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Abstract

Background: Three-dimensional (3D) in vitro model systems can bridge the gap

between regular two-dimensional cell culture and whole-animal studies. Analyses of

cancer cell migration and invasion increasingly use differing 3D systems, which may

produce conflicting findings.

Aims: We directly compared different 3D extracellular matrix systems for studying

cancer cell migration/invasion by analyzing cell morphologies and quantifying aspects

of cell migration including speed and directional persistence using automated

computer-based cell tracking.

Methods and results: We performed direct comparisons of five different 3D extracel-

lular matrix cell culture systems using both HT1080 fibrosarcoma and MDA-MB-231

breast carcinoma cell lines. The reconstituted 3D systems included two types of colla-

gen hydrogel and tissue matrix gel (TMG) vs cell-derived matrices extracted from cul-

tured primary human or cancer-associated fibroblasts. The fibrillar matrix architecture

of these systems differed. 3D rat tail collagen and TMG matrices had short, randomly

oriented collagen fibrils; bovine collagen had long, larger fibril bundles; and the cell-

derived matrices were strongly oriented. HT1080 cells displayed rounded morphol-

ogies in all three reconstituted 3D matrices but became spindle shaped in the two

cell-derived matrices. MDA-MB-231 cell morphologies were elongated in all matrices.

Quantitative measures of cell migration parameters differed markedly between the

different types of 3D matrix. Comparing the reconstituted matrices, cells migrated

the most rapidly and furthest in TMG. Comparing TMG with cell-derived matrices,

cells migrated more efficiently in the cell-derived matrices. The most notable differ-

ences were in directional persistence of migration, which was greatest in the two

cell-derived matrices.

Conclusion: The morphologies of matrix fibrils and cell shape, and particularly the

efficiency and directionality of cell migration, differed substantially depending on the

type of 3D matrix system. We suggest that it is important to employ the 3D model

system that most closely resembles the matrix environment being studied for ana-

lyses of cancer cell migration and invasion.
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1 | INTRODUCTION

Many important conceptual and mechanistic advances in cancer cell

biology have been provided by studies of malignant cell migration

using traditional two-dimensional (2D) cell culture systems on flat tis-

sue culture substrates of glass or plastic. Nevertheless, cells growing

on flat 2D substrates can differ considerably in their morphology, cell-

cell and cell-matrix interactions, and differentiation from those grow-

ing in more physiological three-dimensional (3D) environments.1-5

Therefore, recent research on cancer cell migration has been gradually

shifting from 2D to 3D cell culture.6-15

3D matrices used recently that employ physiological extracellular

matrix molecules include collagen 3D matrices, cell-derived matrix

(CDM), and tissue matrix gel (TMG).16-20 Collagen 3D matrices based

primarily on collagen I are used more frequently. They have the signif-

icant advantages of mimicking collagen-rich tissues in vivo, simple

molecular composition, and the ability to assemble 3D hydrogels by

polymerizing collagen solutions at varying concentrations with the

capacity to generate 3D matrix environments that differ in stiffness

and matrix pore size for cell migration.8,13,16

Nevertheless, collagen matrices lack other components present

in the extracellular matrix (ECM) in vivo. Moreover, there can be a

large range of types of collagen matrix depending on the source of

the collagen (eg, rat vs bovine tissues) and the extent of endoge-

nous covalent crosslinking, as well as matrix concentration, stiffness,

and pore size of the hydrogel—all of which can alter 3D cell

migration.

A new type of 3D ECM matrix is the “tissue matrix gel” from

mouse or porcine tissue. Although it can also generate a polymerized

matrix with pores or spaces for cell migration, TMG contains a variety

of ECM molecules besides collagen that are derived from in vivo tis-

sue, including fibronectin, laminin, and proteoglycans.19 This major

difference in molecular composition compared to purified collagen

gels may affect patterns of cancer cell migration, which is a key ques-

tion addressed by this study.

TMG and CDM share the feature of containing complex, physi-

ological 3D ECM matrix molecules. However, they differ in that

TMG can be polymerized from solution to generate a relatively

physiological 3D matrix in terms of composition, whereas CDMs are

generated directly from naturally organized 3D ECM matrices gener-

ated by fibroblastic cells without altering the original spatial organi-

zation of ECM molecules. For example, CDM systems often contain

more aligned 3D fiber fibronectin and collagen than TMG, which

could alter the mode and extent of directionality of tumor cell

migration.

This study presents a direct comparative investigation of five

different types of 3D ECM matrix for cell culture studies. We com-

pared the organization of these matrices by confocal microscopy, as

well as their effects on the cell morphology and quantifications of

migration speed and directionality of two widely different types of

human cancer cell arising from tissues of epithelial vs mesenchymal

origin.

2 | MATERIALS AND METHODS

2.1 | Cell lines and tissue culture

MDA-MB-231 cells and hTERT PF179T cancer-associated fibroblasts

(CAFs) were authenticated and obtained directly from the American

Type Culture Collection (ATCC) for this study and used immediately.

Other cells were tested for mycoplasma using the MycoAlert Detec-

tion kit (Lonza). MDA-MB-231, HT1080, and human foreskin fibro-

blast (HFF) cells (a gift from Susan Yamada, NIDCR) were cultured in

high glucose DMEM (Gibco) with 10% fetal bovine serum (FBS;

Hyclone) at 37�C with 10% CO2, and the low-passage primary HFF

cells were used between passages 8 and 11. The hTERT PF179T CAF

cells were cultured in EMEM (ATCC) with 10% FBS and 0.075%

sodium bicarbonate (Gibco) at 37�C in a humidified 10% CO2 atmo-

sphere. The media were supplemented with 100 U/mL penicillin and

100 μg/mL streptomycin.

2.2 | Chemical activation of coverslips

Coverslips (Fisher Scientific) were acid-washed with 50% nitric acid

(Fisher Scientific) for 25 minutes, rinsed overnight under a continuous

flow of dH2O, then dried under forced air and stored covered until

needed. Triethoxysilybutraldehyde (Gelest Inc.) was diluted to 1% in

100% ethanol and then added to coverslips and incubated for

5 minutes. This silane solution was then aspirated, and the coverslip

was rinsed twice with 100% ethanol and once with dH2O. Coverslip

surfaces were then blown dry with forced air and cured at 65�C for

4 hours and finally stored desiccated at 4�C.21

2.3 | 3D matrices

Activated coverslips were affixed to the bottom of 24-well glass bot-

tom plates (Cellvis) using vacuum grease. The standard steps for prep-

aration of each of the four general types of 3D matrix are indicated

diagrammatically in Figure 1 and as described below.

2.3.1 | Rat tail collagen matrix

Rat tail collagen was a kind gift from Gregory Kitten and was prepared

as described.16 Briefly, adult rat tail tendons were isolated free of

blood vessels and tendon sheaths, then extracted by stirring in 0.5 M

acetic acid at 4�C for 48 hours. After centrifugation at 14 000g for

1 hour, the collagen-containing supernatant was dialyzed against

0.02 M acetic acid 4�C for 3 days and stored at 4�C. Rat tail collagen

gels at a final concentration of 2 mg/mL and containing cells were

produced by mixing appropriate ratios of a 6.17 mg/mL stock solution

of rat tail collagen with 10x DMEM, 10x reconstitution buffer (HEPES

200 mM with 262 mM sodium bicarbonate), 1 N NaOH to adjust the
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pH to 7.4, and then cells in Dulbecco's phosphate-buffered saline with

calcium and magnesium (PBS++). Forty microliter of this 2 mg/mL rat

tail collagen solution containing 2000 HT1080 or MDA-MB-231 cells

was aliquoted onto the coverslip and polymerized for 30 minutes at

37�C as previously described.16,22

2.3.2 | Bovine collagen matrix

Bovine collagen (BC; Sigma) at a final concentration of 2 mg/mL was

produced by mixing appropriate ratios of a 6.0 mg/mL stock solution

of BC with 10x DMEM, 1 N NaOH to adjust the pH to 7.4, and PBS+

+ with or without cells. Twenty microliters of cell-free 2 mg/mL BC

was aliquoted onto the coverslip and polymerized for 5 minutes at

37�C. Deposition of this initial layer of cell-free collagen matrix was

found to be necessary in order to impede rapid cell attachment to the

coverslip and to maintain cells within the hydrogel. Then, 20 μL

2 mg/mL BC containing 2000 HT1080 or MDA-MB-231 cells was

added and polymerized for 30 minutes at 37�C. All of the BC matrices

contained regular cell culture medium.

2.3.3 | Tissue matrix gel

TMG was extracted from porcine breast tissue ECM as we previously

reported.19 Briefly, fresh mammary tissues from female pigs (<1 year

old) were collected from a local slaughterhouse, homogenized, and dec-

ellularized; total ECM protein was then extracted and subsequently rec-

onstituted into hydrogels at desired concentrations for the experiments.

The approximate collagen concentration of TMG was determined to be

1.2 mg/mL by Sircol collagen assay. Twenty microliters of 2 mg/mL

(total protein concentration) TMG without cells was aliquoted onto

coverslips and polymerized for 15 minutes at 37�C; this initial hydrogel

layer was used to prevent rapid cell attachment to the coverslip. An

additional 20 μL of TMG containing 2000 HT1080 or MDA-MB-231

cells was then added and polymerized for 45 minutes at 37�C.

2.3.4 | Cell-derived matrix

CDM was produced from high-density 14-day cultures of HFF or

hTERT PF179T CAF cells in 24 well glass bottom plates exactly as

described.23 Medium containing ascorbic acid (50 μg/mL; Sigma) was

changed every 2 days. After blocking nonspecific adsorption sites

with 1% heated-denatured BSA in PBS++ at room temperature for

30 minutes, HT1080 or MDA-MB-231 cells (5000 per assay) were

plated on top of the CDM and allowed to migrate downward into the

matrix for 24 hours.

The reconstituted rat tail and BC, as well as TMG, were polymer-

ized from a total volume of 40 μL on the coverslip in order to keep

the hydrogels as thin as practical to permit high-resolution micros-

copy. The thickness of each reconstituted matrix after polymerization

was estimated to be 200 to 250 μm, and the CDM preparations were

measured to be approximately 10 μm thick. Cells that reached the

bottom of hydrogels to contact the glass coverslip were omitted from

analyses because they underwent 2D spreading.

2.4 | Antibodies and reagents

Atto 647 N NHS ester was obtained from Sigma-Aldrich. Rhodamine

phalloidin was from ThermoFisher Scientific. Collagen I antibody was

from Novus Biologicals, and collagen I + III antibody against porcine

collagen was from LSBio. Alexa Fluor 488 anti-rabbit and Alexa Fluor

... ....

. . . ... .

Cell-derived matrix

HFF or CAF with medium

Culture 14 days

Detergent extract 
HFF or CAF cells

Add HT1080 or 
MDA-MB-231 
cells in medium

Rat tail collagen

HT1080 or MDA-MB-231 
cells in 40 µl rat tail collagen

Apply on cover slip

37 °C until 
polymerized;
add medium

Bovine collagen

Tissue matrix gel

20 µl bovine collagen or 
tissue matrix gel

Polymerize at 37 °C
Bovine collagen: 5 min 
Tissue matrix gel: 15 min

HT1080 or MDA-MB-231 
cells in 20 µl of each matrix

Polymerize at 37 °C
Bovine collagen: 30 min 
Tissue matrix gel: 45 min

Add medium

llew42llew42 24 well
.......

...... .

......

..... .

Cover slip

Vacuum grease

Apply on cover slip

F IGURE 1 Production of the
different types of 3D extracellular matrix
for comparisons of cell migration/
invasion. All coverslips were silanized,
and each 3D matrix was generated as
described in detail under section 2
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647 anti-mouse secondary antibodies were from Jackson

ImmunoResearch.

2.5 | Direct labeling of 3D matrices with 647 N
NHS ester fluorescent dye

Sodium bicarbonate buffer (50 mM, pH 8.5) was added to 3D matri-

ces. This buffer was removed immediately, and 2 μg/mL Atto 647 N

NHS ester in this buffer was added. Samples were incubated for

15 minutes at room temperature to permit covalent labeling. The

three-dimensional matrices were rinsed 5X with PBS++ for

15 minutes. The matrices were then rinsed with 200 mM Tris buffer

(pH 7.5) to stop the coupling reaction.

2.6 | Immunofluorescence staining and confocal
microscopy

Fixation, permeabilization, and staining steps were performed on the

coverslips in 24-well plates. Samples were fixed in 4% paraformalde-

hyde (Electron Microscopy Sciences) in cytoskeletal buffer with

sucrose (CBS: 10 mM MES, 138 mM KCl, 2 mM EGTA, 3 mM MgCl2

plus 320 mM sucrose) for 20 minutes at 37�C. Samples were rinsed

3X in PBS++ and permeabilized with 0.5% Triton X-100 in CBS for

5 minutes at 37�C. Samples were then rinsed 3X over 20 minutes with

PHEM + glycine buffer (60 mM PIPES, 2 mM HEPES, 10 mM EGTA,

2 mM MgCl2, 100 mM glycine, pH 6.9). Nonspecific binding sites

were further blocked with 20% donkey serum (Jackson Immuno-

Research Laboratories) together with M.O.M reagent (Vector Labora-

tories) in PHEM + glycine buffer for 1 hour. Samples were rinsed 3X

with PHEM + glycine over 20 minutes. Primary and secondary anti-

bodies were diluted in PHEM + glycine with 10% donkey serum and

incubated for 1 hour and 45 minutes, respectively.

Samples on coverslips containing RC matrix, bovine skin collagen

matrix, or TMG were inverted and mounted for imaging in MatTek

dishes using ProLong Gold or SlowFade Gold antifade reagent

(Invitrogen). Images were collected using a spinning disk confocal

microscope. The spinning disk system consisted of a Yokogawa CSU-

22 scan head (CSU-21: modified by Spectral Applied Research, Inc.)

on an automated Olympus IX-81 microscope using a 60X SAPO-

Chromat silicone oil objective (N.A. 1.3) equipped with a custom laser

launch with 488, 568, and 642 laser lines (built by Andrew Doyle).

The system was controlled by MetaMorph (Molecular Devices).

2.7 | Live cell imaging

Nuclei were labeled using 1 μg/mL Hoechst (Life Technologies). Each

3D matrix containing cells was cultured in Fluorobrite medium (Gibco)

containing 10% FBS, 100 U/mL penicillin, 100 μg/mL streptomycin,

and 2 mM L-glutamine (Gibco), with 10 mM DL-lactate (Sigma) and 100x

diluted OxyFluor (Oxyrase) to reduce the formation of oxygen free

radicals during live imaging. Live imaging was performed using a Nikon

Ti-E microscope. A Tokai stage-top incubator was used to maintain cells

at constant 37�C with 5% CO2 and approximately 50% humidity. The

system was controlled by NIS-Elements software (Nikon). The cell

migration parameters consisting of velocity, displacement, and persis-

tence were quantified using automated computer tracking of the migra-

tion of individual cells labeled with Hoechst using the FastTracks

graphical user interface developed by Brian DuChez.10,24

2.8 | Statistical analysis

GraphPad Prism 8 software was used for all statistical analyses. One-

way analysis of variance (ANOVA) followed by the Tukey post hoc

test was used for comparisons of data sets. All error bars indicate

SEM. P < .05 was considered statistically significant; n is the total

number of data points per experimental condition.

3 | RESULTS

We first compared three different 3D extracellular matrix model sys-

tems that can be reconstituted into a 3D matrix hydrogel by polymeriz-

ing an initially homogeneous, soluble solution of biological material.

Because the goal of this study was to identify physiological matrix envi-

ronments, all collagen matrix systems used were based on intact colla-

gen extracted and purified from tissues, rather than pepsin-digested

collagen lacking endogenous telopeptide regions and crosslinking.

The most commonly used reconstituted collagen matrix in the liter-

ature is based on collagen purified from rat tails, which can be obtained

commercially or purified within laboratories. Another collagen matrix

with potentially different levels of endogenous covalent cross-linking

and pore size for cell migration is based on extracted, purified BC,

which can also be obtained commercially. The recently described sys-

tem termed “tissue matrix gel” is substantially more complex molecu-

larly beyond its content of collagen.19 For all three systems, solutions of

soluble matrix material were polymerized under standard conditions in

regular cell culture medium as detailed in section 2.

3.1 | Morphologies of the fibrillar matrix and cells
in 3D RC matrix, BC matrix, and TMG

As determined by direct covalent labeling by a fluorescent dye, the 3D

collagen matrices generated from RC and TMG had short fibrils

arranged randomly in all directions. In contrast, 3D collagen matrix from

BC contained large, long bundles (Figure 2A). Thus, the fibril organiza-

tion of rat and BCs differ significantly. Similar differences in fibril mor-

phology were confirmed using anticollagen antibodies (data not shown).

The morphologies of HT1080 sarcoma cells in all three of these

reconstituted 3D matrices were similar, consisting of a rounded,

spherical cell shape that often protruded a single, large pseudopod

terminating in a lamellipodium or lamellipodia oriented in the direction

4 of 11 SHINSATO ET AL.



F IGURE 3 Cell migration patterns in rat tail collagen matrix, bovine collagen matrix, or tissue matrix gel. Column bar graph, box-and-whisker
plots (5th to 95th percentile), and violin plots with the migration parameters indicated along the Y axis for HT1080 sarcoma cells, A, and MDA-
MB-231 carcinoma cells, B, in each of the reconstituted 3D matrices. Migration parameters were quantified by automated computer tracking for
velocity, displacement, and persistence. N (number of independent experiments) > 3, n > 50 cells. Error bars: SEM. MSD: mean square
displacement. **P < .01, ***P < .01, ****P < .0001. RC: rat tail collagen matrix, BC: bovine collagen matrix, TMG: tissue matrix gel

BC

RC

TMG

Fibril morphology HT1080 MDA-MB-231

(A) (B)

BC

RC

TMG

F IGURE 2 3D matrix fibril
morphologies and cell morphologies of
two cancer cell lines in 3D matrices
reconstituted from rat tail collagen, bovine
collagen, or tissue matrix gel. A, Maximum
intensity projection confocal microscopy
images of 10-μm-thick 3D matrices
stained covalently using fluorescent NHS-
ester 647. B, Cellular F-Actin labeled with

rhodamine-phalloidin. RC: Rat tail collagen
matrix, BC: Bovine collagen matrix, TMG:
Tissue matrix gel. Scale bars: 20 μm
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F IGURE 4 Cell migration tracks from
time-lapse video recordings of HT1080 or
MDA-MB-231 cells in each of the three

different reconstituted 3D matrices. A,
Migration tracks for HT1080 cells and MDA-
MB-231 cells in each of the reconstituted 3D
matrices. B, Wind rose plots of representative
HT1080 and MDA-MB-231 cell migration
tracks in each of the three reconstituted 3D
matrices. n = 20. C, Merged images of cells
and collagen fibers in tissue matrix gel (TMG).
Collagen in TMG was stained using anti-pig-
collagen I + III antibody (green). HT1080 and
MDA-MB-231 cells were stained with
rhodamine-phalloidin (red). RC: rat tail collagen
matrix, BC: bovine collagen matrix, TMG:
tissue matrix gel. Scale bars: 20 μm

F IGURE 5 3D matrix fibril and cell
morphologies in tissue matrix gel and cell-
derived matrix from cancer-associated
fibroblasts vs human foreskin fibroblasts. A,
TMG and CDM were stained using
fluorescent NHS-ester 647. B, Merged images
of cells and collagen fibers in TMG compared
to the two CDMs. The cells were stained with
rhodamine-phalloidin (red). Collagen in TMG
was stained using anti-pig-collagen I + III
antibody (green). Collagen in the CDMs was
stained with anti-collagen I antibody (green).
HT1080 and MDA-MB-231 cells were
stained using rhodamine-phalloidin (red).
TMG: tissue matrix gel, CDM: cell-derived
matrix, CAF: cancer associated fibroblast,
HFF: human foreskin fibroblast. Scale
bars: 20 μm
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of migration, but occasionally several such processes were observed

(Figure 2B). In contrast, the morphology of MDA-MB-231 carcinoma

cells in all three of these 3D matrices was spindle-shaped, elongated,

or cylindrical with few protrusions beyond the single elongated pro-

cesses extending from the end of each cell, which often contained an

actin-rich lamellipodium (Figure 2B).

3.2 | Quantification of cell migration patterns in
RC matrix, BC matrix, and TMG

Using automated computer-based tracking of cell migration, we com-

pared the three reconstituted 3D matrix systems for their effects on

cancer cell migratory speed, directionality, and displacement (net dis-

tance covered per assay period). We present our results using three

different methods for plotting the data (bar graphs, box-and-whiskers

plots, and violin plots) because each presents a different viewpoint of

the primary data. The cell migration velocities of both HT1080 sar-

coma and MDA-MB-231 carcinoma cells were greater in TMG com-

pared to both RC and BC (Figure 3A,B). Similarly, the net

displacement (the distance between each cell's starting point and final

end point after 16 hours) was greater in TMG than for both of the col-

lagen matrices and for each of the two cancer cell types; the enhance-

ment of net migratory displacement for MDA-MB-231 cells in TMG

was particularly notable compared to the more modest increase in

velocity. Thus, both mesenchymal and epithelial tumor cells migrated

the most extensively in the more molecularly complex TMG microen-

vironment compared to the two types of collagen matrix.

On the other hand, the directional persistence of HT1080 sar-

coma cells was similar within each type of matrix. In contrast, the

F IGURE 6 Cell migration patterns in tissue matrix gel compared to two types of cell-derived matrix. Column bar graph, box-and-whisker plots
(5th to 95th percentile), and violin plots with migration parameters of HT1080 sarcoma cells, A, and MDA-MB-231 carcinoma cells, B, in TMG
and CDM. Migration patterns were quantified with respect to their velocity, displacement, and persistence. N > 3, n > 50. Error bars: SEM. MSD:
mean square displacement. *P < .05, **P < .01, ***P < .01, ****P < .0001. TMG: tissue matrix gel, CDM: cell-derived matrix, CAF: cancer
associated fibroblast, HFF: human foreskin fibroblast
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migratory persistence of MDA-MB-231 carcinoma cells was signifi-

cantly increased in both BC and TMG compared to classical rat colla-

gen (RC) matrices (Figure 3A,B).

In addition, however, there were also significant differences in cell

motility between the two types of collagen matrix, that is, in compari-

sons of RC and BC. Both cell velocity and total migratory displace-

ment of HT1080 cells were significantly enhanced in BC compared to

RC (Figure 3A). The displacement and persistence of MDA-MB-231

cells in BC were also higher than in RC. Although HT1080 and MDA-

MB-231 cells both migrated in TMG with greater displacement than

in RC and BC, they migrated with relatively similar low directionality

in TMG, RC, and BC, though with a modest increase in directionality

of MDA-MB-231 cells in BC and TMG compared to RC (Figure 4A,B).

Interestingly, there were also differences in cell degradative inter-

actions with 3D matrix by the HT1080 and MDA-MB-231 cells as

they migrated/invaded through collagenous TMG matrix. HT1080 sar-

coma cells migrating in TMG matrix frequently displayed a trailing

region lacking collagen staining, leaving behind them a local hollow

tunnel devoid of 3D collagen fibers as they migrated. In contrast,

MDA-MB-231 cells showed little evidence of such matrix degradation

(Figure 4C). This difference in the pattern of matrix degradation may

contribute to the observed differences between the two cell types in

relative velocities in TMG environments, where HT1080 cells

migrated at an average velocity of 24 μm/h compared to 16 μm/h for

MDA-MB-231 cells.

3.3 | Fibrillar matrix and cell morphology in TMG
vs two types of CDM

Because TMG is molecularly complex, we next compared its biological

interactions with cancer cells to the similarly complex “cell-derived

matrix” produced by tissue cultures of CAFs vs non-malignant fibro-

blasts. The fibrillar matrix morphologies of CDM that had been syn-

thesized by, and then detergent-extracted in intact form from, hTERT

PF179T CAF and human fibroblasts (HFF) were similar. Both forms of

CDM were characterized by long fibrillar bundles that frequently dis-

played substantial local alignment (Figure 5A). There did, however,

appear to be more collagen and total protein matrix in the CAF CDM

than in the CDM from primary fibroblasts, consistent with a previous

report (Figure 5A,B).25 In marked contrast, TMG displayed short, ran-

domly oriented fibrils (Figure 5A,B; see also Figure 2A).

In both types of CDM, the morphology of HT1080 cells was dra-

matically altered from the rounded shape characteristically observed

in TMG, RC, and BC matrices to a markedly spindle-shaped morphol-

ogy with few protrusions. In contrast, the morphology of MDA-MB-

F IGURE 7 Wind rose plots of HT1080 and MDA-MB-231 cells migration tracks in TMG and CDM. The starting points of migration are
superimposed at the origin, and the tracks are displayed as outwardly oriented tracings. n = 20. TMG: tissue matrix gel, CDM: cell-derived matrix,
CAF: cancer-associated fibroblast, HFF: human foreskin fibroblast
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231 cells in CDMs remained similar in all five matrices tested in this

study (Figure 5B).

3.4 | Cell migration patterns in TMG compared
to CMDs

Both migration velocity and net displacement of both types of tumor

cell tested increased significantly in both CAF CDM and HFF CDM

compared to TMG (Figure 6A,B). In addition, the migratory direction-

ality (persistence) of both cancer cells increased substantially in both

CAF CDM and HFF CDM compared to TMG (Figure 6A,B), with visi-

ble straightening of their migration tracks in rose plots in which the

origins of cell migration were superimposed and tracks were randomly

oriented outward (Figure 7). In addition, migration differences were

observed between these two types of CDM. Cell velocity, displace-

ment, and persistence were all increased for HT1080 sarcoma cells in

HFF CDM compared to CAF CDM, and velocity and displacement

were also increased for MDA-MB-231 carcinoma cells in HFF CDM

(Figure 6A,B).

4 | DISCUSSION

In this study, we established that cancer cells migrate more effectively

or aggressively in the more complex, arguably more physiological rec-

onstituted 3D matrix termed TMG than in the classical 3D purified

collagen matrices RC and BC from rat and bovine sources, respec-

tively. Additionally, however, comparisons of the molecularly complex

TMG with native CDMs from nonmalignant and CAF-derived fibro-

blasts revealed an even higher level of cell migratory velocity, dis-

placement, and directional persistence in the CDMs.

In addition, however, cancer cell migration patterns were found

to be different even when comparing conceptually similar types of 3D

matrix, that is, between the two types of purified collagen matrix

(RC and BC) or between the more complex, physiological 3D CDMs

from normal or CAFs.

Because rat tail collagen and BC preparations are purified colla-

gens, they lack other ECM molecules, such as fibronectin, laminin, and

proteoglycans. Such noncollagenous ECM molecules can activate a

series of signal transduction pathways by interacting with various

receptors, thereby regulating many cellular processes that include

adhesion, migration, invasion, proliferation, differentiation, and

morphogenesis—for which accumulating evidence indicates roles in

carcinogenesis and malignancy for various cancers.26-32 TMG contains

multiple ECM molecules including fibronectin, laminin, fibrillin, proteo-

glycan, and so on.19 Therefore, the enhanced cancer cell migration in

TMG may be promoted by one or more of these ECM molecules.

Focusing on cell-matrix remodeling interactions during cell migra-

tion within TMG, migrating HT1080 cells characteristically degraded

the matrix to leave a collagen-free space or tunnel behind the invad-

ing cells, whereas MDA-MB-231 cells could migrate without generat-

ing such tunnels. This observation would be consistent with capacity

of HT1080 cells to use matrix metalloproteinases (MMPs) for more

efficient migration in TMG compared to MDA-MB-231 cells. In fact,

MMP inhibitor treatment of HT1080 cells was reported to revert their

mode of cell migration back from lamellipodial to normal lobopodial

migration in CDM, whereas MDA-MB-231 cells already use

lobopodial migration with no effect of MMP inhibition on the mode of

cell migration.33

Cell morphology may also play a role in the migration pattern of

HT1080 compared to MDA-MB-231 cells. The migratory persistence of

MDA-MB-231 cells was increased in TMG compared to that in RC 3D

matrix, whereas there were no differences in persistence when HT1080

cells migrated in TMG vs RC or BC 3D matrices. This difference corre-

lated with differences in cell morphology. HT1080 sarcoma cells were

round with some protrusions, whereas MDA-MB-231 cells were

spindle-shaped, elongated, or cylindrical with fewer protrusions. The

protrusions of HT1080 cells extended outward nondirectionally, pulling

the cell body in multiple directions, consistent with their observed

more-random patterns of migration. In contrast, the spindle-like mor-

phology of MDA-MB-231 cells with fewer protrusions in TMG may

contribute to the observed greater persistence in cell migration.

Interestingly, there were also striking differences in cell motility

between the complex, arguably more physiological 3D matrices, that

is, TMG vs the two CDMs. One notable physical difference visible in

these matrices is that the CDMs from both CAF and HFF have mar-

ked aligned collagen fibers, whereas TMG does not. Tumors have

been reported to display collagen fiber alignment, termed tumor-

associated collagen signatures (TACS), at the tumor edge, and the

level of TACS is considered to be a prognostic factor in cancer.34,35

Riching et al reported that alignment of collagen fibers enhances the

overall efficiency of migration by increasing directional persistence

but does not increase the speed per se of migrating cells.36 Our results

are strikingly consistent with this finding. In our results, directionality

and persistence of cell migration significantly increased in CDM from

both CAF and HFF compared to migration in TMG. Our results sug-

gest that CDM, especially from CAF, may serve as a model for the cell

biological effects of TACS.

A published comparison of the nature of CDM preparations pro-

duced by non-malignant fibroblasts compared to cancer-associated/

tumor-associated fibroblasts revealed that the latter matrices are

thicker in terms of height and numbers of fibronectin fibrils, as well as

displaying a more parallel orientation of fibers.25 Although detailed

molecular analyses remain to be performed, a notable molecular dif-

ference reported by the authors was an altered ratio of total collagen

to fibronectin, which was significantly increased in the tumor-

associated matrix. This increased collagen-to-fibronectin ratio is con-

sistent with the latter being more mature and desmoplastic.25 This

tumor-associated CDM can by itself induce biosynthetic changes in

normal fibroblasts involving induction of desmin and α-smooth muscle

actin mimicking a cancer-like phenotypic induction of

stromagenesis.25 Although our current study did not identify any

major change in cell migratory properties in cancer-associated CDM,

dense collagen is known to induce tumor cell invadopodia implicated

in local invasive behavior.37,38
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Although published studies of cell-ECM interactions generally

do not consider species differences in the source of matrix compo-

nents utilized, such as the collagen molecules used for reconstituted

matrix, there could theoretically be conditions in which the species

origin of a matrix model system could become significant. For exam-

ple, studies in which immune cells are added to the system could

conceivably lead to differing results, especially if the 3D matrix

materials are subsequently embedded in vivo.39 Future studies using

one or more of these 3D matrix systems could compare additional

cell lines of cancers that are related or different from the two lines

studied here, for example, other breast cancer, glioblastoma, and

other cancer cell lines.

In summary, our findings have established that the migration/

invasion patterns of both epithelial- and connective tissue-derived

cancer cells can differ markedly depending on the 3D matrix model.

For example, there are differences even between simple 3D colla-

gen model systems, as well as between them and the reconstituted

more complex and physiological TMG 3D matrix. There were also

major differences between the latter TMG system and CDM sys-

tems where the original matrix structure is preserved. Besides some

differences in ECM content, there were differences in cancer cell

motility responses to CDMs isolated from normal HFF fibroblasts

compared to CAFs.

Consequently, an important point to consider is that because

each tissue in vivo can have a characteristic matrix microenvironment,

it is crucial to select the appropriately matched 3D in vitro matrix

model for each study. The choice of model can have major effects on

the results that can be obtained. The model system chosen could use

a matrix matching that of the tumor cells, or it could be one with a

similar molecular composition. However, particularly important ele-

ments are likely to include physical properties that include matrix fiber

alignment, tissue ECM density, ECM porosity, and other physical fea-

tures (eg, see Reference [8]).
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