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ABSTRACT The generation of traction forces and their transmission to the extracellular en-
vironment supports the disseminative migration of cells from a primary tumor. In cancer cells,
the periodic variation of nuclear stiffness during the cell cycle provides a functional link
between efficient translocation and proliferation. However, the mechanical framework com-
pleting this picture remains unexplored. Here, the Fucci2 reporter was expressed in various
human epithelial cancer cells to resolve their cell cycle phase transition. The corresponding
tractions were captured by a recently developed reference-free confocal traction-force mi-
croscopy platform. The combined approach was conducive to the analysis of phase-depen-
dent force variation at the level of individual integrin contacts. Detected forces were invari-
ably higher in the G1 and early S phases than in the ensuing late S/G2, and locally colocalized
with high levels of paxillin phosphorylation. Perturbation of paxillin phosphorylation at focal
adhesions, obtained through the biochemical inhibition of focal adhesion kinase (FAK) or the
transfection of nonphosphorylatable or phosphomimetic paxillin mutants, significantly di-
minished the force transmitted to the substrate. These data demonstrate a reproducible
modulation of force transmission during the cell cycle progression of cancer cells, instrumen-
tal to their invasion of dense environments. In addition, they delineate a model in which
paxillin phosphorylation supports the mechanical maturation of adhesions relaying forces to
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the substrate.

INTRODUCTION

Beyond their genetic heterogeneity, solid tumors display unique
characteristics of stiffness (Beil et al., 2003; Paszek et al., 2005;
Kraning-Rush and Reinhart-King, 2012), size, shape, and deform-
ability (Krause and Wolf, 2015). This biophysical fingerprint de-
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pends on the composition, architecture, and type of cancer (Mouw
et al., 2014). Within neoplastic lesions, cells are embedded in a
complex three-dimensional (3D) environment, which contributes
overlapping biological and mechanical signals impinging on the
metastatic dissemination of cancer seeds. This mechanical inter-
play is of particular relevance in defining the ability of pervasive
cells to migrate in dense interstitial tissues and proliferate in dis-
tant body locations (Provenzano et al., 2008; Khamis et al., 2012).
In this context, traction forces exerted by cells on the surrounding
environment via integrin contacts (i.e., the focal adhesions [FAs])
orchestrate a process of mutual evolution, during which metastatic
cells remodel the extracellular matrix (ECM; Wolf et al., 2013;
Charras and Sahai, 2014), acquire the ability to repair DNA dam-
age (Kumar et al., 2014), and develop resistance to drugs (Holohan
et al., 2013).

A number of studies have evaluated the correlation between cell
cycle progression and migration of cancer cells. In particular, the
“go or grow"” hypothesis postulated that the two activities are mu-
tually exclusive in space and time (Lund-Johansen et al., 1990;
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Penar et al., 1997; Zhang et al., 1997; Roth et al., 2000). Emerging
evidence, however, shows that tumor cells do not defer prolifera-
tion for migration (Corcoran and Del Maestro, 2003; Garay et al.,
2013). Along this line is the pathological observation that highly
proliferative tumors are often likewise invasive (Alves et al., 2011).
This correlation is linked to frequent relapses and a very poor prog-
nostic outcome.

The existence of a link between cell proliferation and migration
remains elusive, yet a growing number of indications suggest that
the key may be found in the way cells generate actomyosin-medi-
ated traction forces and transmit them to the surrounding environ-
ment to propel migration (Lauffenburger and Horwitz, 1996). We
recently provided evidence that the efficiency of penetrative migra-
tion in small interstitial pores varies during the cell cycle progression
of cancer cells (Panagiotakopoulou et al., 2016). Nuclear deform-
ability increases immediately after division, a phase in which the bio-
chemical decondensation of chromatin takes place (M/G1 phase).
Cells can thus efficiently penetrate small openings due to the re-
duced physical resistance provided by the nucleus (Cho et al., 2017).
Nuclear stiffness increases in the ensuing G1 and S phases (Cramer
and Mitchison, 1995; Lesman et al., 2014). This, however, does not
impede the pervasion of pores demanding a very large deforma-
tion. The same narrow openings become insurmountable obstacles
as soon as the cell progresses from the early S to the late S/G2
phase (Panagiotakopoulou et al., 2016).

A pivotal role in regulating both cell proliferation and migration
is played by cell adhesions to ECM, which are established upon in-
tegrin activation (Griffith and Swartz, 2006; Huber-Keener et al.,
2012; Bonnans et al., 2014). Integrin contacts are partially lost dur-
ing cell division (Marchesi et al., 2014) and gradually reassembled
by daughter cells upon abscission. Cancer cells feature a greater
number of large adhesions to the substrate in the G1 and S phase
(Panagiotakopoulou et al., 2016). It is therefore logical to speculate
that in these specific phases of the cell cycle, the transmission of
cellular forces to the substrate is sufficient to actuate the necessary
deformation and squeezing of a relatively stiff nucleus.

Actomyosin-generated contractility is transmitted to the sub-
strate at the level of FAs (Geiger et al., 2009). Mature adhesions
connect with actin stress fibers at their cytoplasmic sides (i.e., the
adhesion plaque; Kanchanawong et al., 2010). Beside actin dynam-
ics (Choi et al., 2008; Thievessen et al., 2013), master regulators of
this mechanical maturation are focal adhesion kinase (FAK) and pax-
illin (Chrzanowska-Wodnicka and Burridge, 1994; Retta et al., 1996;
Frame, 2004; Schlaepfer and Mitra, 2004; Zaidel-Bar et al., 2007;
Pasapera et al., 2010; Plotnikov et al., 2012). In particular, FAK-me-
diated paxillin phosphorylation induces the recruitment of vinculin
at the adhesion site, thus reinforcing the connection to the actin
cytoskeleton (Kanchanawong et al., 2010). This process may sup-
port the transmission of traction forces to the substrate in corre-
spondence with individual integrin contacts, yet a direct demonstra-
tion is still missing.

Traction force microscopy (TFM) provides access to cellular
forces transmitted to the substrate via FAs. TFM detects the result-
ing substrate deformations by tracking the displacement of optical
landmarks (Roca-Cusachs et al., 2017). To do this, classic TFM ap-
proaches, based on continuum hydrogels or silicon substrates, re-
quire the acquisition of a reference image (Plotnikov et al., 2014),
which renders them incompatible with the analysis of protein activity
by immunohistochemistry. Discrete TFM methods do not require
this disruptive step, yet introduce significant artifacts in the forma-
tion of integrin contacts (Plotnikov et al., 2014). A reference-free
continuum TFM method, recently developed in our laboratory,
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allows the generation of spatially resolved overlapping maps of pro-
tein activity and traction forces (Bergert et al., 2016). Here, we ex-
ploit this approach to investigate the variation of force transmission
to the substrate in cancer cells during their progression along the
cell cycle and link it to the corresponding dynamics of FA maturation
via FAK-mediated paxillin phosphorylation.

RESULTS AND DISCUSSION

Hela Fucci2 cells were adopted as a general model of cell cycle
progression in human epithelial cancer. Their adhesion to the sub-
strate and migratory behavior in standard culture and in vitro mod-
els of interstitial invasion are well established (Miwa et al., 2015;
Duan et al., 2017; Chu et al., 2018). The cells stably express the
Fucci two-color cell cycle reporter (Sakaue-Sawano et al., 2008),
which is characterized by the alternate nuclear expression of hCdt1-
mCherry during the G1 phase (red fluorescent channel) and hGem-
Azami Green during the S/G2/M phases (green fluorescent channel;
Sakaue-Sawano et al., 2008). Calibration of the relative signals from
the two fluorescent channels and their correspondence to the cell
transition in distinct cell cycle phases were previously reported for
these cells. In particular, cells in M/G1 show no fluorescent emission,
while the G1, early S, and S/G2 phases are identified by red, or-
ange, or green emissions, respectively (Figure 1A; Panagiotakopou-
lou et al., 2016).

To access the forces imparted by cells to the substrate, Hela
Fucci2 cells were seeded at low density and care was taken to avoid
the generation of large clusters, which interfere with the measure-
ment of individual cell contractility (initial seeding density 4 x 10%/
cm?). To measure the spatial and temporal variation of cellular trac-
tion as a function of the cell cycle phase, a red-emitting confocal
TFM (cTFM; Bergert et al., 2016) platform was used. The force sen-
sor array was based on a silicone substrate (9:10, CY52-276) yielding
an elastic modulus of ~12.6 kPa, on the surface of which a triangular
pattern of red quantum dot (QD) disk-shaped layers of diameter
~200 nm was printed, with a 2-pm pitch. This configuration provided
sufficient spatial resolution and sensitivity to capture deformations
induced by single FAs (Bergert et al., 2016). Individual cells were
monitored through live-cell microscopy along the entire duration of
their cell cycles, from one division to the next. The average duration
of these cycles was 20.2 h; therefore a total observation period of
30 h made it possible to monitor a sufficient number of complete
progressions. The resulting time lapses yielded stratified informa-
tion on cell cycle and spreading dynamics and on corresponding
deformation of the QD nanodisc array. From the latter, the actuating
traction forces were derived by means of a dedicated algorithm
(Figure 1B; Bergert et al., 2016).

The average duration of each cell cycle phase was extracted as
the first quantitative data layer (Figure 1C). During the recorded cy-
cles, cells spent more time in the G1 phase, while their residence in
M/G1 (early stage G1), early S, or late S/G2 phase was shorter. Simi-
larly, phase-resolved values of cell spreading were obtained. The
graph in Figure 1F reports the linear increase of basal area upon
progression from the M/G1 to the G1 phase. The cell surface incre-
ment continued in the ensuing development to reach a plateau in
late S/G2.

Cell-induced displacement of the QD nanodiscs from their origi-
nal, perfectly-ordered position in the triangular array (through the
deformation of the elastic substrate to which the nanodiscs firmly
adhered) was automatically captured under each tracked cell and
over the entire cell cycle (Figure 1, B and D). A finite element analy-
sis of the resulting vectorial displacement field, based on the consti-
tutive material model of the substrate (Bergert et al., 2016), rendered
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FIGURE 1: Cell cycle-dependent force transmission in cancer cells. (A) Merged transmission and fluorescence images
of a Hela Fucci2 cell over a complete cell cycle. The corresponding cell cycle phase, as defined by the Fucci2 reporter, is
indicated in the bottom left corner of each panel. The elapsed time from the initial cell division is reported in the top
right corner. Scale bar is 10 pm. (B) Corresponding maps of actuating traction obtained by cTFM. A white dashed line
indicates the basal profile of the cell under analysis. (C) Relative duration of each cell cycle phase. (D) Typical
displacement of the QD nanodisc array induced by a Hela Fucci2 cell in G1. Scale bar is 10 pm. (E) Dynamics of absolute
total forces along cell cycle progression. Force is averaged over all tracked cell cycles. (F) Corresponding phase-resolved
dynamics of cell spreading and (G) traction transmitted to the substrate along individual cell cycles. *p < 0.05, **p < 0.01,
****p < 0.0001. n = number of cells and n’ = number of independent experiments.

spatially and temporally resolved maps of the actuating traction  tensity exerted by the cell under analysis (Figure 1E). Forces trans-

forces. Using the overlapping cell profiles, stress magnitudes were  mitted by Hela Fucci2 cells increased from the M/G1 phase (699 =
integrated under the entire cell surface, yielding the total force in- 144 nN) to G1 and lasted through early S (1741 £ 89 nN), in line with
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previous reports establishing a linear correlation between cell area
and force generation (Paszek et al., 2005; Mekhdjian et al., 2017). A
slight decrease was instead measured toward the end of the cell
cycle, in the late S/G2 phase (1638 £ 101 nN; Figure 1E).The same
total force and cell area trends are well captured by measurements
along individual cell cycles (Supplemental Figures S1-54).

To better understand the link between cell spreading and force
generation in cell cycle progression, the measured cellular force
(Figure 1E) was divided by the cell basal area (Figure 1F) to obtain
the average traction (Figure 1G). This derived descriptor corre-
sponds to the density of force exerted by individual cells on the
substrate and increased significantly from the M/G1 to the G1 phase
(1.126 £0.2 kPa to 1.65 £ 0.2 kPa). It persisted upon transition to the
S phase (1.54 £ 0.2 kPa) while dropping significantly when cells en-
tered the S/G2 phase. In the S/G2 phase the average traction was
only slightly higher than that measured in M/G1 (1.3 + 0.2 kPa).
These results suggest that the cellular machinery supporting force
transmission matures during cell cycle progression along with cell
spreading, but with different dynamics. The highest average traction
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is transmitted to the substrate before the cell
surface reaches its full extension (Supplemen-
tal Figures S1-S4). Finally, no direct correla-
tion between cell shape and exerted traction
could be detected in individual cell cycles
(Supplemental Figure S5), suggesting that the
small and rapid variations of cell shape re-
corded under our experimental conditions
did not significantly impinge on the force
generation dynamic.

cTFM provides a reference-free detection
of cell-mediated substrate deformations from
which a measure of transmitted cell contractil-
ity can be obtained directly without the ne-
cessity of disruptive cell removal (Bergert
et al., 2016). The phase-resolved evolution of
average traction obtained from fixed samples
(Figure 2A), and thus from different cells, re-
12 vealed the same temporal variation as that
captured by the live cell analysis (Figure 1G).
This result has a twofold value. First, it vali-
dates cTFM as conducive to endpoint sample
processing (i.e., immunostaining) to reveal
the level of activity of specific molecules as an
additional layer of information. Second, it
demonstrates that the G1 traction peak is sig-
nificant beyond intercellular variability.

Hence, the total (total-pax) and phosphor-
ylated paxillin (phospho-pax) distributions
were visualized in cells contacting the cTFM
substrate, providing a direct map of adhe-
sions, paxillin activation, and resulting trans-
mitted forces (Figure 2B). A first, qualitative
analysis indicated that large FAs featuring
prominent paxillin phosphorylation colocal-
ized with regions of high transmitted force,
while smaller adhesions with correspondingly
lower phospho-pax levels were found in re-
gions of low force transmission (Figure 2C).

Quantitative large-scale analysis con-
firmed this observation. Hela cells do not dis-
play resolvable paxillin accumulation at the
basal surface during M/G1 (Panagiotakopou-
lou et al., 2016), consistent with the absence of mature integrin con-
tacts in this phase (Moes et al., 2011). In the ensuing phases, FAs
were mostly detected at the cell periphery (Figure 2B). Here, higher
levels of phospho-pax correlated linearly with the size of individual
adhesions (Supplemental Figure Sé), thus linking FA growth to their
mechanical maturation (Bonnans et al., 2014; Paszek et al., 2005).
Notably, phospho-pax levels were significantly higher in the G1
phase than for FAs of the same size detected in later phases of the
cell cycle (Figure 3, A and B). Both the sizes of individual FAs and the
corresponding phospho-pax levels were proportional to the amount
of force exerted locally on the substrate (Figure 3, C and D). Yet the
correlation slope was significantly steeper for cells in the G1 and
early S phases. Thus, in the S/G2 phase, individual FAs of the same
size exerted relatively less force.

Previous work has shown that the density of stresses is depen-
dent on the shape of the cell and the location of focal adhesions
(Han et al., 2012; Oakes et al., 2014). Here, the specific biochemical
inhibition of FAK activity (Figure 4A) greatly reduced the levels of
paxillin phosphorylation detected at individual FAs and in all cell
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FIGURE 3: Paxillin phosphorylation and force transmission. (A) Cell cycle-dependent variation of paxillin
phosphorylation at focal adhesion sites. (B) Global variation of paxillin phosphorylation during the cell cycle progression
of Hela Fucci2 cells. **p < 0.01, ***p < 0.001. Correlation between force transmitted by individual focal adhesions and
corresponding total focal adhesion size (C) and size of phosphorylated paxillin signal (D). Red, yellow, and green dots
represent individual focal adhesions detected in G1, early S, and S/G2 cells, respectively. Lines of corresponding colors
represent the linear fit to each data set. For panels A, C, and D, n = number of individual focal adhesions from seven
independent experiments. For panel B, n = number of cells and n’ = number of independent experiments.

cycle phases (Supplemental Figure S7). However, it did not perturb
the overall size and number of integrin contacts (Supplemental
Figure S8). Consistently, the average tractions transmitted to the
substrate dropped significantly in all analyzed cells (Figure 4B). To
further demonstrate that paxillin phosphorylation is necessary for
the modulation of force transmission to the substrate during the cell
cycle, the force analysis was extended to Hela Fucci2 cells trans-
fected with wild type (WT) and with nonphosphorylatable (Y2F) or
phosphomimetic (Y2E) paxillin mutants (Zaidel-Bar et al., 2007).
Cells expressing either paxillin mutant displayed decreased average
traction (as compared with the WT control) in the G1 phase. More-
over, Y2F mutants exhibited a reduction of average traction in the
early S phase, while Y2E mutants exhibited a reduction in the S/G2
(Figure 4C). Altogether, these data indicate that the mechanical
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maturation of integrin contacts is supported by FAK-mediated paxil-
lin phosphorylation regulating FA turnover. This process culminates
in the G1 phase, thus colocalizing in space and time with higher
transmission of actomyosin-mediated contractility.

To assess whether the cell cycle-dependent variation of force
transmission to the substrate is a feature of epithelial cancer cells
beyond the type already examined, we extended our analysis to
highly metastatic human breast cancer cells MCF-7 and their tamox-
ifen-resistant (TamR) offspring (MCF-7 TamR; Figure 5). tamoxifen is
a widely used drug in chemotherapies against hormone-dependent
breast carcinoma (Chang, 2012). The molecule interacts competi-
tively with the estrogen receptors on cancer cells, thereby blocking
the estrogen activity (Harvey et al., 1999). Lack of estrogen stimula-
tion halts cell cycle progression and directs cells toward apoptosis.

Molecular Biology of the Cell



A B
n’=3
trl PF-228 §251 = x
= c 11
phospho FAK (Tyr 397) i é
G 15
— total FAK 3 VL 77 @
’_
20.5 1
©
g R - g
Actin < O7 G [pr2z8] ow [PFozs| o |prozs
G1 early S SIG2
Ng,= 22 N, =24 Ny~ 24
C
6 . n'=4
n=107
,&; *k *k
<4 L
c
S
B
Y
|_
2RI ii B
()]
[0
: Z I
>
3
04
wrt [Y2E] YoF | wr |Y2E [Y2F | wt [Y2E|Y2F
G1 early S S/IG2
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Interestingly, tamoxifen treatment arrests WT MCF-7 cells in G1
(Otto et al., 1996). TamR MCF-7 cells are insensitive to the above-
mentioned effects of the drug. In addition, they are characterized by
dysregulated cell cycle progression and apoptotic pathway, which
contribute to their survival under long-term tamoxifen treatment
(Huber-Keener et al., 2012).

WT and TamR MCF-7 stably transfected with the Fucci2 sensor
were generated by viral infection (see Materials and Methods). The
introduction of the Fucci sensor did not affect the cell cycle duration
of either cell type (Figure 5A). When compared, the two cancer
strains displayed a significantly different cell cycle dynamic (Figure
5, A and B). In the absence of tamoxifen treatment, WT MCF-7 were
characterized by faster proliferation (average cell cycle duration 27.3
and 32 h for MCF-7 WT and TamR, respectively; Figure 5A). In par-
ticular, WT cells lingered relatively longer in G1 and showed re-
duced permanence in all other cell cycle phases (Figure 5B). This
observation indicates a delayed progression from the G1 to the S
phase, consistent with the previously reported proliferative anoma-
lies (Ward et al., 2012).

We aimed at investigating the dosage-dependent effect of
tamoxifen (4-hydroxytamoxifen on ethanol vehicle) treatment on the
Fucci transfected MCF7 strains, by means of live microscopy for a
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total period of 84 h. As expected (Sutherland et al., 1983; Ward
et al., 2012), the two strains had different responses to the drug
(Supplemental Figure S9). Treatment with a 5-uM dosage of 4-hy-
droxytamoxifen induced the apoptosis of WT MCF7, while the TamR
population remained stable. In both strains, upon treatment with
the drug, surviving cells accumulated in the G1 phase of the cell
cycle. A dosage increase to 10 pM caused faster apoptosis in the
WT population, while no significant change was detected in TamR
cells. Again, in both strains, the remaining cells mostly populated
the G1 phase. Finally, a dose of 20 uM of 4-hydroxytamoxifen was
cytotoxic for both strains, with rapid cell death starting after 1 d of
exposure.

In both strains, the phase-resolved profiles of forces transmitted
to the cTFM were obtained from complete cell cycle analyses of indi-
vidual cells (Figure é). The resulting trends reproduced the phase-
dependent dynamics measured for Hela Fucci2 cells (Figure 1). In
particular, the absolute total force peaked in the G1 and early S
phases for the WT (Figure 6, A and D). A significant drop in force
transmitted in the late S/G2 phase was detected both in WT MCF-7
and in TamR cells. Effects of traction upon cell cycle progression were
obtained by integrating the corresponding cell spreading dynamics
(Figure 6, C and F) and confirmed the presence of a peak in G1 for
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experiments.

both cell strains. Altogether, these data contribute to establishing the
presence of a periodic variation of traction forces exerted by cancer
cells on the substrate during their proliferative cycles. In addition,
they individuate the G1 phase as the most mechanically intense, dur-
ing which the cells are able to impart the highest levels of force at the
interface with the surrounding extracellular environment.

To assess whether this finding is linked to a specific phenotype in
MCEF-7 cells, we performed two independent evaluations of cell in-
vasiveness. The Boyden chamber assay (Figure 7A; Kleinman and
Jacob, 2001) revealed a more efficient pervasive invasion of TamR
MCF-7 cells than of the WT population. This difference was further
increased by the addition of 10 pM of tamoxifen. The drug treat-
ment almost completely ablated the pervasive invasion of WT cells
while showing a minor effect on the invasion of the resistant coun-
terpart. In addition, a 2D invasion assay was performed to evaluate
cell migration within a dense array of vertical obstacles generating
narrow constrictions (Corallino et al., 2018). The patterned area was
planar and conducive to live-cell microscopy, thus allowing the de-
tection of pervasive migration and the concomitant resolution of the
cell cycle phase (Figure 7, B-E). Directional movements were pro-
nounced in the G1 phase in both WT and TamR MCF-7 cells, yield-
ing more efficient advance in the dense array of vertical obstacles in
this phase of the cell cycle. Enhanced invasiveness in G1 was also
measured upon treatment with tamoxifen, which induced, however,
an overall reduction of cell motility.

In summary, the results presented here demonstrate a significant,
periodic variation of tractions transmitted to the substrate by prolif-
erating cancer cells. Force transmission in correspondence with inte-
grin contacts is low immediately after division, a phase in which focal
adhesions are not yet fully reassembled. A rapid increase in transmit-
ted forces is detected in the G1 and early S phases. The mechanical
activity of cells changes trend in the S/G2 phase, during which trans-
mitted forces are reduced. These measurements obtained on differ-
ent strains of human epithelial cancer are in line with what reported
for nontransformed epithelial cells from the human retina (RPE-1;
Vianay et al., 2018), indicating that this pattern of mechanical activity
may be a conserved feature beyond the analyzed cell types.

It is generally accepted that cell-generated tractions increase
with cell spreading. Therefore, cells with a larger surface should

2534 |

M. Panagiotakopoulou et al.

5607 1
340' 550_ —I—
c 35 ; ®
S 77 g
[0 4 © B
é 30 940
[S]
251 >
S 8301
& 207 K
8 151 220+
~ ©
o] ©
o 10 , & 10
5 - B
0 74 | 0] %

early S SIG2
cell cycle phase

MIG1 G1

sumption is confirmed by the correlative anal-
ysis of individual cells over the entire cell cy-
cle. However, the correlation is not linear, as
the two cellular activities, force transmission
and spreading, follow different dynamics. In
fact, the density of transmitted forces is maxi-
mal in G1. During this phase, cancer cells are
able to exert tractions concentrated on a lim-
ited surface, a behavior that may be condu-
cive to higher efficiency in the penetration of
complex environments requiring a major de-
formation of the cell nucleus (Denais et al.,
2016; Panagiotakopoulou et al., 2016; Paul
etal., 2017; Green et al., 2018).

Finally, the use of a recently developed
reference-free approach (Bergert et al., 2016)
to monitor the mechanical activity of cells dur-
ing their progression in the cell cycle offered
the possibility of investigating the role of focal
adhesion maturation. The involvement of
FAK-mediated paxillin phosphorylation is
supported by the direct spatial and temporal
covariance between the protein activity and the local variation of
traction forces transmitted to the substrate. Using this experimental
framework, future analysis may reveal the full mechanism linking cell
migration, proliferation, and force transmission.

MATERIALS AND METHODS

Confocal traction force microscopy

Substrate traction was measured using cTFM substrates with red-
emitting QDs with an interdisc spacing of 2 pm (Bergert et al., 2016).
After being coated with fibronectin, adhering cells generated defor-
mations of the substrate, which were captured as distortions of the
fluorescent nanodisc array. The subpixel detection of the QD nano-
disc center was followed by computational reconstruction of the tri-
angular mesh. From the displacement field, the surface tractions were
reconstructed using FEA, as previously reported (Bergert et al., 2016).

Absolute force per adhesion calculation

The absolute force per adhesion was determined based on three
elements: the focal adhesion area (pixels in an image belonging to
an individual adhesion), the overall traction forces, and the conver-
sion from pixels to micrometers. To determine the area of the adhe-
sions, a threshold was applied to the paxillin signal as previously
reported in (Bergert et al., 2016). This yielded the positions and
sizes of individual adhesions, as well as a list of pixels belonging to
each of them. For the calculation of the forces per adhesion, traction
forces acquired from the FEA were interpolated onto a quadratic
grid corresponding to the pixels in the paxillin image. For each
pixel, the Euclidean norm of the traction was calculated. Based on
the adopted magnification and the pixel size of the microscope
camera, the actual pixel’s size (in micrometers) was defined. Finally,
traction magnitudes multiplied by the area of one pixel were
summed for all the pixels within the adhesion area to compute the
absolute force per adhesion.

Cell lines and culture conditions

MCF-7 WT and tamoxifen-resistant cells, a kind gift of Stefan
Wiemann (German Cancer Research Center, Heidelberg, Germany),
have been extensively characterized previously (Jurmeister et al.,
2012; Ward et al., 2012; Bonnans et al., 2014). HelLa Fucci2 cells
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FIGURE 6: Cell cycle-dependent force transmission in MCF-7 cells. (A, D) Phase-resolved dynamics of absolute forces
during cell cycle progression for WT (A) and TamR (D) MCF-7 cells, respectively. (B, E) Corresponding dynamics of cell
spreading over the cell cycle. (C, F) Tractions transmitted to the substrate during individual cell cycles for WT (left) and
TamR cells (right), respectively. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n = number of cells from four
independent experiments per cell line variant and n”= number of independent experiments.

stably expressing a Fucci construct (Sakaue-Sawano et al., 2008)
were purchased from Riken Bioresource Center (Japan) and previ-
ously characterized (Panagiotakopoulou et al., 2016).

MCF7 and MCF7-TamR cells expressing the Fucci reporter sys-
tem were obtained by lentiviral infection of mKO2-hCdt1(30/120)
and mAG-hGem (1/110) probes (Sakaue-Sawano et al., 2008). Hela
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cells were maintained in DMEM (Sigma-Aldrich, St. Louis, MO) sup-
plemented with 100 U/ml penicillin, 100 pg/ml streptomycin, and
10% fetal bovine serum (FBS) at 37°C under a 5% CO, humidified
atmosphere. WT and TamR MCF-7 cells were maintained in DMEM
phenol red free medium (Sigma-Aldrich, St. Louis, MO) supple-
mented with 100 U/ml penicillin, 100 pg/ml streptomycin, and 10%
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FIGURE 7: Migratory and invasive phenotypes of MCF7-WT and MCF7-TamR cells. (A) Comparison of invasion capacity
of WT and TamR MCF-7 cells, with and without tamoxifen, using a Boyden chamber-based invasion assay. The results
come from three independent experiments, each performed in triplicate. **p < 0.01, ****p < 0.0001. (B) Migratory
properties of MCF7-WT and MCF7-TamR cells in a 2D invasion assay. ***p < 0.001. n = number of cells and n' =
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(D) Scanning electron microscope pictures (top panel, top view; bottom panel, side view) of the pillar array. (E) Merged
transmission and fluorescent pictures from the live microscopy experiments.

FBS at 37°C under a 5% CO, humidified atmosphere. Cells were
routinely analyzed by reverse transcriptase-PCR for mycoplasm
contamination.

Lentiviral production and infection

HEK293T packaging cells (1 x 10%) in a 10-cm (diameter) dish were
transfected with equimolar ratios of pMD2, psPAX2 (Invitrogen),
and Fucci expression vectors. Transfection was performed with
LipofectAMINE 3000 (Invitrogen) in OPTIMEM in accordance
with the manufacturer’s instructions. After transfection, cells were
incubated for 18 h, and then the medium containing the transfec-
tion reagent has been removed and replaced with fresh culture
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medium. After 24 h, culture medium containing lentiviral particles
was collected and passed through a 0.45-um filter, 8 pg/ml poly-
brene was added, and the culture was immediately used to infect
the target cells.

Live microscopy

Cell cycle movies were acquired using an inverted Nikon-Ti wide-
field microscope (Nikon, Japan) equipped with an Orca R-2 CCD
camera (Hamamatsu Photonics, Japan) or a Nikon-Ti spinning disk
confocal microscope (Nikon, Japan) equipped with an Andor DU-
888 camera (Oxford Instruments, United Kingdom), both with an
incubation chamber (Life Imaging Services, Switzerland) to control
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temperature, CO5, and humidity. Images were collected using a
40x objective (Plan Fluor 40x Oil DIC H N2). Multiple nonoverlapping
fields capturing all positions with quantum dots were recorded in
parallel (AT =1 h, total duration ~30 h for Hela Fucci and ~48 h for
MCF7).

At each time of measurement, a transmission and two fluores-
centimages of the nuclei of the cells were acquired using differential
interference contrast (DIC), an FITC (fluorescein isothiocyanate) filter
set, and a TRITC (tetramethylrhodamine isothiocyanate) filter set.
Focal drift during the experiments was avoided using the autofocus
system of the microscope.

For the analysis of the effect of tamoxifen on the phase partition
and viability of the cells, cells were seeded in the presence of 4-hy-
droxytamoxifen in ethanol solvent (Sigma-Aldrich, St Louis, MO) or
ethanol solvent control.

Image analysis

Cell cycle duration was quantified as the time between birth and
division of the same randomly chosen cell. The cell cycle phase of
Fucci2 transfected cells was determined from the ratio of the abso-
lute intensities of red and green fluorescence of the nucleus. Abso-
lute intensities were calculated by subtracting the intensity of the
background from the relative intensity of the nucleus, both mea-
sured in ImageJ. Transparent cells (M/G1) were distinguished from
the rest of the population because their relative intensity was equal
to that of the background.

For the quantification of cell adhesions during the cell cycle,
cells were seeded on cTFM substrates, incubated overnight
(O/N), and stained for paxillin and phosphorylated paxillin (see
Immunofluorescence).

Fluorescent Z-stacks of the signals emitted by the focal adhe-
sions (A Z= 0.3 pm) were collected using a Nikon-Ti spinning disk
confocal microscope (Nikon, Japan) equipped with an Andor DU-
888 camera (Oxford Instruments, United Kingdom). Focal adhesions
(total paxillin) were quantified as described in the paper by Horzum
et al. (2014). After the regions of interest (ROIs) of all adhesions were
registered, the phosphorylation amount per adhesion was calculated
by dividing the area of the total paxillin ROl of each adhesion site by
the area of the phosphorylated paxillin ROI. A designated Matlab
script was used to colocalize the ROls of total and phosphorylated
paxillin that belonged to the same adhesion site by comparing their
centroid coordinates.

Immunofluorescence

Cells were fixed with 4% paraformaldehyde in phosphate-buffered
saline (PBS) for 10 min at room temperature (RT) and permeabilized
via incubation in 3% paraformaldehyde with 0.1% Triton in PBS for
5 min. After being blocked with 5% bovine serum albumin (BSA) in
PBS for 2h, samples were incubated at 4°C O/N with monoclonal
primary antibodies.

The following commercial antibodies were used: mouse anti-
paxillin, BD Bioscience (#610051), dilution: 1:200 (van de Water
et al., 2001) and rabbit anti-paxillin Tyr118, Cell Signaling (#2541S),
dilution: 1:200 (Mekhdjian et al., 2017). Secondary antibodies Alexa
Fluor 647 chicken anti-rabbit (LifeTechnologies #A-21443) or Dy-
Light 405 donkey anti-mouse (Javkson Immunofluorescence) were
used at 1:200 for 1h at RT.

FAK inhibition

Hela cells were treated O/N with 10 uM of FAK inhibitor PF-573228
(Slack-Davis et al., 2007; SIGMA Aldrich) diluted in dimethyl sulf-
oxide (DMSO). The control samples were incubated with the
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same amount of DMSO. After the treatments, cells were immedi-
ately processed for immunofluorescence and Western blotting
analyses.

Plasmids and transfection

YFP-paxillin WT and two YFP-phosphorylation mutants, in which
both tyrosine 31 and 118 were replaced either by glutamic acid
(Y2E, phosphomimetic) or by phenylalanine (Y2F, nonphosphorylat-
able), were a generous gift of Benjamin Geiger (Weizmann Institute
of Science; Zaidel-Bar et al., 2007). Transfection was performed
using Lipofectamine 3000 (Invitrogen) in accordance with manufac-
turer’s instructions and transfected cells were selected with 800 pg/
ml G418.

Invasion assay
The invasive potential was tested using Transwell chambers (pore
size 8 um; Corning, Corning, NY) precoated with fibronectin (100
pg/ml; Sigma-Aldrich). Briefly, MFC7 WT and MCF7 TamR cells (5
x 10% cells/well) in 100 pl of serum-free DMEM were placed in the
upper chamber, and 600 pl of culture medium containing 10% FBS
was added to the lower chambers as a chemoattractant, in the pres-
ence or absence of tamoxifen (10 pM). After being incubated for 24
h, the cells remaining on the upper membrane were carefully wiped
off with cotton swabs, while the cells that had invaded through
the membrane were fixed in 4% paraformaldehyde and stained
with 4’,6-diamidino-2-phenylindole (DAPI). The stained cells were
imaged and counted from five random visual fields/experiment.
For the experiments with tamoxifen,10 uM tamoxifen was added
24 h prior to starting.

Cell migration through the pillar array
The array of pillars was fabricated with two-photon polymerization
on glass substrates, as previously reported in Corallino et al. (2018).
The structure consisted of two components: a dense micropillar
array and gratings with ridges of depth 1 ym and width 1 ym. The
structure components were designed using CAD software (Au-
todesk Inventor, Autodesk). The interpillar distance was set to
2.5 pm after parametric testing of various dimensions to ensure the
mechanical constriction of the cells during their migration through
the array. The pillar thickness was set to 2.5 pm to provide the neces-
sary mechanical stability to the structure. The structural elements of
the pillars and barriers (mesh slicing and hatching) and the printing
parameters of the whole structure (laser power, scan speed) were
designed with the program DeScribe v.2.4.4 (Nanoscribe GmbH),
which creates a file readable by the laser lithography system. The
sample fabrication was completed with a 3D laser lithography
system (Photonic Professional GT, Nanoscribe GmbH, Germany)
used in conventional oil-immersion mode. This involved passing a
two-photon laser (780-nm laser, laser power 12.5mW, scan speed
800 pm/s) from a x63 objective lens through a layer of oil beneath
the glass substrate, polymerizing the photoresist on the top side of
the glass substrate. The photoresist chosen was a biocompatible
organic—inorganic hybrid polymer (Ormocomp, MicroResist Tech-
nology GmbH). The resist was drop-cast on the glass substrates and
prebaked at 80°C for 2 min. After laser writing, the resist was baked
at 130°C for 10 min, developed in OrmoDev developer (MicroResist
Technology GmbH) for 10 min to remove the unpolymerized resist,
and rinsed in isopropanol (IPA), followed by drying in a critical point
dryer (Automegasamdri R 915B, Tousimis).

The glass substrate with the microstructures printed on top was
attached on the self-adhesive underside of a commercially available
microfluidic chamber (sticky-Slide Chemotaxis, Ibidi), with the

2537

Force transmission in cancer cells |



micropillar array placed in the middle area. The chamber was filled
with 70% ethanol for 1h for sterilization and washed three times with
1x PBS for 5 min, and substrates were coated with 0.01% poly-L-
lysine (PLL; Sigma) according to the manufacturer’s specification. Af-
terward, poly-L-lysine was gradually replaced with 1x PBS and finally
with cell medium. Cells (10%) were seeded from the inlets of the cell
pool area (Figure 7C) and were gently distributed over the cell pool
area, with attention that they did not float over the pillars. The
chambers were incubated O/N at 37°C and once the cells were
spread, cell motion was recorded using a Nikon-Ti spinning disk
confocal microscope (Nikon, Japan) equipped with an Andor
DU-888 camera (Oxford Instruments, United Kingdom) with a 20x
objective over a 40-h period, with pictures taken every 30 min. All
the assays were performed using an environmental microscope in-
cubator set to 37°C and 5% CO, perfusion. For the experiments
with tamoxifen,10 pM tamoxifen (4-hydroxytamoxifen on ethanol
vehicle) was added 24 h prior to imaging.

The velocity of the cells was quantified using the particle tracking
algorithm of Imaris (Bitplane Scientific Software, Switzerland). Time-
lapse videos were uploaded into Imaris, and the voxel size and time
interval were adjusted before particle tracking.

For the quantification, the component of the velocity that was
parallel to the gratings and perpendicular to the pillar forest was
taken.

Western blotting

Total proteins were extracted by solubilizing Hela cells in boiling
Laemmli buffer (2.5% SDS and 0.125 M Tris-HCI, pH 6.8). Lysates
were incubated for 5 min at 100°C to allow protein denaturation and
then spun for 5 min at 13,200 rpm to discard cell debris. Superna-
tants were collected and the concentration of proteins was
determined using a BCA Protein Assay Kit (Pierce) according to
manufacturer’s instructions. An equal amount of proteins (30 pg) was
loaded on gel and separated by SDS-PAGE, transferred to a Protran
nitrocellulose hybridization transfer membrane (pore size 0.2 pm;
Whatman), and blocked for 1 h at RT in 1X TBST (150 mM NacCl,
10 mM Tris-HCI, pH 7.4, and 0.05% Tween)-5% BSA. The mem-
branes were incubated O/N at 4°C with primary antibodies diluted
in 1x TBST-5% BSA.

The following primary antibodies were used: FAK (Rb polyclonal
1:1000, 3285S Cell Signaling; Cho et al., 2017) and p-FAK Y397 (Rb
polyclonal 1:1000, 3283S Cell Signaling; Cho et al., 2017). Next,
they were rinsed three times with 1x TBST for 5 min each and incu-
bated for 1 h at RT with horseradish peroxidase-linked secondary
antibodies (diluted in 1x TBST-5% BSA). Membranes were rinsed
three times with TBST for 5 min each, and specific binding was
detected by an enhanced chemiluminescence (ECL) system (Amer-
sham Biosciences) using Hyperfilm (Amersham Biosciences). The
molecular masses of proteins were estimated relative to the elec-
trophoretic mobility of the cotransferred prestained protein marker
Broad Range (Cell Signaling Technology).

Statistical analysis

Boxes in all box plots extend from the 25th to the 75th percentile,
with a line at the median and a square representing the mean.
Whiskers extend to the SD of the data. Data were analyzed, tested
for statistical significance, fitted, and visualized using Origin or
Matlab (The MathWorks). The total number of recorded events from
three or more independent experiments is shown in the top or
bottom right-hand corners of the presented graphs. The Shapiro—
Wilk test was used to test for normality of data. For nonnormal
distributed data, a nonparametric Kolmogorov-Smirnov test was
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performed (o = 0.05). Significant differences between slopes in-
cluded in Figure 3 were calculated using the Akaike information
criterion and F-test analysis.
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