulate collec-
tive migration in normal tissue development by differentiating
leader versus stalk cell phenotypes and also plays a role in
tumor growth and metastasis [3,42–45]. The Notch intracellular
domain transcriptionally regulates Snail1, which promotes
metastasis, the cancer stem cell phenotype, and the regulation
of chemo and immune resistance in cancer [46]. Our findings
suggest a mechanism by which Notch signaling is initiated by
ECM conditions.

Our study also demonstrates that matrix degradation activity
is required for efficient adhesion in all of the 3D fibrillar collagen
matrices we tested, not only the more confining conditions.
Thus, cancer cells sense collagen degradability through adhe-
sion signaling. Interestingly, the requirement for MMP activity in
efficient cell-matrix adhesion offers a mechanistic explanation
as to why MMP inhibitors and integrin blocking antibodies have
the same effect of promoting mesenchymal to amoeboid switch-
ing in non-confining 3D collagen matrices [8, 47]. The depen-
dence on matrix degradability for proper adhesion and traction
has been reported previously in a synthetic hydrogel model sys-
tem. In this case, mesenchymal stem cells (hMSCs) embedded in
proteolysis-resistant hydrogels could not generate cytoskeleton
tension and thus produced insignificant deformations to the
surrounding matrix [48]. Recent studies show that MMP proteo-
lytic activity is also required for cell adhesion and spreading on
2D substrates [49]. Our study demonstrates the role of degrad-
ability in the context of fibrillar 3D collagen.

The requirement for matrix degradation in cell-ECM adhe-
sion in fibrillar collagen I suggests that either binding sites must
be revealed through degradation or that cells need to bundle
and reorganize fibers to create stable adhesions. High- and low-
affinity integrin-binding motifs are present in collagen fibrils
[50] and could be differentially accessible based on architecture.
Changes in the complex molecular assembly of bundled triple
helices within the collagen fibril can make essential ligand bind-
ing sites cryptic or hidden from the molecular surface [50].
Indeed, it has been shown that collagen binding motifs can be
differentially presented depending of fibril conformation [51]. It
is believed that cell-collagen interactions are regulated by cryp-
tic binding motifs being exposed upon structural reorganization
or degradation of the fibril. Our results suggest that structural
reorganization and degradation are linked. In vivo, deposition of
collagen that is resistant to degradation occurs in fetal tissues
[52, 53], fibrosis [54–56], and cancer [57–61]. Thus, the collagen-
induced low adhesion state we identified herein may be rele-
vant to the onset and progression of these processes. In the con-
text of cancer, it may even prime or select for cells capable of
surviving low-adhesion conditions during hematogenous circu-
lation and metastasis.

Supplementary data

Supplementary data is available at INTBIO online.
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