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ABSTRACT Directed cell migration by contact guidance in aligned collagenous extracellular matrix (ECM) is a critical enabler
of breast cancer dissemination. The mechanisms of this process are poorly understood, particularly in 3D, in part because of the
lack of efficient methods to generate aligned collagen matrices. To address this technological gap, we propose a simple method
to align collagen gels using guided cellular compaction. Our method yields highly aligned, acellular collagen constructs with pre-
dictable microstructural features, thus providing a controlled microenvironment for in vitro experiments. Quantifying cell behavior
in these anisotropic constructs, we find that breast carcinoma cells are acutely sensitive to the direction and extent of collagen
alignment. Further, live cell imaging and analysis of 3D cell migration reveals that alignment of collagen does not alter the total
motility of breast cancer cells, but simply redirects their migration to produce largely one-dimensional movement. However, a
profoundly enhanced motility in aligned collagen matrices is observed for the subpopulation of carcinoma cells with high tumor
initiating and metastatic capacity, termed cancer stem cells (CSCs). Analysis of the biophysical determinants of cell migration
show that nuclear deformation is not a critical factor associated with the observed increases in motility for CSCs. Rather, smaller
cell size, a high degree of phenotypic plasticity, and increased protrusive activity emerge as vital facilitators of rapid, contact-

guided migration of CSCs in aligned 3D collagen matrices.

INTRODUCTION

Cell migration is not only a critical process for embryonic
development, wound healing, and the immune response
(1-3) but is also essential for cancer cell invasion and metas-
tasis that often leads to poor patient outcomes (4—6). Despite
its vital role in physiologic and pathophysiologic processes,
many aspects of cell migration, particularly directional cell
migration, remain a complex enigma. Directional migration
involves cells migrating along a defined path or gradient
(7) and may arise as a consequence of either single or
combinatorial factors such as chemical gradients (i.e.,
chemotaxis (8)), extracellular matrix (ECM) adhesion or
substrate-bound chemoattractant gradients (i.e., haptotaxis
(9)), stiffness gradients (i.e., durotaxis (10)), or anisotropic
organization of the ECM creating directional migration
cues (i.e., contact guidance (11)).

Utilizing multiphoton excitation microscopy and second
harmonic generation (SHG) imaging of live mammary tu-
mors, we identified unique tumor-associated collagen signa-
tures (TACS) related to breast cancer progression (12).
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Included in these is TACS-3, comprising collagen fiber
bundles perpendicularly aligned to the tumor boundary,
and running throughout the tumor mass, which induce direc-
tional migration of tumor cells via contact guidance (12,13).
In human patient samples, the presence of these architec-
tures indeed correlate with worse prognosis (14). Yet,
although a large body of work exists elucidating the mech-
anisms of random cell motility on two-dimensional (2D)
surfaces, mechanisms of directed migration, particularly
in three-dimensions (3D), are poorly understood (7). This
lack of mechanistic understanding both in terms of physical
and molecular mechanisms is particularly striking for
directed migration from contact guidance.

Our lack of understanding of this critical form of directed
migration is in part because of a paucity of efficient tech-
niques to mimic the anisotropic 3D ECM organization to
robustly provide contact guidance cues that direct cell
migration. To date, a handful of reports have been presented
for fabrication of 3D microenvironments that successfully
align collagen matrices in vitro including magnetic align-
ment (either by high-power magnets (15) or flow of mag-
netic beads embedded during formation of the matrix
(13,16), alignment in microfluidic channels (17,18), align-
ment by mechanical stretching (18), or collagen fiber
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extrusion (19)). However, these methods may cause interfer-
ence with imaging modalities (scattering from magnetic
beads), introduce additional alignment cues by confinement
(alignment in narrow channels), induce unwanted damage
or prestress to the fibers (mechanical stretching), and overall
may not be conducive to repeated benchtop production at a
reasonably high throughput (e.g., alignment by ultra-high-
power magnets). Also, it is important to recognize that
in vivo, native collagen fibers are believed to be largely pro-
duced by fibroblasts and reorganized by cellular contrac-
tility to generate aligned collagen signatures (20). Thus,
here we use a novel technique, to our knowledge, to harness
this matrix reorganizing, contractile, property of fibroblasts
and generate highly aligned collagen matrices for directed
cell migration without external magnetic or mechanical
stimulation.

In addition to extracellular cues that influence migration,
heterogeneity in the carcinoma cell population is thought
to influence invasion and the capacity to successfully form
metastases. Indeed, accumulating evidence suggests that
many solid tumors, including those of the breast, contain a
subpopulation of carcinoma cells with stem/progenitor
cell-like features, termed as cancer stem cells (CSCs)
(21-23). This population is highly plastic with bidirectional
interconversions between stem and nonstem (i.e., more
differentiated) states (24,25) and is known to possess robust
tumor-sustaining properties, drug resistance, and increased
metastatic potency (21,22,26). Further, the physical proper-
ties of the cell microenvironment, including stiffness and
topology, have been demonstrated to influence (noncan-
cerous) stem cell behavior (27). Thus we postulated that
CSCs may respond more robustly to the biophysical features
of the tumor ECM that promote disease progression such as
aligned collagen. However, very little is known about the
mechanoresponsiveness of CSCs to tumor microenviron-
mental features, particularly in 3D. We therefore established
a robust system to evaluate cell dynamics in tissue-engi-
neered 3D microenvironments and quantitatively evaluate
the response of CSCs to cancer-relevant ECM architecture.
Using long-term 3D migration analysis, analysis of cell and
nuclear shape, and protrusion dynamics we provide previ-
ously uncovered insights, to our knowledge, into the mecha-
noresponse of cancer cells and CSCs to anisotropic ECM
organization.

MATERIALS AND METHODS
Cell culture

Validated MDA-MB-231 cells were freshly obtained from ATCC (Manassas,
VA; 2013) and grown in high glucose DMEM (HyClone, Pittsburgh, PA)
supplemented with 10% fetal bovine serum (FBS; HyClone). Stable GFP
expression was induced in MDA-MB-231 cells using GFP-lentivirus parti-
cles (Gentarget, San Diego, CA) and subsequent positive selection using
puromycin (Invivogen, San Diego, CA). Cancer stem cell populations of
GFP-transfected MDA-MB-231 cells were obtained by plating 20,000
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cells/well into ultra-low attachment six-well plates (Corning, Tewksbury,
MA) in the presence of CSC-specific media where spheroids were allowed
to form for 4 days. The CSC-specific media consisted of DMEM/F12 (1:1)
(HyClone) supplemented with 2% B27 (Thermo Fisher, Waltham, MA),
20 ng/mL epidermal growth factor (BD Biosciences, San Jose, CA),
5 uwg/mL insulin (Sigma-Aldrich, St. Louis, MO), and 10 ng/mL human basic
fibroblast growth factor (Thermo Fisher). To obtain single cells of the CSC
phenotype, these spheroids were collected and treated with 0.25%
Trypsin-EDTA (Thermo Fisher) for 3—4 min with intermittent agitation.

Primary carcinoma-associated fibroblasts (mFb) were derived from inva-
sive mammary carcinomas from MMTV-PyMT mice as described (28) us-
ing differential trypsinization and selective outgrowth, and maintained in
high glucose DMEM with 10% FBS. Primary human fibroblasts (hFb)
from normal adjacent human breast cancer tissues were obtained from As-
terand Bioscience (Detroit, MI) and validated WI-38 lung fibroblast lines
from ATCC. All human fibroblast lines were grown in high glucose
DMEM supplemented with 10% FBS.

Fabrication of aligned and control collagen
matrices

Aligned collagen matrices were engineered by constrained cellular
compaction, using a method adapted from a recently reported technique
to align microvessels in fibrin gels (29,30). First, 2.5 x 1.0 cm rectangular
regions were etched on six-well plates by partial melting of the polystyrene
using the end of a heated spatula, and 1.0 x 0.5 cm autoclaved porous poly-
ethylene spacers (Interstate Specialty Products) were glued to the far ends
of the region using vacuum grease (Dow Corning). The spacers were cut
out of hydrophobic polyethylene POR-4896 Porex sheets (http://www.
interstatesp.com/materials/porex/porex-sheet-specs), which have a median
pore size ranging from 55 to 120 um according to the manufacturer’s spec-
ifications. High-density rat-tail collagen (Corning) was neutralized with an
equal volume of 100 mM HEPES (Thermo Fisher) in 2x PBS, mixed with
300,000 mFb cells/ml and growth media to a final concentration of 3 mg/
mL. For hFb and WI-38 cell lines, a 200,000 cells/mL seeding density
was used. The mixture was allowed to sit at room temperature for 5 min,
after which 350 ul was pipetted onto each demarcated rectangular region
for aligned gels, making sure to allow the gel mixture to seep into the
porous spacers. Equal volumes (350 uL) of the same gel mixture were pi-
petted into a standard 24-well plate for isotropic controls. The gels were al-
lowed to polymerize slowly for 20 min at room temperature and then moved
to 37°C, overlaid with growth media 3 h later and subsequently allowed to
polymerize completely for another 1624 h under physiologic growth
conditions.

After polymerization, the rectangular collagen matrices, along with the
polyethylene spacers connected at the two ends, were detached from the
bottom and transferred to a fresh 3.5 cm plate, reanchoring the spacers
on the new plate, while the disk-shaped control gels were detached from
all sides to allow free contraction. Gels were incubated at 37°C for an addi-
tional 24-48 h in growth media for compaction. During this time, both the
aligned and isotropic constructs compacted, with the aligned gel constructs
typically assuming a dogbone shape.

Decellularization of the reorganized matrices was performed by
following a well-established two-step process with minor modifications
(31). Briefly, the constructs were rinsed in 1x PBS and incubated for 12—
24 h at 4°C in a cell lysis solution comprising of 1.0% (volume/volume)
Triton X-100 (Roche, Basel, Switzerland), 5 mM EDTA (Thermo Fisher),
and 10 mM Tris-HCI (pH 7.6) in ddH,O, followed by washing and subse-
quent treatment at 37°C with a solution of 300 ng/ml DNase 1(Roche) +
300 ug/ml RNase A (Thermo Fisher) in 1x PBS for 12-16 h to digest re-
sidual nucleic acids. Finally, the cell-free matrices were rinsed and stored in
1x PBS at 4°C.

Decellularization efficiency was assessed by quantifying the amount of
actin and nucleic acid retained within the matrices after decellularization.
Aligned collagen constructs were fixed and stained for F-actin and nuclei
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(detailed method below) with or without undergoing decellularization.
F-actin levels in decellularized and nondecellularized matrices were quan-
tified from fluorescent micrographs by obtaining average intensities (32) af-
ter background correction. Nucleic acid was extracted from the collagen
gels by proteinase K (Roche) digestion followed by phenol/chloroform
extraction and ethanol precipitation. The amount of nucleic acid was quan-
tified by measuring absorbance in a Nanodrop Spectrophotometer (Thermo
Fisher). Data in both cases were normalized so that the average intensity for
the nondecellularized group was at 100%.

Imaging and analysis of collagen fiber networks

Post-decellularization, collagen fibers were visualized using SHG imaging
on a custom-built multiphoton laser scanning microscope (Prairie Technol-
ogies/Bruker, Middleton, WI) using a Mai Tai Ti:Sapphire laser (Spectra-
Physics, Santa Clara, CA) at an excitation wavelength of 880 nm. Pore
size measurements were performed using a methodology similar to that
described by Friedl and coworkers (33). Here we improved on this approach
by using higher-resolution micrographs and minimizing out-of-plane signal
by employing optical sectioning inherent with two-photon imaging. We first
obtained high-resolution Z-stacks (100-200 um depth at 0.3 wm step size)
at several locations in aligned and control matrices (=2 locations/gel, >3
gels/group). XY pore sizes were obtained using the SHG images of the XY
plane at different Z depths (~3 per location) by measuring the dark areas (no
signal) in between fibers within the field of view (32). XZ pore sizes were
measured similarly from orthogonal projection of the Z-stacks (32).

Collagen fiber morphology was obtained using CT-FIRE (LOCI), which
used curvelet transform and fiber extraction algorithms (34) to identify and
analyze individual fibers. If o denotes the SD of the distribution of fiber an-
gles (ranging from —90 to 90) in a given field of view, then as a measure of
fiber alignment, we defined the following:

(ISO/m)

Fiber alignment index = ——— %, (1
a

where the numerator denotes the SD for a uniform distribution with a range
from =90 to 90. Thus, this metric assumes a value of one for a perfectly uni-
form distribution of fiber angles and increases as the fibers become more
and more aligned, i.e., as the value of ¢ reduces.

Live cell imaging, time-lapse microscopy, and
analysis of cell migration

Multiphoton excitation (MPE) at 880 nm for simultaneous excitation of
GFP and SHG imaging enabled visualization of GFP-expressing cells and
collagen fibers, respectively, in aligned and control matrices. To study
cell migration in 3D collagen matrices, GFP-expressing MDA-MB-231
or MDA-MB-231 CSCs were plated on immobilized control or aligned
matrices at 100,000 cells/gel in growth media and incubated for 48 h to
allow infiltration of cells into the matrix. Cell migration was captured by
taking two-channel Z-stacks of 80-100 wm depth at 5 um intervals at
each stage position at 20 min intervals over 12—16 h for cells fully encased
within the 3D volume. Temperature was maintained by a custom incubation
chamber using a tunable plate heater (Bioscience Tools, San Diego, CA)
and a miniature temperature probe (Bioscience Tools). During the time
period of migration experiments, gels were overlaid with air-buffered
L-15 medium supplemented with 10% FBS. Five-dimensional (5D) hyper-
stacks (x, y, z, ¢ in two channels) were loaded into Fiji and drift-corrected
using the 3D drift correction plugin (32). 3D tracking of cell migration
was subsequently performed using TrackMate (32). The method of overlap-
ping intervals (35) was used to fit the cell trajectories to a persistent random
walk model (PRWM) (8.36) using MATLAB (The MathWorks, Natick,
MA) to interface with the cell tracking output. Briefly, the mean squared
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displacement (MSD) for a cell over time interval ¢; was obtained from
the average of all squared displacements x;; such that

1 &

X = — Xik 2
Ly

mo=N—itl, 3)

where n; is the number of overlapping time intervals of duration #;, and N is
the total number of time intervals for the experiment. Mathematically, the
persistent random walk model can be written as follows:

MSD(1) = nyS*Plt—P(1—e7)], 4

where S is the migration speed and P is the persistence time. The motility
coefficient is given as follows:

u = S?P, )

where n, is the dimensionality of the random walk. We fitted the model
separately to the three orthogonal directions of motion, thus obtaining
motility, speed, and persistence times for x, y, and z directions (therefore,
ng = 1 in each case). Directionality of migration along any given axis
was obtained by simply taking the ratio of the motility along that axis to
the total motility of the cell, thus quantifying the fraction of total motility
that is directed along that particular axis. For live cell tracking of cell
nuclei, cells were incubated in 0.4 ug/mL Hoechst 33342 (Thermo Fisher)
in growth media for 15 min and imaged by two-photon excitation at
750 nm.

To obtain the correlation between cell area and migration, cell
movement on the XY plane was manually tracked (32) to find the total
distance migrated with simultaneous measurement of cell shape at every
other time point. Therefore, for this analysis, the cell shapes were
measured at an interval of 40 min over 16 h (25 time points). Average
circularity was calculated for each cell taking the mean of the cell
shape circularities for all the time points in which it was measured.
Similarly, the SD of circularity was calculated for each cell from the dis-
tribution of its cell circularities across the 25 time points. For cell volume
measurement from Z-stacks, the 3D object counter (32) was used,
including only cells encased entirely within the acquired image volume
in the analysis.

To assess cellular response to alignment, Z-stacks of 20-50 um depth
were captured at different locations and fiber alignment indices were calcu-
lated for each from the maximum intensity projection images of collagen
using the method described earlier. Identical to the fiber alignment index,
if .. denotes the SD of the distribution of cell angles (ranging from
—90 to 90) at a given (x,y) location, then as a measure of cell alignment,
we define as follows:

(180/m>

Cell alignment index = —— . (6)
O cell

Cell projection areas and aspect ratios were calculated manually from
maximum intensity projection images of cells at various (x,y) stage loca-
tions using Fiji.

Membrane protrusions were analyzed from time-lapse images manually
by tracking well-defined extensions of the membrane that were distinctly
different from the ellipsoid cell body. Most often these were thin, tapered
protrusions extending along single fibers and occasionally broader and
less-elongated ones. Protrusion frequency was defined as the number of
new protrusions formed during the time of cell tracking divided by the total
time.
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F-actin and nuclear staining and morphometric
analysis

For staining, collagen matrices with embedded cells were fixed in 4% para-
formaldehyde (Sigma-Aldrich) for 20 min, quenched in 0.15 M glycine
(Sigma-Aldrich) for 10 min, permeabilized with 0.1% Triton X-100
(Roche), and blocked with a solution of 2% fatty acid free-BSA (Fisher Sci-
entific) and 2.5% goat serum (Sigma-Aldrich), followed by incubation with
rhodamine phalloidin (1:500; Thermo Fisher) and 1:10,000 bisbenzamide
(Sigma-Aldrich). Matrices were then washed and mounted with Prolong
Gold (Thermo Fisher). Imaging was performed using either the multiphoton
laser scanning microscopy setup described above in Imaging and Analysis
of Collagen Fiber Networks (for simultaneous visualization of collagen by
SHG along with F-actin and/or nuclei) or an inverted Olympus IX81ZDC
spinning disk confocal microscope.

Nuclear shape analysis was performed in Fiji. Solidity, which measures
the convexity of any shape, and is defined by the ratio of the shape area to
the area of its convex hull, was used as a metric for nuclear deformation.
Thus, whereas a perfectly ellipsoid convex (undeformed) nucleus has a so-
lidity of one, with higher nuclear deformation the shape becomes more
concave and its solidity decreases.

RESULTS

Constrained cellular compaction generates
aligned 3D collagen matrices

To generate aligned 3D collagen matrices, we adapted a
protocol previously used for tissue-engineering aligned mi-
crovessels in fibrin gels (29,30,37). We modified this meth-
odology employed by Tranquillo and coworkers (29,30,37)
to account for the differences in mechanical and gelling
properties between fibrin and collagen matrices as well as
to meet our specific objective of generating acellular,
aligned collagen matrices (see Materials and Methods for
details). In an attempt to mimic the microenvironment of
the breast tumor stroma, a primary carcinoma-associated
fibroblast line obtained from an autochthonous murine
mammary tumor (mFb) was used as the matrix reorganizing
agent. Fibroblast-seeded collagen gels of equal volume,
concentration, and cell density were allowed to form either
in defined rectangular regions connected to porous polyeth-
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ylene spacers at the two ends (aligned) or in a 24-well plate
(control) (Fig. 1 A). Overnight incubation of the gels led to
vertical compaction since the matrices were immobilized on
all sides except the open top face (Fig. 1 A). Once the bot-
tom of the aligned gels were detached from the plate, lateral
compaction took place only along the short axis leading to a
dog-bone shape that is desired for alignment of fibers along
the primary axis connecting the two spacers. In contrast, de-
tached control gels were able to contract from all sides, lead-
ing to a presumably isotropic, albeit reorganized collagen
matrix (Fig. | A). Subsequent to the reorganization, we sub-
jected the aligned and control tissues to a rigorous multistep
decellularization protocol adapted from Hoshiba and others
(31), comprising of cell lysis, nucleic acid digestion,
and removal of debris. Successful decellularization was
confirmed through fluorescent labeling of F-actin and the
nuclei as well as nucleic acid extractions before and after
decellularization. Intact cells or large cell fragments were
not observed by fluorescent imaging of F-actin and nuclei.
Further analysis confirmed a significant loss of DNA and
actin where any retained material appeared as diffuse debris
after decellularization (Fig. 1, B and C). Thus, with this
protocol, we were able to generate acellular, 3D aligned
collagen constructs and their corresponding control tissues
in a repeatable manner, without external magnetic or me-
chanical perturbation using carcinoma-associated fibro-
blast-mediated collagen reorganization.

Structural characterization of aligned and control
collagen matrices

To characterize fiber structure in the collagen constructs, we
employed high-resolution SHG imaging coupled to quanti-
tative analysis of fiber structure and orientation, enabling
direct visualization and analysis of the native collagen struc-
ture post-decellularization without extraneous probes or
binding agents. SHG imaging revealed remarkable align-
ment of collagen fibers in the aligned constructs whereas

FIGURE 1 Fabrication of acellular, aligned
collagen constructs by cellular compaction and
subsequent decellularization. (A) Step-by-step
methodology is shown for generating aligned
collagen matrices and corresponding control tis-
sues: although the same starting volume of cells
and matrix concoction are used for both, the
aligned matrices (left panels) reorganize anisotrop-
ically whereas the control gels (right panels) are
detached from all sides and allowed to compact
freely. (B) Immunofluorescence images of nonde-
cellularized and decellularized aligned gels
showing efficient lysis and removal of cell debris
from the matrix after alignment and (C) quantifica-
tion of the amount of F-actin and DNA retained in
the matrix post-decellularization are shown. Scale
bar, 50 um. Data in (C) are mean = SE, n = 3
gels/group.
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the control matrices were randomly organized (Fig. 2 A).
Indeed, quantitative analysis using a normalized SD metric,
termed the Fiber Alignment Index, that is populated with fi-
ber data extracted from curvelet transform analysis (see
Materials and Methods) demonstrates robust and significant
differences in the matrix architectures (Fig. 2, A-C).
Further, we tested the robustness of our method by employ-
ing distinct primary and established fibroblast cell lines that
include commercially available primary human breast fibro-
blasts (hFb) and the widely used WI-38 lung fibroblast
cell line. We found that indeed, cell-induced constrained
contraction of collagen matrices leads to robust alignment
of fibers irrespective of the cell line, thus indicating that a
contractile fibroblast cell type is sufficient to generate aniso-
tropic matrices using our method (Fig. 2, B and C).

We next characterized additional features of the 3D
matrices that are known to influence cell migration. For
instance, during 3D migration through fibrillar ECM, cells
can navigate through the porous structure, thus making the
cell:pore size ratio an important feature (33). Using 3D
reconstruction of SHG data we quantified the areas of the
pores as viewed from the XY plane (i.e., looking into the
Z axis) and the XZ plane (i.e., looking into the Y axis)
(Fig. 2, A and D). Interestingly, we found that even in the
control gels, the XY pore sizes are significantly smaller
than the XZ (Fig. 2, A and D). This is likely a consequence
of the collagen gels being cast as thin disks (for the control)
or rectangles (in case of the aligned) with a much smaller
thickness (Z dimension) than length or width. Additionally,
we found that the XY pore dimensions were significantly
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smaller in aligned constructs than in the control gels,
demonstrating that the reorganization of fibers into aligned
bundles causes redistribution of the pores within the fibrous
matrix (Fig. 2 D).

In addition to pore size, fiber length can play a role in
directed cell migration. Cells responding to contact guid-
ance tend to track along individual or bundled parallel
fibers, which greatly augment their directional motility.
This effect is likely to be influenced by the planar reorgani-
zation of fibers in the aligned tissues. This can be examined
by analyzing the fiber projection lengths in the XY plane,
which were found to be significantly higher in the aligned
than in the control tissues (Fig. 2 E). Overall, the character-
ization of the microstructure of these constructs provides
key insights into the structural reorganization associated
with matrix alignment and forebodes the disparities in
migratory behavior of cells one might observe in such
matrices.

Breast cancer cells are sensitive to the extent and
direction of matrix alignment

To ascertain the influence of 3D matrix alignment on carci-
noma cells, we first characterized the shape and orientation
of the highly metastatic MDA-MB-231 breast cancer cell
line within our aligned and control matrices. We observed,
perhaps not surprisingly, that these cells were elongated
and oriented in the direction of fiber alignment in aniso-
tropic matrices as opposed to random orientations in the
isotropic controls (Fig. 3, A and B). In fact, quantitative

:‘évo",f;?o[ FIGURE 2 Microstructural features of fibro-

hFb blast-modified collagen matrices. (A) Second
——mFb . . . .
harmonic generation (SHG) imaging reveals
collagen fiber morphologies in aligned and control
matrices in the XY and XZ planes (scale bar,
50 um); inset shows magnified images of regions
marked with asterisks (scale bar, 20 um). (B)
Histograms of fiber orientations determined using
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curvelet transform and fiber extraction algorithm
analysis are shown. (C) Corresponding quantifica-
tion of fiber alignment for matrices aligned by
distinct fibroblast lines are compared with an
isotropic control (*p < 0.0001, n > 6 gels/group).
(D) Quantification of pore sizes from SHG micro-
graphs show larger XZ pore sizes than XY for both
aligned and control matrices, whereas XY pore
sizes in the aligned matrices were smaller than
their control counterparts (*p < 0.0001, n > 500
5 pores/group). (E) Fiber projection lengths on
the XY plane for aligned and control tissues
(*p < 0.0001, n > 10 gels/group and >6000 indi-
> S vidual fibers/group) are shown. Data are median
with range (C), median with interquartile range
(D), and mean * SE (E).
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analysis using a normalized SD metric termed the Cell
Alignment Index (akin to Fiber Alignment Index; see Mate-
rials and Methods) clearly demonstrates isotropic orienta-
tion distributions in control matrices in stark contrast to
the significantly distinct highly aligned cells in anisotropic
matrices (Fig. 3, B and C). Further, aligned cells were
more elongated (Fig. S1 A) and possessed greater spread
area in the XY plane (Fig. S1 B), a consequence of the reor-
ganization of fibers in the aligned matrices manifested by
higher fiber projection lengths in XY and decreased XY
pore sizes (Fig. 2, D and E). It is worth noting that in the
isotropic control matrices infrequent patches of local align-
ment of fibers and cells were occasionally observed, but
these were negligible compared with the large-scale global
alignment in the anisotropic matrices, thus making the latter
ideal for studying the responses of carcinoma cells to 3D fi-
ber alignment. Generally, we found that fiber orientations in
aligned constructs were quite homogeneous within a 300 x
300 um field of view, even though there was some inherent
variation in the direction and extent of fiber alignment at
distant positions within the same matrix and between
different matrices. We utilized this intrinsic variability to
probe the sensitivity of breast carcinoma cells to the direc-
tion and extent of ECM fiber alignment.

Analysis of the fiber and cell alignment at numerous inde-
pendent positions in multiple samples revealed a one-to-one
correlation between the median cell and fiber orientations
in aligned gels, whereas those in the control environments
were not significantly correlated (Fig. 3 D). The extent
of biased orientation, measured by the alignment
indices, also showed similar, albeit less-pronounced trends
(Fig. 3 E), thus demonstrating that breast cancer cells are
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exquisitely sensitive to the underlying matrix architecture.
Certainly, we expect such “dose-response” relationships
(Fig. 3, D and E) to contact guidance cues to be different
across cell lines and hence it will be insightful to ascertain
the sensitivity and tuning range of any particular cell type
to this powerful mechanical cue.

3D matrix alignment reorients cell motility without
altering its overall magnitude

To analyze 3D cell migration under various ECM architec-
tures, cells were plated on acellular constructs and allowed
to infiltrate into the gel for ~48 h before tracking. Only cells
completely embedded within the matrix were included in
the analysis. Time-lapse SHG imaging of collagen fibers
and multiphoton excitation of migrating GFP+ MDA-MB-
231 cells in aligned and control matrices was performed
over long periods (12—-16 h) followed by 3D migration anal-
ysis. Fitting the PRWM (8,35) to the trajectories demon-
strated that the overall motility (sum of the motility
coefficients in the three orthogonal directions: X, ¥, and Z)
was not significantly different between the aligned and con-
trol groups (Figs. 4, A and B, and S2 A; Movie S1). How-
ever, the presence of matrix alignment substantially biases
motility in the direction of fiber anisotropy (Fig. 4, A
and B; Movie S1). Indeed, quantification of migration direc-
tionality (i.e., the ratio of motility along a given axis and to-
tal motility) showed that ~70% of the total motility of the
cells was oriented along the direction of collagen alignment
in the aligned constructs whereas the X or Y motility in con-
trol gels each only contributed ~40% of the total motility
(Fig. 4 D). Therefore, the motility in the direction of aligned
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ECM is almost twofold greater than the motility in any
direction in the control matrices, exemplifying the directed
migration of carcinoma cells in aligned collagen (Fig. 4 E).
It is interesting to note that even in the control gels, the
motility along the Z axis is only a fraction of that in X
and Y and is further reduced in the aligned constructs
(Fig. S2 B), in agreement with the XY pore size variations
in these constructs (Fig. 2 D).

Consistent with our observations, Riching et al. (18)
recently reported increased “persistence” of breast carci-
noma cells in collagen matrices that were aligned by flow
in a microchannel. However, Riching et al. (18) refers to
“persistence” as the directional bias of cell movement that
we have measured here as directionality rather than random
walk persistence time. Here, by fitting the PRWM, we were
able to investigate further which of the two components
of random walk motility (that is, speed and/or persistence
time) contributed to the increased motility along the fibers.
Our analysis indicates that the increased motility was
largely attributable to an increased speed of migration along
the fiber tracks in the aligned matrices, whereas the persis-
tence of migration was not significantly different (Fig. 4, F
and G). Certainly, these findings provide interesting insights
into the choreography of contact-guided cell migration, sug-
gesting that whereas cells in aligned matrices still spend
nearly as much time probing in other directions as they do
in more random environments, after sampling their environ-
ment they subsequently move much faster on the guided

path provided by the fiber alignment. Moreover, cells in
aligned matrices are prone to moving back and forth along
a fiber or fiber bundle. Such a trajectory would, in our anal-
ysis, have a high directionality (almost all of the motility is
along one axis) but low persistence time (since the cell
changes direction often). Indeed, it appears that in aligned
matrices cells retain the same underlying potency to migrate
as in the control; the anisotropic ECM simply redistributes
the motility predominantly along a single axis. That the total
motility of the cells remains unchanged by matrix alignment
perhaps points toward a purely biophysical regulation of
contact-guided migration.

Breast cancer stem cells exhibit enhanced
directional motility in aligned collagen

Breast carcinoma cells grown on low attachment plates un-
der specific media conditions readily formed large, multicel-
lular spheroids, consistent with numerous previous reports
(38-40). Inducing a population of cells to grow such mam-
mospheres selectively enriches the stem or progenitor-like
subpopulation, as demonstrated previously in mammary
epithelial (41) as well as carcinoma cell lines (42). Indeed,
several previous studies have used mammosphere formation
from MDA-MB-231 cells as indicators of the stem-like
phenotype (43,44) since cancer cells capable of forming
such mammospheres are well-known to represent a “cancer
stem cell” (CSC) subpopulation (22,42) that displays
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increased tumor-forming and metastatic potential (45,46).
As such, we tested the hypothesis that these CSCs exhibit
enhanced contact-guided migration compared with the
whole population (WP) largely comprised of carcinoma
cells in a more differentiated state. Indeed, in aligned
matrices, the CSCs displayed ~2.5x higher total motility
than the WP of cells (Figs. 4, B and C, and S2 A; Movie
S1), suggesting that their inherent migratory mechanics
may be distinct from more differentiated cells. In fact,
whereas the directional bias in cell motility for the CSC
population is very similar to that of the WP (Fig. 4 D),
they exhibit greater than 2x enhanced motility in the direc-
tion of collagen alignment (Fig. 4 E). Further, time-lapse
imaging clearly revealed that the CSCs are highly dynamic
as they navigate through the fibrous matrix with frequent
shape changes and very robust protrusive activity compared
with more differentiated cells in either random or aligned
ECMs (Movie S1). As analysis of migration by the
PRWM confirmed, the higher motility of CSCs was the
result of their much greater speed of migration even as
the persistence time was lower than the WP (Fig. 4, F
and G), suggesting an increased sampling of the microenvi-
ronment during directed migration but consistent commit-
ment to directional movement with much greater cell
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speed between sampling intervals. Thus, our quantitative
analysis of migration reveals that CSCs respond robustly
to contact guidance with a response to architectural and me-
chanotransduction cues that is distinct from the whole pop-
ulation. As such, the enhanced directional motility (as well
as total motility) is likely indicative of their increased met-
astatic potential and led us to critically examine the physical
features that may be responsible for such behavior.

Smaller cell size may enable the enhanced
migration of CSCs in aligned matrices

One of the established constraints for cell migration through
fibrous ECM is the ability of cells to deform nuclei so as to
be able to navigate the pores or tortuous networks in the ma-
trix efficiently (33). In our matrices, time-lapse tracking of
nuclei demonstrated the dynamic nature of nuclear shapes
as MDA-MB-231 cells and their corresponding CSCs
migrated through aligned collagen matrices (Movies S2
and S3). Nuclei switched between ellipsoid, “bowling
pin” and “hourglass” shapes, which can be mathematically
distinguished by measuring solidity of the shape (Fig. 5 A).
Fluorescent staining of cells also captures the different
shapes and extent of nuclear deformation in control and

” D
1.00
o
3 & 4
S~
S 2095 B e
.5 £33
3o 5 ®
5 ©0.90 =92
= ° ®
4 O
S D K S F
\(0 ) () g
000 ?}@Q QPO ?‘Q (g;b
S *
G
: " e
——Aligned CSC| E 500 : °
g 24000 S 3%+ p<0.001
€ T 300 ® eee I‘=-0.5.7
L) R
» ®© .
a5 o ds s
B .
£ 100 D e st

o N Y
A I
— 600
o
N —— | - R
© «© 400
H— | -
. = & 350
M~— |~ R
W
M—_ " -

0

5 10 15 0200 300 400 500 600 700

Time (h) Mean cell area (um?)

FIGURE 5 Nuclear deformation and cell size dynamics of breast cancer cells and their CSC subpopulation in anisotropic collagen matrices. (A) Typical
nuclear morphologies observed in 3D collagen matrices and their corresponding solidity values demonstrate the inverse relationship between deformation and
solidity. (B) Nuclear morphology of the corresponding cells in fixed samples show the spectrum of nuclear shapes and (C) the corresponding quantification
using nuclear shape solidity (data are median = range, *p < 0.01, n ~ 100 nuclei/group). (D) Cell areas of the whole population and the CSC subpopulation
are measured from fixed samples (*p < 0.0001, n > 70 cells/group). Data are mean =+ SE. (E) Time-lapse montages show typical migratory behavior of breast
carcinoma cells and their CSC subpopulation with the latter demonstrating smaller cell size and frequent formation of new protrusions leading to higher, yet
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aligned gels for CSCs and the WP (Fig. 5 B). Our analysis of
nuclear shapes revealed that there was no significant differ-
ence between the extent of nuclear deformation between the
whole (i.e., more differentiated) population and CSCs
migrating in aligned gels (Fig. 5 C), suggesting that ability
to deform nuclei is not the differentiating factor driving the
migratory tendencies of the two groups. Interestingly, the
same cells in control matrices present with significantly
more deformed nuclei (Fig. 5 C), likely because of the irreg-
ular structure and tortuosity of pores in such ECMs.

While investigating nuclei and cell shape during 3D migra-
tion, we found, quite intriguingly, that CSCs were smaller in
size than the more differentiated population of cells in 3D.
Existing evidence in literature does suggest that stem cells
and CSC populations may be of smaller size than the more
differentiated population (47,48), potentially influencing
their growth, differentiation, and ability to withstand harsh
environments. In the context of 3D motility, the smaller
cell size could provide a steric advantage to the CSCs when
migrating through fibrous matrices. Inspection of time-lapse
images and quantification of cell projection areas in the XY
plane demonstrates the size discrepancy, with the average
area of the non-CSC population being ~50% higher than
that of the CSCs (Fig. 5, D and E). Further, we analyzed
cell volumes from 3D stacks in aligned gels to confirm that
cell size, in the strictest sense of the term, was indeed signif-
icantly lower for the CSC population (Fig. S3 A).

Next, we used combined cell tracking with cell area mea-
surement to investigate the relationship between cell size
and motility of cells. Here, these measurements were carried
out at every other time point in a 16 h migration data set.
Because our findings have already shown that the majority
of the motility in aligned gels (~90%) is confined to the XY
plane (Fig. S2 B), we used the total distance migrated in that
plane as a simpler, surrogate measure of total cell motility.
Along the same lines, we were able to use the projection
area on the XY plane as a measure of cell volume, because
both show similar variation between the two groups in ques-
tion (Figs. 5 D and S3 A). In agreement with the analysis
from single time point images, we find that over time CSCs,
on an average, are much smaller in size than the WP (Fig. 5,
E and F). Additionally, there exists a distinct negative correla-
tion between cell size and motility in aligned gels for both
groups (Fig. 5 G), pointing to the physical advantage conferred
by the smaller size when migrating in 3D matrices. Indeed, it
appears likely that the smaller size of CSCs, much like amoe-
boid cells, enables them to migrate faster along aligned ECM
and contribute to their increased metastatic potential.

Phenotypic plasticity and increased protrusive
activity drives increased directional migration
in CSCs

Inspection of time-lapse cell migration data shows that, both
in the differentiated and CSC populations, cells display

Directed Migration of Cancer Stem Cells

phenotypic plasticity and switch between an elongated,
mesenchymal-like state and a rounded, amoeboid-like state
(Movie S1), which is also confirmed by immunofluores-
cence staining (Fig. 6 A). To quantify such cell shape differ-
ences, we use circularity, which assumes a value of one for a
perfectly circular shape and tends to zero as the shape be-
comes more and more elongated. We found a strong corre-
lation between cell size and circularity (Fig. S3 B), which
along with the data on migration and cell size led us to
investigate the role of cell phenotypes (e.g., amoeboid/
mesenchymal) in the altered migration of CSCs.

The CSC subpopulation exhibited a bimodal distribution
with respect to circularity of cell shape, indicating that they
exist predominantly in a highly elongated (circularity <0.4)
mesenchymal-like or a very rounded (circularity >0.7)
amoeboid-like phenotype (Fig. 6 B). In contrast, the
majority of cells in the differentiated population of MDA-
MB-231s exhibited an intermediate elongated phenotype
(circularity 0.3-0.6) (Fig. 6 B). Overall, average circularity
of the cell shape correlates loosely with the distance
migrated (Fig. 6 C), indicating that the amoeboid-like cells
are more motile on average than the elongated ones, consis-
tent with the consensus in the field regarding amoeboid and
mesenchymal migration in 3D. Thus, there exists a cluster
of highly migratory cells with high average circularity,
predominantly belonging to the CSC subpopulation repre-
senting these amoeboid-like cells (Fig. 6 C). Intriguingly,
however, a substantial fraction of the elongated cells in
the CSC subpopulation also exhibit enhanced motility, as
compared with similarly elongated cells of the differentiated
group (Fig. 6 O).

Our migration data showed that the CSCs that were
mesenchymal-like (low circularity) on average, possess
rapid protrusive activity, and frequently retracted to a
more amoeboid-like state (with high circularity), as shown
in the representative time-lapse montage (Fig. 5 E). In
contrast, the more differentiated population of cells ex-
hibited stable protrusions, often at the two ends of an elon-
gated cell that can lock the cell into a nonmotile state for
many hours (Fig. 5 E). This suggests that the stiffness of
the local ligand area, the magnitude and/or frequency of
the cell contractile forces, and the stability of the mechani-
cal coupling regulate a bidirectional mechanical feedback
control between the cell and matrix that influences pheno-
type and motility dynamics. Indeed, we find that the CSCs
were more dynamic and their average protrusion rate,
measured by the number of new protrusions formed per
time, was significantly higher (Fig. 6 D). To capture the dy-
namic changes in cell phenotype from long-term time-lapse
imaging data, the SD of circularity was calculated in addi-
tion to the average circularity of cell shape. Whereas the
average informs predominantly which phenotype a cell
assumed during the time course of an experiment, the SD
provides an estimate of the rate and extent of its dynamic
switching between phenotypes (Fig. 6 E). Interestingly, we
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bar, 50 um.

found that the amoeboid-like highly migratory CSCs (high
circularity) maintain this phenotype stably, as indicated by
the low SD of circularity (<0.2) (Fig. 6 E). However,
some of the highly motile, elongated, mesenchymal-like
CSCs exhibit higher SD of circularity indicating that they
tend to switch between phenotypes rapidly and transiently,
whereas others were more stable (Fig. 6 E). The more differ-
entiated population also showed an intermediate level of
phenotypic switching (Fig. 6 E). This is certainly consistent
with our migration data (Fig. 5 E; Movie S1) as well as the
distribution of cell phenotypes in the two groups (Fig. 6 B).

Overall, our data suggest that smaller cell size, along with
rapid phenotypic switching and increased protrusive activity
enable CSCs to migrate swiftly through aligned 3D collagen
matrices. Amoeboid-like CSCs were found to maintain this
phenotype stably, enabling their highly migratory state,
whereas more mesenchymal-like CSCs showed dynamic
protrusive activity and in some cases, plasticity in switching
between phenotypes that facilitated faster migration. In
contrast, the more differentiated cells showed a more stable,
intermediate phenotypic state with lower protrusive activity.

DISCUSSION

Contact-guided cell migration of fibroblasts in 3D was re-
ported by Dickinson et al. (11) more than two decades
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ago. Further, several applications, particularly in neural
(15,49,50) and cardiovascular tissue engineering (51-54)
have made use of the phenomenon of contact guidance
extensively in 3D in attempts to recapitulate key in vivo ar-
chitectures. However, cell migration in response to such
topographic cues has been largely studied in micropatterned
systems using model fibroblast lines (55,56). Over the past
decade, the growing consensus on the role of contact guid-
ance for cancer cell invasion (12—14,57,58) now necessitates
detailed, systematic investigation of carcinoma cell re-
sponses to collagen alignment in 3D. Similar to matrix stiff-
ness that has a profound impact on cell behavior (59,60),
accumulating evidence strongly suggests that matrix archi-
tecture is perhaps no less an important physical cue that
may in fact direct cell migration by producing directional
stiffness. Indeed, in both anisotropic collagenous matrices
in vivo and in vitro, the modulus is highest in the direction
of fiber alignment (18,61-64). This directional stiffness is
likely to be perceived by cells and elicit anisotropic adhe-
sion and traction force dynamics that regulate a mechano-
transduction program that orients cells and maintains
directional persistence. Thus, a robust exploration of this
underlying physical mechanism using iterative experimental
and modeling approaches is likely to provide insight into the
mechanics of cell-matrix interactions and contact guidance.
Yet, to accomplish this, platforms and metrics must exist to



dissect fundamental cell behavior in engineered environ-
ments. Although different techniques exist to vary matrix
stiffness of collagen matrices, generating aligned physiolog-
ical ECMs that have stiffness anisotropy is equally, if not
more, challenging. Herein, we introduce an inexpensive
and accessible method to generate highly aligned collagen
constructs, with a protocol that is easy to implement without
the need for specialized equipment or microfabrication
techniques while being amenable to high-resolution optical
microscopy.

Similar to studies addressing sensitivity to directional
cues (e.g., stiffness gradients, chemical gradients etc.), we
asked how sensitive carcinoma cells are to alignment cues
and find that the direction of cell alignment scales quite lin-
early with the direction of ECM alignment (e.g., Fig. 3 D),
whereas the extent of cell alignment is associated weakly by
the extent of ECM alignment (e.g., Fig. 3 E). Indeed, one of
the telling features of control versus aligned 3D cell migra-
tion is the finding that total motility remains the same in
both conditions. Yet, directional motility is profoundly
altered with variability in the data well explained by hetero-
geneity in matrix architecture. Certainly, from the perspec-
tive of local-excitation-global-stimulation models of cell
migration (65,60) collagen fibers arranged in an isotropic
fashion around a cell may create multiple, randomly distrib-
uted local excitation points to induce protrusion formation
and engage associated migration machinery. In contrast, in
the aligned matrices, these are still present in equal amounts
but redistributed so that the local excitation signals are
largely directed along a single axis. In fact, MDA-MB-
231 cells, which display classic mesenchymal-like migra-
tion under many conditions, were found to occasionally
elongate robustly and enter a nonmotile state, similar
to that observed in fibroblasts when the latter switch be-
tween promigratory and procontractile phenotypes (67).
Interestingly, CSCs rarely displayed such stalling, perhaps
attributable to a more frequent sampling of their microenvi-
ronments and a robust program of versatile and frequent
phenotypic switching during 3D cell migration. Moreover,
our finding that CSCs have much higher motility in aligned
matrices than the more differentiated population is consis-
tent with the notion that CSCs have higher metastatic poten-
tial. It also suggests that CSCs may be the cells that lead
the invasion front, where local TACS-3 involves streaming
of individual or collections of cells along aligned collagen
fibers (12,13).

Our approach also allows us to examine the impact of
navigation through finite pores, a defining feature of 3D
migration, whose importance is well established in the field.
It is interesting to note that although the relative differences
in XZ and XY pore sizes were similar, the actual pore sizes
we measured were larger than those reported by Wolf
et al. (33). This disparity may be explained, in part, by the
fact that SHG imaging using two-photon processes from a
pulsed laser provides inherent optical sectioning, thereby
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eliminating out-of-plane signal, which could otherwise
contribute to the underestimation of pore sizes. In addition,
cell-reorganized ECMs such as the ones in here, similar
to those in vivo, may possess different pore size distribu-
tions than corresponding cell-free matrices. Indeed, these
matrices were found to possess a wide range of pore sizes.
Although some of this is because of the inherent variation
during the formation of the collagen gel, the reorganization
of the matrix by cells also adds to the heterogeneity by
widening some pores and constricting others. Following
our nomenclature, fiber alignment was along the X axis,
hence it was quite obvious that the distribution of fibers
and hence pore structures would be very different when
viewed on the YZ plane (i.e., looking into the X axis) than
on other two planes in aligned matrices. But, perhaps not
obvious is the indirect effect of alignment that causes redis-
tribution of the fibers to extend mostly on the XY plane,
thereby creating smaller XY pore sizes than in the control.
As our analysis confirms, this leads to migration predomi-
nantly along one axis, recapitulating aspects of confined
2D migration (68), or of the one-dimensional (1D) migra-
tion phenotype (69), even in the absence of lateral confine-
ment of cells.

The most striking, yet simple features that correlated with
increased cell movement are cell size and the ability to
rapidly switch phenotype. Like amoeboid cells, CSCs may
utilize the steric advantage of smaller size to migrate
through the pores within the matrix, or through endothelium
in the case of intravasation, more efficiently. It is well
known that migration in confined spaces can induce mesen-
chymal-to-amoeboid (MAT) transition (6,70). Such shifts in
phenotype for migrating cells are usually characterized by
low adhesion and increased ROCK-dependent myosin II
activation (6,71). Interestingly, CSCs often switch back to
the classical mesenchymal phenotype, which is reciprocally
thought to be mediated by suppression of Rho and activation
of Rac for some cell types (71). In fact, increased protrusive
activity was one of the hallmarks of CSC migration
compared with the more differentiated population in aligned
matrices. Thus, CSCs appear likely to possess altered
GTPase and focal adhesion signaling dynamics that make
them amenable to rapid switching between phenotype/
migration modes to move efficiently through fibrous
matrices. Interestingly, their smaller cell size, which may
alternatively be regulated by S6K in an mTOR-dependent
manner (72), could also contribute to this effect by altering
reaction-diffusion kinetics across the cytoplasm that influ-
ence adhesion and protrusion dynamics (73). Certainly,
studies investigating the contextual and relative importance
of the underlying physical mechanisms and mechanotrans-
duction governing CSC migration through mechanically
complex microenvironments are likely to greatly add to
our understanding of cancer metastasis.

Overall the data presented in this study raise a number of
important questions regarding the sequence of mechanical
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events and the mechanobiology of CSCs. For instance, are
CSCs more mechanically active than their more differenti-
ated counterparts with a robust ability to reorganize the
matrix to facilitate invasion? Alternatively, do they act coor-
dinately with other carcinoma cells and carcinoma-associ-
ated fibroblasts that instead organize matrices to provide
mechanical cues that promote CSC invasion? Indeed, cell
contractile forces that result in 3D matrix reorganization
to generate contact guidance cues are known to promote
invasion, yet these forces are more dispensable when the
matrix is already aligned (13). Yet physically speaking,
because cell migration in 3D is limited in part by the ability
to navigate through the matrix, increased ability to rapidly
generate matrix deformation by traction forces, or matrix
degradation in some cases, allows cells to reorganize the
fibers locally, and thus the pores, to enable more efficient
navigation. However, a more dynamic state may allow cells
such as CSCs to migrate more robustly in response to a
physical cue already in place, i.e., the prealigned matrix.
Interestingly, observations here demonstrate the capacity
for robust phenotypic heterogeneity and plasticity, suggest-
ing that either possibility is reasonable. In fact CSCs may
have the ability to both act as a robust ECM-reorganizing
mesenchymal-like cell as well as a lower traction amoe-
boid-like cell that rapidly responds to physical signals
from the environment. Thus, it is clear that a deeper exam-
ination of the unique mechanobiology and cell and matrix
mechanics, in both time and space, associated with CSC
motility is needed concomitant with the growing consensus
evidence of the importance of CSCs in disease progression.
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Fig. S1: Breast carcinoma cells are more elongated (A) and have greater spread area (B) in the
XY plane in aligned vs. control matrices. Data are mean = SEM (* p<0.0001, n>100 cells/group).
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Fig. S2: Total cell motility (A) and Z-directionality (B) of MDA-MB-231 cells and their CSC
subpopulations in control and aligned collagen matrices. Data are mean + SEM, (* p<0.0001), (#

p<0.05), n=130-140 cells/group.
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Fig. S3: (A) Cell sizes are significantly smaller for CSCs than the whole population. (B) Scatter
plot showing the correlation between cell area and circularity of cell shape, p-value for the null
hypothesis that no correlation exists between the groups is noted (n>70/group); Data in (A) are

mean + SEM (* p<0.0001, n>70 cells/group).



Supplementary Movie Text:

Moviel: Simultaneous MPE and SHG imaging showing migration of breast carcinoma cells in
control (left panel) and aligned (middle) collagen matrices and the same for the CSCs
subpopulation in aligned matrices (right); cells are shown in green and collagen in gray; the top
panels represent XY projection images of the z-stack at each time point, whereas the bottom
panels represents the XZ projection. Scale bar=50um.

Movie2: Time-lapse imaging of cell nuclei by MPE showing dynamic nuclear deformations as
breast carcinoma cells migrate through an aligned collagen matrix. Scale bar=50um.

Movie3: Time-lapse imaging of cell nuclei by MPE showing dynamic nuclear deformations as
breast carcinoma CSCs migrate through an aligned collagen matrix. Scale bar=50um.



	Enhanced Directional Migration of Cancer Stem Cells in 3D Aligned Collagen Matrices
	Introduction
	Materials and Methods
	Cell culture
	Fabrication of aligned and control collagen matrices
	Imaging and analysis of collagen fiber networks
	Live cell imaging, time-lapse microscopy, and analysis of cell migration
	F-actin and nuclear staining and morphometric analysis

	Results
	Constrained cellular compaction generates aligned 3D collagen matrices
	Structural characterization of aligned and control collagen matrices
	Breast cancer cells are sensitive to the extent and direction of matrix alignment
	3D matrix alignment reorients cell motility without altering its overall magnitude
	Breast cancer stem cells exhibit enhanced directional motility in aligned collagen
	Smaller cell size may enable the enhanced migration of CSCs in aligned matrices
	Phenotypic plasticity and increased protrusive activity drives increased directional migration in CSCs

	Discussion
	Supporting Material
	Author Contributions
	Acknowledgments
	References


