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Abstract

Although a number of studies have reported that cells cultured on a stretchable substrate align
away from or perpendicular to the stretch direction, how cells sense and respond to compression in
a three-dimensional (3D) matrix remains an open question. We analyzed the reorientation of
human prostatic normal tissue fibroblasts (NAFs) and cancer-associated fibroblasts (CAFs) in
response to 3D compression using a Fast Fourier Transform (FFT) method. Results show that
NAFs align to specific angles upon compression while CAFs exhibit a random distribution. In
addition, NAFs with enhanced contractile force induced by transforming growth factor p (TGF-)
behave in a similar way as CAFs. Furthermore, a theoretical model based on the minimum energy
principle has been developed to provide insights into these observations. The model prediction is
in agreement with the observed cell orientation patterns in several different experimental
conditions, disclosing the important role of stress fibers and inherent cell contractility in cell
reorientation.
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1 Introduction

Most cells and organs, from the simplest to the most complex, are mechanosensitive (1).
This property enables a cell to sense and respond to mechanical stimuli in its immediate
surroundings, leading to biological signaling cascades that allow the cell to adapt to its local
microenvironment through changes in cell morphology, proliferation, contractility, motility,
orientation, and viability (1-10).

Numerous reports have demonstrated that cells cultured on an elastic substrate subjected to a
uniaxial cyclic stretch tend to reorient themselves away from or perpendicular to the stretch
direction (2, 6, 8, 10-14), which is often referred to as stretch-avoidance or strain-avoidance
(15). Concurrent with cell reorientation, the remodeling of stress fibers (SFs) in response to
a stretch stimulus has also been observed. Ventral SFs, as the most commonly observed SF
type, are long and extend most of the length of cells (16). The two ends of ventral SFs are
anchored to the extracellular matrix (ECM) via focal adhesions (FAs), forming both outside-
in and inside-out mechanotransduction pathways (17). Numerous studies have suggested that
SFs play a critical role in cell reorientation and morphogenesis under mechanical stimuli (3,
6, 7,10, 11, 18, 19). Furthermore, it has been shown that inhibition of SF formation leads to
cell alignment with the stretch direction, indicating SFs are critical for cell stretch-avoidance
or strain-avoidance (20).

The mechanism of the observed cell reorientation in response to a uniaxial stretch has been
discussed. For example, one theoretical model proposed that actin filaments orient to the
direction in which the deformation of the stretched substrate is a minimum so that the energy
of SFs is least disturbed (4). This hypothesis was confirmed with experiments conducted on
both fibroblasts and endothelial cells. Another study suggested that the reorientation was
driven by a dissipative process in which the passively stored cell elastic energy relaxed to a
minimum through aligning cell bodies away from the stretch direction (10). A statistical
thermodynamics analysis considering passive mechanical responses and active subcellular
dynamic remodeling predicted that cells would orient in the direction in which SF formation
is energetically most favorable (21). Other studies suggested that SFs would align in the
direction in which the total energy reaches a minimum (7, 14) and explained realignment of
SF-FA assembly in response to substrate stretching (22) on the basis of Maxwell’s global
criterion for stability. In addition to these analyses based on an energetic argument, it has
also been predicted that stretch-induced SF disassembly is an important factor in
determining the rate of cell alignment (18). In short, it is believed that cell reorientation
under stress is driven by the tendency of cell energy minimization, and that SFs play a
critical role in mediating this process.

Despite these significant findings, some important issues of cell behavior under stress still
need to be addressed. First, most studies of cell reorientation in response to a mechanical
stimulus, whether experimental or theoretical, are conducted with cells on a flexible two-
dimensional (2D) substrate, which is different from the 3D microenvironment /n vivo. To
date, only a few investigations have been carried out to probe cellular responses to
mechanical forces in a 3D environment, and the resulting cell behaviors differ from those
observed in 2D studies. For example, two studies reported that fibroblasts aligned
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themselves along the stretch direction in 3D, which is contradictory to the stretch-avoidance
displayed in 2D (23-25). This apparently inconsistent behavior has been hypothesized as a
result of cells in 3D interacting with the matrix, sensing the applied force, and reorienting in
a different manner (26). However, this speculation does not adequately address the
mechanisms by which cells behave differently in 2D and 3D environments. Another report
demonstrated that cells, as well as F-actin, exhibited stretch-avoidance at the surfaces of a
collagen matrix but showed no preferable orientation in the core of the gel under stretching
(27). The authors hypothesized that the different cell behaviors observed at the surface and
inside the gel are due to contact guidance from the collagen fibrils interfering with cell
orientation in the bulk of the matrix; however, in another work (23), it was shown by
scanning electron microscopy (SEM) for cell-seeded and cell-free collagen fibrils that
contact guidance only plays a marginal role. As such, cell response to mechanical stimuli in
3D environments is different from and more complex than those observed on 2D substrates,
and the underlying mechanism is still not clear.

Importantly, while the role of cell contractility in cell orientation has been recognized in
previous stretching studies in 2D through inhibition of cell contractility (8, 11, 13, 14, 20),
studies with 3D conditions are still lacking. Moreover, besides the tensile forces that have
been examined in most previous studies, compression is another common type of
mechanical stimulus /n vivo. For example, articular cartilage and cardiac fibroblasts
experience both tensile and compressive forces (28). Uncontrolled tumor growth in a limited
space can induce a continuous mechanical compressive stress in the tumor and the
surrounding cells and tissue (29). Reports have shown that compression alters gene
expression (30-33), cell morphology (32, 34), differentiation (35), alignment (26, 32, 36),
and proliferation/apoptosis (33). Interestingly, it has been shown that fibroblasts and smooth
muscle cells realign themselves perpendicular to the direction of compression due to the
contact guidance of collagen fibrils (35). However, again, this possibility might be
discounted by SEM images of collagen fibrils in other reports (23, 26). As such, the
mechanism underlying cell alignment in response to compression is still largely unknown.

In view of the fact that it is currently not clear how and why cells of different contractility
realign in response to 3D compression, we investigated the response of human prostatic
normal tissue fibroblasts (NAFs) and cancer-associated fibroblasts (CAFS) to static
compression in a 3D collagen | matrix. We experimentally demonstrate that inherent cell
contractility affects cell realignment in response to compression and construct a theoretical
model based on the minimum energy principle to provide insights into the different
behaviors of NAFs and CAFs under compression.

2 Material and methods

2.1 Cell culture

The human prostatic NAFs and CAFs used in this study were isolated as previously
described (37). Cells were maintained in Roswell Park Memorial Institute (RPMI) 1640
medium with 10% fetal bovine serum (FBS) and penicillin—streptomycin as previously
described (38, 39).
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2.2 Preparation and loading of 3D collagen | gel and cell mixture for compression assays

NAFs and CAFs were labeled with CellTracker™ Green dye (Life technology, Carlsbad,
CA) 24 h prior to being embedded in 3D collagen I gels (rat-tail type I collagen, BD
Biosciences, Bedford, MA). Then, the collagen | was mixed in PBS to a final concentration
of 2 mg/ml, and the pH was neutralized with 1 N NaOH on ice, per manufacturer’s
instructions. NAFs and CAFs were dissociated and re-suspended in RPMI culture media
(250,000 cells/ml) on ice. Cells were then mixed with collagen | solution to a final
suspension of ~75,000 cells/ml for each 2 mg/ml collagen | gel mixtures. Next, 700 pl of the
cell-gel mixture was loaded into a 4-well Nunc™ Lab-Tek™ Il Chamber Slide™ (Cole
Parmer, Vernon Hills, L) and incubated for 30 min at 37°C to allow the collagen I gel with
embedded cells to solidify. Subsequently, culture media was loaded into the cell chambers,
and the cells were incubated at 37°C overnight and then used for compression assays and
imaging.

2.3 The cell-compression fixture

The cell-compression fixture is composed of three layers of glass slides (25 mm in width, 75
mm in length and 1.0 mm in height, VWR International, LLC, Suwanee, GA). The middle
layer consists of two shorter glass slides (32.5 mm in length) that were stacked on top of the
bottom glass slide with a ~10 mm gap between them (see Fig. 1a). For the laterally confined
case, the gap was made the same as the width of the cell-gel mixture. In this case, when
subjected to vertical compression by another glass slide from the top (Fig. 1b), the cell-gel
mixture was restricted in the lateral direction denoted by the black dotted arrows in Fig. 1a,
but could expand freely in the direction denoted by the red arrows. In the laterally
unconfined scenario (see Fig. 1c), the gap between the two middle layer glass slides was
wider than the cell-gel mixture, allowing the mixture to expand freely in both directions
under vertical compression (see Fig. 1d). During the compression assay, the cell-gel mixture
was carefully transferred from the Nunc™ Lab-Tek™ Il Chamber Slide™ to the fixture, and
another glass slide was placed on top as shown in Fig. 1b, d. The cell-gel mixture (1.4~1.5
mm thick) was compressed to 1 mm thick; thus, ~30% compressive strain was applied to the
gel along the vertical direction. The assembly was secured using binder clips and submerged
in a petri dish filled with media, and the cell-gel mixture was subjected to compression
overnight (~18 h).

2.4 Determining cell orientation using fluorescence microscopy

Images of the cells in the 3D compression fixture were collected using a Quorum WaveFX-
X1 spinning disk confocal system, which contained a Nikon Eclipse Ti microscope
(Melville, NY), an EM-CCD camera (Hamamatsu, Hamamatsu City, Japan), and a 10X
ADL objective (NA 0.25), with MetaMorph software. The Quorum confocal system has a
Yokogawa CSU-X1 spinning disk (Yokogawa Electric Corporation, Newnan, GA) with
Borealis upgrade/modifications (Guelph, Canada) and the CellTracker™" Green dye was
excited using a 491 nm laser line. The emission filter used was 525/50 from Semrock
(Rochester, NY).
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2.5 Determining cell orientation using Fast Fourier Transform

Fast Fourier Transform (FFT) was used as previously reported (40) to statistically
characterize the cell orientation for each compression result. The FFT was performed on a
fluorescence confocal microscopy image of the cells using ImageJ software (NIH, http://
rsh.info.nih.gov/ij) with the Oval Profile plug-in (authored by William O’Connnell). A 512
pixel diameter circle was overlapped with the FFT output image (2048x2048 pixels) in the
center, and a radial summation of gray value intensities over the circle was conducted with a
resolution of single radial degree. We further normalized the radial intensity through
dividing it by the total intensity. Note that in order to generate more statistically significant
data, nine representative fluorescence micrsocopy images from different locations within the
cell-gel mixture were merged into a single montage. These stitched images were then
analyzed using the FFT method described above.

2.6 Collagen gel contractility assay

NAFs and CAFs were suspended in full growth medium at a density of 600,000 cells/ml. Rat
tail collagen I was diluted to 3 mg/ml in PBS, and the pH was neutralized with 1N NaOH.
Cell suspension and the collagen | gel solution were mixed at a 1:2 ratio to get a final
mixture with 200,000 cells/ml of cells and 2 mg/ml of collagen I gel. 600 pl of the above
mixture was loaded into each well of a 12-well-plate and incubated at 37°C for 1 h to allow
the gel to polymerize. Gels were then covered with 1 ml of medium and detached from
plates using a pipette tip by gently circling around the inside wall of each well. Gels were
incubated at 37°C for the indicated time to allow for contraction. The gels were imaged, and
the gel area was measured from scanned gel images using imageJ. Cell contractility was
assessed by calculating the percentage of the final gel area to the initial gel area after
different time periods.

2.7 Western blot

Cell lysates from NAFs and CAFs were prepared using RIPA buffer (50 mM Tris-HCI, pH
7.4, 150 mM NaCl, 1% NP-40, 0.25% sodium deoxycholate and 1 mM EDTA),
supplemented with a protease inhibitor cocktail (Sigma-Aldrich, San Louis, MO). Equal
amount of cell lysates (30 pg) were run in polyacrylamide gels and transferred to
nitrocellulose membranes, which were then blotted for a-smooth muscle actin (aSMA,
clone 1A4) and anti-tubulin (clone DM1A) (Sigma-Aldrich). Infra-red dye conjugated
secondary antibodies (IRDye 680 and 800, LI-COR Biosciences, Lincoln, NE) were used to
detect bands in the Odyssey infrared imaging system (LI-COR Biosciences). Western blot
band intensities were determined using Image Studio Lite version 4 (LI-COR Biosciences).
aSMA band intensity was normalized to tubulin, which was a loading control.

2.8 Transforming growth factor B (TGF-g) stimulation assay

The NAF-gel mixture was prepared following the same protocol as described in section 2.2
and 2.3, with 10 pl TGF-g (1 pg/ml) added to the media before being subjected to
compression overnight (~18 h).
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2.9 Assumptions in the theoretical model based on the minimum energy principle

In the theoretical modeling, we first deal with the laterally confined case and then extend the
model to the laterally unconfined scenario. For the laterally confined case, we consider a
single cell embedded in a collagen | gel subjecting to compression in the zdirection. The gel
is confined in the y~direction but can expand freely in the x-direction. We construct the
model based on the energy minimization principle, i.e., cells tend to realign themselves to
achieve minimum energy. The model also considers the important role of SFs in the
reorientation and morphogenesis of cells. We assume that the cell is composed of bundles of
SFs that are parallel to the axis of the cell. From an energy consideration, this bundle can be
regarded as equivalent to a single SF with corresponding stiffness of the whole bundle. Since
the SF is composed of assembled actin filaments, we assume that the SF is a spring system
that consists of a number of identical short actin filament springs connected in series.

For simplicity and based on the fact that the model is a thermodynamic analysis, we treat the
collagen gel as a linearly elastic material (41, 42) with linear stress-strain relationship. The
boundary conditions imposed led to no normal force in the x-direction at equilibrium;
however, forces in the )~ and z directions always exist and will be transmitted to the cell. It
is important to note that before reaching equilibrium, the expansion of the gel in the x-
direction will also stretch the cell.

The energy analysis on the cell was conducted following the minimum energy principle
requiring that the equilibrium orientation of the cell should be energetically preferred. The
favored orientation for cells exhibiting lower contractility is the free, unconfined x-direction
in the case of laterally confined compression. This is because in the x-direction, the tension
of the cell caused by the expansion of the gel can be gradually relaxed by aggregated actin
filaments, which is consistent with the fact that when exposed to external mechanical stress,
actin polymerizes to form SFs (43). The rearrangement and redistribution of actin filaments
serve to reduce the overall stress (44). Therefore, at the equilibrium length, we assume that
the axial tension is eventually eliminated by the assembled actin filaments if the polarity of
the cell body is aligned in the unconfined x-direction. By adjusting its orientation and
assembling actin filaments, the total energy of the cell could be minimized.

Because living cells, even in the absence of external mechanical loads, possess pre-stressed
SFs due to inherent cell contractility (22), we take this pre-stressed condition into account in
our model. Previous studies have shown that the contractile force direction is parallel to the
polarity of an elongated cell (45). Recognizing that fibroblasts are highly elongated cells, it
is reasonable to assume that the contractile force only exists in the polarized direction while
contractile forces in other directions can be neglected. Importantly, it has been shown that
SF shortening is prevented in normal live and healthy cells (16); and therefore, the stress in
the vertically compressed and laterally confined directions cannot be released by shortening
SFs. Built on the above understanding, our model predicts that cells both with or without
significant inherent contractility will realign in an equilibrium orientation where the total
cell energy is minimized.
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3 Results

3.1 Cell reorientation under 3D compression

The fluorescence images of NAFs and CAFs were taken at both the beginning and the end of
the 3D compression assay. We found that CAFs exhibited a random distribution after
overnight compression in the laterally confined condition (see Fig. 2a, b), i.e., no favorable
orientation of CAFs was observed. In contrast, NAFs initially exhibiting a random
distribution (Fig. 2f) were aligned to the free direction (denoted by a red arrow) and away
from the laterally confined direction (indicated by black dotted arrows) after compression, as
shown in Fig. 2g.

To quantify the cell orientation, FFT was performed on the fluorescence images. The image
of CAFs at the end of compression (Fig. 2b) generates a round-shaped FFT output image
with rather evenly distributed pixel intensities (Fig. 2c) in which no particular angle is
favored. In contrast, the image of compressed NAFs (Fig. 2g) produces a spindle-shaped
FFT image, as shown in Fig. 2h, meaning the pixel intensities are higher along one specific
direction.

The FFT frequency distribution with respect to the angle was generated by carrying out a
radial summation of the pixel intensities over the aforementioned circle for every degree
between 0° and 179°. The FFT image is symmetrical; and therefore draws no distinction for
the other semi-circle (46). Fig. 2d and 2i show the normalized summed pixel intensities
versus angles, which provides a quantitative description of cell alignment. The shape and
location of the peaks of the FFT plots exhibit the extent and direction to which the cells
align. Fig. 2i clearly shows a prominent peak at 90°, indicating that NAFs aligned along the
free direction after being compressed overnight. It is worth noting that the FFT output
images yield frequencies orthogonal to those in the original images (46). On the other hand,
Fig. 2d shows that CAFs do not exhibit a preferred direction in which the pixel intensity is
noticeably higher (note that the fluctuations are due to the limited number of samples and
the distributed peaks are not preferred directions, which appear at different angles in
different tests). The same trends were observed for multiple trials and the average of the
normalized intensities from four independent experimental results are plotted in Fig. 2e and
2j. For NAFs, the averaged distribution is very similar to that from each test while for CAFs,
the fluctuation peaks are canceled out significantly, leading to an even flatter average
distribution. The error bars in Fig. 2e are significantly larger than those in Fig. 2j, further
underscoring the random orientation of CAFs from experiment to experiment.

Importantly, not only did NAFs realign themselves in the horizontal plane to the free
direction, they also steered away from the compressed direction. A set of zstack
fluorescence images in Fig. 3a and a supplementary animation (Online Resource 1) clearly
demonstrate that laterally confined compressed CAF cells distributed in different focal
planes in a range of 70 um. In contrast, laterally confined compressed NAFs, in Fig. 3b and
Online Resource 2, located in almost the same focal plane under compression. The whole
cell body gradually came into sight and went out of sight at the same time. Without any
compression, NAF cells showed no favored direction and were situated in different focal

Exp Cell Res. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yang et al.

Page 8

planes with protrusions spanning 70 um in the zdirection, as shown in Fig. 3c and a
supplementary animation (Online Resource 3).

For the laterally unconfined case, the fluorescence images (Fig 4a, €), FFT output images
(Fig. 4b, f) and radial summation plots (Fig. 4c, g) all show that similar to the laterally
confined case, CAFs show a random distribution after being compressed overnight; however,
the NAFs, instead of aligning to one direction, are reoriented into two directions with angles
around 45° and 135° relative to the x-direction. Again, the trend was observed for multiple
experiments (Fig. 4d, h).

3.2 Model formulation

Laterally confined condition—The total energy £ of a cell consists of the homeostatic
elastic potential £y due to cell contraction (4), the elastic potential converted from the
external mechanical load £, the chemical potentials of assembled and disassembled actin
filaments £, and £z and the energy exchanged with the surrounding microenvironment £;
(47).

EZEQ+EE+EQ+EJ£+ES. (1)

We consider the cell energy under two situations, i.e., with and without external mechanical
load. Assuming that the cell axis forms angles of 8, 6), 6, with the coordinate axes x; yand
z (Fig. 5a) and without losing any generality, we can set 0 < cosfy< 1,0 < cos6,< 1,0 <
c056,< 1.

Considering the SF as a spring system that is composed of a series of identical actin filament
springs, then kgr= kj N, where ksris the spring constant of the SF, & is the spring constant
of each actin filament, and A, is the number of assembled actin filaments. With these
assumptions, we can rewrite the total energy of the cell given by Eq. 1 as (see Appendix):

2
1 ; ,
E=Nqeo+3ksy [<€$Cl_%l_a Cl) _(501)21 +Napta+Nyps+Es.

2 [ Rsg  hsy J )

Here, &y = kyl229%/2, which is the elastic potential of each actin filament due to cell
contraction; /; is the length of each actin filament; &g is the pre-stretch strain; e, is the strain
along the long axis of the cell body caused by the gel displacement in the x-direction, oy,
and o are the stress components along the long axis of the cell body caused by the forces
applied to the cell from the gel in the )~ and z directions, which are equal to oyc0s6, and
0,056, respectively; / = N/, which is the length of the cell; 1, and prare the chemical
potentials of assembled and disassembled actin filaments, and N/¢is the number of
disassembled actin filaments.

Since we assume that the SF is a spring system along the long axis of the polarized cell
body, only strains along this direction change the elastic potential and contribute to £,. Here
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e, 15 the strain along this axis of the cell body caused by the gel displacement in the x-
direction, which is released by gradually assembled actin filaments before reaching
equilibrium. This component results in stretching of the cell. Note that o). and o, cause
compression to the cell, which is opposite to the direction of e,.. As such, the total strain
along the long axis of the cell body is ey = €056, NJ k; = 0,0050,N4 k. Since the pre-
stretch energy has already been considered in the first term, the displacements in the second
term are from the external mechanical load alone.

Now we consider e,,. The strain that results from the elongation of individual actin
filaments due to gel expansion is eventually released by the assembly of additional actin
filaments, and SF return back to the homeostatic state prior to the application of mechanical
force, as shown in Fig. 5b I, 11, and I11. This concept is consistent with previous observations
that cells actively respond to perturbations from the ECM by re-establishing the homeostatic
level of force and maintaining fiber strain under normal condition (19, 48). Therefore, SF
elongation caused by gel expansion e, is achieved by more assembled actin filaments and
&y satisfy the equation as follows.

Nolo(14e2c)=Nolo(1+e5cos0,), (3)

where Ay is the number of the assembled actin filaments prior to external stimulus.
Therefore, the strain along the axis of the cell body caused by the displacement in the x-
direction is:

No(14ecos0,)—N,

Exc— .
Na (4)

Substituting Eq. 4 and /= N /;into Eq. 2 yields

{ { <No(1+5z 005914)7]\7&> oy costy N, s cost, N,

2N, N, kq kq

®)

When E reaches a minimum, d& dN,; = 0. For sufficiently small homeostatic strain &y, gy can
be neglected. Under this condition, solving for d&/d/; = 0 yields cos6), = cos6, = 0 and
cosOx=1, i.e., 8x=0° 6,= 6,=90° (see Appendix for more details). This means cells are
aligned to the x-direction and perpendicular to the )~ and zdirection to achieve a minimum
energy state, as observed in our experimental results. In this way, the homeostatic level of
force is re-established. In the Discussion section, we will demonstrate that this is the reason
for NAFs to show an overall alignment along the unrestricted direction under compression.
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On the other hand, for cells with large inherent stress, gy cannot be neglected in Eg. 5. In this
case, dE/dN,= 0 gives

( oycoslyN, o costNa> ( No(1+ezcos0y) 1 3oy costyN, 30 cosHZNa> 9
_ _ _ —1- — =£0”.
ka ka Na ka ka ’

(6)

Along with cos?6x +cos* 0, + cos8,= 1, there are three unknowns, 6, 6,and 6, and only
two equations. Therefore, no specific combination of angles 6y, 6,, 6, can be obtained. This
is why CAFs, with large inherent stress, do not show any preferred alignment direction.

Laterally unconfined condition—Now we extend the model to the laterally unconfined
condition. In this case, the gel is free to expand along both the x- and )~ directions. Thus,
these two directions are equivalent to each other. For cells with low inherent &, the
minimum energy principle leads to cos 8,= 0, and 080, =cos,= L2 Therefore, 6= 6, =
45°, and 8,=90° (see Appendix for details). In this case, cells are aligned diagonally with
the x- and y~ directions and away from the zdirection, which is again consistent with our
experimental observation.

On the other hand, for cells with large inherent g, Eq. 6 becomes

(_ozcosezNa> (_Ng(l—l—gwcos@w) _1_No(l—f—gycosGy)_1_3020059ZNQ> .2
Fa N, N, Fa G

Again, no specific combination of angles 6y, 6,,and 6, can be obtained in this case.

4 Discussion

To date, most investigations on the effects of mechanical stimuli on cell reorientation have
been done by cyclically stretching cells laying on 2D deformable substrates (2, 6, 8, 10, 11).
In these studies, cells reorient themselves away from (i.e., perpendicular to) the stretch
direction where the membrane deformation is the least and thus is most energetically
favorable. However, this “stretch-avoidance” or “strain-avoidance” phenomenon does not
occur when cells are embedded in a 3D matrix. Reported results have shown that fibroblasts
in a 3D matrix align themselves along the axis of tensile force in response to stretching (23—
25) and away from the axis of compressive force in response to compression (36). Even
though various hypotheses have been proposed to account for the difference between the 2D
and 3D cases (26, 49), it is still not clear why cells do not show “stretch-avoidance” or
“strain-avoidance” in 3D.
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In our studies, the seemingly different response for cells in 3D matrices is in fact consistent
with their behavior in 2D, i.e., both follow minimum energy principle with cells realigning
themselves to achieve minimum energy. Cells in a 3D matrix encounter complex tensile and
compressive forces from three different directions simultaneously; thus, “stretch-avoidance”
or “strain-avoidance” in 2D models, which is equivalent to energy minimization is not
directly applicable in a 3D environment. The present study found that cells such as NAFs in
3D prefer to align in the free/stretching direction (note that in our experiment, the free
direction is passively stretched) and avoid the compressive direction. This is because cells
can reorient the axis of cell bodies to the free/stretching direction and release tension
through remodeling SFs via actin filament assembly. However, the compressive stress cannot
be released by shortening SFs since SF shortening is prevented in normal living cells (16).
Therefore, cells such as NAFs possess lower energy when they align with the free/stretching
direction. This could explain why cells embedded in a 3D matrix subjected to stretching or
compression would realign themselves to the stretching direction. Moreover, with more cell-
matrix interaction involved in 3D, inherent cell contractility could play an important and
complex role. This leads to the observation that cells with a high inherent contractility
exhibit random distribution even though they have achieved minimum energy states through
reorientation. Overall, our study suggests that even though the mechancially triggered cell
reorientation in 3D can show more complex patterns, their behavior is still governed by the
minimum energy principle.

To verify that the NAFs and CAFs in our studies are of very different contractility, we
conducted a cell contractility assay by embedding NAFs and CAFs in collagen | gels and
measured the reduction of the gels’ diameter after 0 h, 4 h, 16 h, and 24 h’s incubation (see
Fig. 6a and 6b). The collagen gel containing CAFs exhibits significantly more contraction
than its counterpart, indicating that CAFs have a much higher inherent stress than NAFs. In
addition, we studied a-smooth muscle actin (a SMA) expression in NAFs to CAFs, as an
established CAF marker (50-52). Elevated expression of the aSMA isoform has been shown
to confer a high contractile activity (53). As shown in Fig. 7a and 7b, CAFs used in this
study express 5 times higher levels of aSMA than NAFs, indicating higher cell contractility.

To further confirm that cell contractility is the determining factor leading to the different
orientation patterns between NAFs and CAFs, we stimulated NAFs with TGF-p and
subjected them to compression. Cells treated with TGF-p has been previously shown to have
increased cell contractility (54-56). Our results show that TGF- treated NAFs do not
realign towards the free direction in the lateral confined condition (see Fig. 8a, b and c), but
present a random distribution, which further confirms the important role of cell contractility
in cell reorientation.

While the developed model in this work includes biomechanical contributions, such as cell
contractility, SF assembly, and chemical potentials, it does not include the dynamic
contribution of biochemical signaling. For example, the small GTPases RhoA, Racl and
Cdc4z2 are reported to be central regulators of actin dynamics (57), and the MAPK family
including JNK, ERK and p38 (48) have been found to be activated in cells cultured on a
substrate under cyclic stretch. Although it is known that cells are able to coordinate
mechanical responses and biological signaling when subjected to mechanical stimuli, this
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process involves a large number of proteins and signaling activities, many of which are still
not fully understood. As such, the theoretical model here, built upon a thermodynamic
consideration of the minimum energy principle, still needs further verification. However, the
fact that the model successfully predicted the cell reorientation under different conditions
suggests that it considers the essential factors directly determining the equilibrium states
achieved through cellular response to the external stimuli. We would like to point out that in
our model, we focus on the effects of SFs, which is consistent with the understanding that
they are the main contractile cytoskeletal machinery that play a key role in regulating cell
orientation (11, 14, 18, 21, 22, 43, 44, 48, 57-60).

It is worth noting that we employed a linear elasticity assumption in our model; however, in
the real compression scenario, both the collagen gel and SFs exhibit viscoelastic properties
(22). We believe that even with this simplification, our model still provides a meaningful
explanation of the experimental observations because the model was developed on the basis
of equilibrium states rather than dynamic adaptation. Viscous effects are eliminated at
equilibrium. For example, if we consider the collagen gel as a viscoelastic material, using
the Kelvin model (61) the relationship between stress and strain is given by

c=F (1= ). gy

where 7 is the viscosity describing the viscous behavior of the material. In our study, time ¢

is large enough so that the equation goes back to a linear relationship e(t)="20- As such, the
assumption of linear elasticity is reasonable in this thermodynamics-based model. It is worth
noting that according to Roeder et al (42), the 30% strain we applied lies in the linear elastic
region of collagen gel at a concentration of 2 mg/ml.

Another assumption employed in the model is that SFs are oriented parallel to the long axis
of the elongated cell body. In reality, SF distributions within individual cells can vary. For
example, endothelial cells can have a large variety of the SF orientations. However, for
highly elongated cells such as fibroblasts and smooth muscle cells, SFs tend to be oriented in
parallel (18). For example, SFs in REF-52 fibroblasts exhibited perfect alignment with the
polarity of the cell body (10). Additional evidence includes the reported fluorescence images
of SFs in MC3T3-E1 osteoblast cells, which show highly aligned SFs on the long axis of the
cell body (62). Therefore, we believe that it is reasonable to assume that SFs are distributed
along the polarized direction of the fibroblasts.

One more factor that has not been discussed is the effect of the shear force near the wall. The
fluorescence images were obtained at locations away from the boundaries throughout the
sample to ensure that the shear forces caused by any boundary effects were marginal. It has
been reported that shear strain is negligible compared to normal strains in the central region
of a 3D gel matrix (23). This finding supports our normal-force based model.

We would like to re-emphasize the important role of boundary conditions in this study. The
cell reorientation is a result of combined zdirection compression and stretch along the x-
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direction for the laterally confined case and along both the x-and y-diections for the
laterally unconfined case. In our work, the gel was made into square. As such, in the
laterally-unconfined case, the gel only expands freely along the two lateral axes, i.e., the x-
and y-directions in the model. This boundary condition has been taken into account in the
model by simply setting a square gel in a Cartesian coordinate system with the two axes of
the gel parallel to the x-and y-directions, and only allowing the gel to expand freely in these
two directions. In fact, we also observed that if there is no boundary constrain, i.e., in a
circular gel, NAFs only respond to the compression by realigning perpendicular to the
direction but without a preferred orientation in the x-y plane.

It should also be noted that, static and cyclic loading are both biologically relavent. For
example, CAFs experience continuous compressive stress in the normal direction with a
growing tumor (63). In addition, in contrast to the fact that cyclic loading is a necessity for
cell reorientation on a 2D substrate (2, 6, 8, 10-14), it is not required to induce cell
reorientation in 3D. For example, cells as well as SFs show realignment parallel to the
direction of tensile strain in both static and cyclic strain cases in 3D (25).

5 Conclusion

We experimentally studied the reorientation of human prostatic NAFs and CAFs that were
embedded in 3D collagen | matrices and subjected to compression. NAFs realign themselves
to specific directions while CAFs show a random distribution. A theoretical model indicates
that the minimum energy principle can be used to account for the behavior of both NAFs and
CAFs and the significant difference in the phenotype is due to their inherent cell
contractility. The importance of cell contractility in cell reorientation is further confirmed by
the observation that TGF- treated NAFs with enhanced contractile force behave in a similar
manner as CAFs. This new understanding of the contribution of the cell mechanical
properties to their reorientation upon external mechanical stimuli in 3D has not been
reported in the literature. Taken together, the experimental and theoretical studies presented
here provide new insights into the mechanisms governing the behavior of cells in a
mechanically stressed 3D environment.
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Refer to Web version on PubMed Central for supplementary material.
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Appendix: A Mathematic Model on Cell Reorientation in Response to
Compression in 3D

Here we describe a theoretical model based on the minimum energy principle in order to
address the mechanism underlying cell reorientation in response to compression in 3D.

1 Laterally confined condition

1.1 Stress and strain analysis for the collagen gel

To model the cell reorientation, we first consider a small collagen gel cube surrounding a
cell. According to the 3D Hooke’s Law, at equilibrium, the strains e along the x-, )~, and z
directions are as follows:

1
eo=— (0p—Vg0y—1402),

Ly (AL

Ey:E— (—vgopt+oy—140,),

g (A2)

ex=— (—vyo,—v40y+0.).

By (A3)

Here vy is the Poisson’s ratio, £, is the Young’s modulus, and o; is stress. We assume that
the collagen gel is linear elastic. The gel is compressed along the zdirection and laterally
the gel is confined in the y~direction but can expand freely in the x-direction. As such, we
have oy =0, e,=0, and e,= AZ/, Here AZis the displacement caused by compression in
the z-direction and /, is the length of each side of the cube. The stresses in the x-, )+, and
directions are therefore,

0,=0,
oy=Ege v (1-v,%) :EQ%VQ (1-v4°)
0.=FE4e, (1-v,?) :Eg% (1-v4%).

(A4)

Meanwhile, the strains in the x-, J~, and z directions can be re-written as

El.:—szyg(l—l—yg)Q (I-vy,),

gy=0,
_ Az
=T (A5)
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1.2 Energy analysis for the cell

The total energy £ of a cell can be written as:

E=Ey+E.+E,+E;+E;, (A6)

where £y is the homeostatic elastic potential due to cell contraction, £, is the elastic
potential converted from the external mechanical load, £,and Erare the chemical potentials
of assembled and disassembled actin filaments, respectively, and £ is the energy exchanged
with the surrounding microenvironment.

Without an external mechanical load—Under the normal, undisturbed condition, the
total energy is

E=Eo+E.+Ef+Es. (A7)

This can be expanded to

1 2
Efiksf(leo) +Noprat+Nyeps+Es, (A8)

where /is the length of the cell, j is the pre-stretched strain, 1, and yrare the chemical
potentials of assembled and disassembled actin filaments, and A/is the number of
disassembled actin filaments.

As mentioned before, we further assume that the cell is composed of a single equivalent SF
that is parallel to the axis of the cell body and extend the length of the cell. Also, the SF
consists of a number of actin filaments of length /,. Each actin filament can be regarded as a
spring with a spring constant of k; and therefore, the SF is a spring system that is composed
of a series of identical actin filament springs. The spring constant of the SF is kys= kJ N
Hence,

l:Nalm (Ag)

1 kq )
E==""(Nulac0)*+Napta+Nsps+Es.
2Na,( 0) Ha+Nypis (A10)

Taking the derivative of £yields
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1
dE==kyl,2c0>dN,+11odNy+1u rdN p+dEs.
5 €0 +u +urdN g+ (AL1)

In cells, actins exist in two forms: actin filaments and free monomeric actins that can
polymerize into actin filaments. The pool of actin monomers is typically steady in a cell, and
hence the total amount of actins is conserved (64), which leads to the following relation: A,
+ N¢= const. Therefore, dN, = —dNg and Eg. A1l can be rearranged as:

dE 1,
dNa—ikala €0 Fha—pft

S

dN,  (A12)

At equilibrium, the cell energy achieves a minimum, and d&/dN, = 0.

Therefore,

Ha=Hf=€0=Cs:  (A13)

where e;= dEJdN,; and &y = kal2e02/2, which is the elastic potential of each actin filament
due to cell contraction.

With an external mechanical load—Under this condition, the total energy of the cell
given by Eqg. A6 can be expanded as

+N(I/uu/+Nj/J,j+Eé7

2
1 oyl 04l
E:Na60+§k5f' |:<€wcl kysf E) 7(5()[)2

(Al14)

where e, is the strain along the long axis of the cell body caused by the gel displacement in
the x-direction, oy, and o are the stress components along the long axis of the cell body
caused by the forces applied to the cell from the gel in the )~ and zdirections, which are
0y,c0s8),and o,c0s6,, respectively. The different signs of terms of e/, oyclkss, ozcl/kse
reflect the opposite directions.

The strain that results from the elongation of individual actin filaments due to external
stimuli is eventually released by the assembly of additional actin filaments. Based on this
assumption, ey, can be solved from N /(1+e,,) = No/(1+exc0s6,), therefore,

. _ No(14-€4cos0,)—N,
e N " (A15)
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where Mg is the number of the assembled actin filaments prior to compression.

Substituting this into the total energy equation yields

kq
E=Naocot53mNo’la® {K

a

No(l4e, cost)fNa> oycosfyN, 0,cos0.N,

2
2
— N, N Fy.
N, Fa Fa } 5°}+ abtatNphy+Ee

(A16)

For convenience, we define F'(N,)= (No(“ffzgfel’)*]v“) —Zuelyla _ozco0:Na Then Eq. A16
can be simplified as

ka 27 2 2 2
E=N, NG 212 [F2(Ny)— Napta+N Es.
eots - loa"[F*(Ng)—e0"]+Napta+Npps+Es (AL7)

When £ reaches a minimum, the derivative of £with respect to N, is zero:

dE k(l 2 / 2
=— I {F(Ng)[2NoF (Ng)+F(Ng)|—e0” }+ (eo+pa—ps+es) =0.
=3 L PN (N e (oo e <0

In Eq. A13, we have already shown that ey + 15— pge+ €,=0. As such,

dE  k, '
=3 W PN NP e?} =0

For sufficiently small homeostatic strain e, we neglect g in Eq. A19, which leads to

ko], 2 F(NG)[2NoF (Ng)+F(Ng)|=0" The term 2N,F (N + ANy) can be further expanded
as

No(1+4¢4cos8,,) 1 30y cos0yN, 30.cos8.N,

2N, F'(N,)+F(N,)=— .

Since cos 0y + cos?6),+ c0s°6,= 1,0 < cos6y< 1,0 < cos9,< 1, 0 < cosd, < 1 and all the
rest parameters are positive, Eq. A20 is always smaller than zero. Then to satisfy Eq. A19,
AN, has to be zero.
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No(l+e, cas@w)fNa) aycosly N, 0.cos0.N,

F(N“):( N. ko ke (A2D)

According to the assumption that the strain along the long axis of the cell body caused by
the displacement in the x-direction is released by the additional assembly of actin filaments,
the first term [Ap(1 + exc0s6,) — N/ N, in Eq. A21 is zero at equilibrium.

Therefore,

costy=cost ,=0,

cosl,= \/1700529ny0520221,

Na=No(1—€z). (A22)

Under this condition, 8, =0°, 6,,= 8,=90°. This means that cells are aligned along the x-
direction and perpendicular to the y~ and z directions to achieve a minimum energy state. In
this way, the homeostatic level of cell elastic force is re-established.

On the other hand, for cells with large inherent stress, gy cannot be neglected in Eq. A19, so
AND[2NF (N + AN] - &5? = 0. This can be expanded as:

( oy costy N, azcosﬁzNa) ( No(14e,cosy) 1 30y cosfy N, 30zcosc9zNa) 9
—— — — —1-— L =e0°.
ka kq N, kq ka 0

(A23)

Along with cos? 6y + 05’6, + cos?6,= 1, there are three unknowns, 6y, 6,, and 8,and only
two equations. Therefore, no specific combination of angles 6y, 6), 6, can be obtained and
many combinations of 6y, 8), 8, can satisfy these two equations. This renders a random cell
orientation distribution.

2 Laterally unconfined condition

Next, we extended the model to the laterally unconfined condition. In this case, cells are free
to extend in both x- and )~ directions.

Based on Eq. A1-A3, the strains of the gel in the x- and y~ directions are equal:

Se=Ey.  (A24)

Then, for cells with low inherent gy, Eq. A21 becomes
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F(N,)= No(1+e,c080,)— N, n No (14eycos0y) —N, 050080, N _o,
N, N T

(A25)
which leads to,

cos 0,=0,

£y c080,=¢, coshy — cosl,=cos0,= \/%:g. (A26)

Hence, 6= 6),=45°, and 6,=90°, indicating that cells are aligned diagonally with the x-
and )~ directions and perpendicular to the zdirection.

For cells with large inherent &, Eq. A23 becomes

(70Z00592Na> (7 No(1+e4cosby,,) 717N0(1+5y0059y) 1 SO'ZCOSQZNQ) .2
ka N, Na ka T a2)

Again, no specific combination of angles 8y, 6, and &, can be obtained and cells can align in
many directions but still meet the minimum energy principle.
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Highlights
. NAFs and CAFs show very different reorientation upon compression in
3D.
. NAFs treated with TGF-f and of high contractility behave like CAFs.
. The difference between NAFs and CAFs is due to different cell
contractility.
. A theoretical model based on minimum energy principle is established.
. The model results correctly predict the behavior of NAFs and CAFs.
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Laterally Confined Condition Laterally Unconfined Condition

3

9
\

Fig. 1.
Schematic of the cell-compression assay. In the laterally confined condition (a, b), the

middle layer of glass slides formed a gap the same as the width of the cell-gel mixture so
that the expansion of the gel in this direction was restricted. In the laterally unconfined
condition (c, d), the middle layer of glass slides formed a gap wider than the cell-gel mixture
so that the gel can expand in both directions. The cell-gel mixture was compressed vertically
by pressing another glass slide from the top (b, d). The black dashed arrows denote the
laterally confined direction, while the red ones indicate the free (unconfined) directions.
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Fig. 2.
Different alignments in the horizontal plane for CAFs and NAFs exposed to laterally

confined compression. Montages of fluorescence images show CAFs and NAFs immediately
after compression (a, f). Montages of fluorescence images show CAFs and NAFs after
overnight compression (b, g). FFT output images of CAFs and NAFs after overnight
compression (c, h). Normalized radial summation of pixel intensities over a circle projection
of FFT images of CAFs and NAFs after overnight compression (d, i). The average
normalized pixel intensity of CAFs and NAFs from four independent experiments (e, j). The
black dashed and red arrows indicate the laterally confined and free directions, respectively.
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Laterally Confined Laterally Confined
Compressed CAF Compressed NAF Control NAF

Fig. 3.

Dﬁ‘ferent alignments in the vertical direction for CAFs and NAFs exposed to laterally
confined compression. A CAF distributes in different focal planes under laterally confined
compression (a). A NAF realigns perpendicular to the compressed direction under laterally
confined compression and locates in the same focal plane (b). A NAF in the control group
locates in different focal planes (c), the scale bar is 200 um
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Different alignments in the horizontal plane for CAFs and NAFs exposed to laterally
unconfined compression. Montages of fluorescence images of CAFs and NAFs after being
compressed overnight (a, e). FFT output images of CAFs and NAFs (b, f). Normalized radial
summation of pixel intensities over a circle projection of FFT images of CAFs and NAFs (c,
g). The average normalized pixel intensity of CAFs and NAFs from three independent
experiments (d, h). The red arrows show the free directions
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Homeostatic

b

Stressed

Fig. 5.
A single cell embedded in a cubic collagen gel (a). The cell represented by a pink oval forms

angles of 6, 6y, 6, with coordinate axes x, y and z (denoted by red, green and purple
curves). The gel-cell mixture is subjected to confinement in the y-direction and compression
in the z-direction (denoted by black skew lines and black arrows, respectively). Actin
filaments represented by individual springs connected in series to form a SF spring system
(b). SF at homeostatic state (1) is elongated due to gel expansion. The tension caused by
elongation of actin filaments (I1) is relaxed with additional actin filaments assembled in the
SF (I11), then the homeostatic state is recovered.
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Page 29

CAFs exhibited much higher contractility than NAFs. CAFs and NAFs were embedded in

type | collagen gels, which were subsequently incubated for 24 h at 37°C to allow for

contraction. Images of contracted gels with NAFs and CAFs were taken after O h, 4 h, 16 h,
and 24 h. The gel circumferences are outlined with dashed white lines (a). At the end of the
contraction assay, the area of the gels was measured and expressed as a percentage of the

original gel area before contraction. Error bars represent s.e.m. from N=3 independent

experiments. A significant difference in relative gel area appeared 24 h after beginning the

incubation, *P<0.005 (b)
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Fig. 7.

NAFs CAFs

Western blot analysis shows higher aSMA expression in CAFs than in NAFs (a). aSMA
band intensity was normalized by tubulin loading control. Normalized average intensity plot
indicates a significant difference in a SMA expression between NAFs and CAFs, *P<0.005,

N=4 (b)
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NAFs with increased cellular contractility induced by TGF-p exposed to laterally confined
compression. Montages of fluorescence images of NAFs after being compressed overnight
(a). FFT output images of NAFs (b). Normalized radial summation of pixel intensities over a
circle projection of FFT images of NAFs (c). The average normalized pixel intensity of
NAFs from three independent experiments (d). The red arrows show the free direction
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