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Abstract
Introduction—Metastasis is a fundamentally physical process
in which cells deform through narrow gaps and generate
forces to invade surrounding tissues. While it is commonly
thought that increased cell deformability is an advantage for
invading cells, we previously found that more invasive
pancreatic ductal adenocarcinoma (PDAC) cells are stiffer
than less invasive PDAC cells. Here we investigate potential
mechanisms of the simultaneous increase in PDAC cell
stiffness and invasion, focusing on the contributions of
myosin II, Arp2/3, and formins.
Method—We measure cell invasion using a 3D scratch
wound invasion assay and cell stiffness using atomic force
microscopy (AFM). To determine the effects of actin- and
myosin-mediated force generation on cell stiffness and
invasion, we treat cells with pharmacologic inhibitors of
myosin II (blebbistatin), Arp2/3 (CK-666), and formins
(SMIFH2).
Results—We find that the activity of myosin II, Arp2/3, and
formins all contribute to the stiffness of PDAC cells.
Interestingly, we find that the invasion of PDAC cell lines
is differentially affected when the activity of myosin II, Arp2/
3, or formins is inhibited, suggesting that despite having
similar tissue origins, different PDAC cell lines may rely on
different mechanisms for invasion.
Conclusions—These findings deepen our knowledge of the
factors that regulate cancer cell mechanotype and invasion,
and incite further studies to develop therapeutics that target

multiple mechanisms of invasion for improved clinical
benefit.

Keywords—Mechanobiology, Cytoskeleton, Pancreatic duc-

tal adenocarcinoma, Cell stiffness, Arp2/3, Formins, Trac-

tion forces, Cell motility.

INTRODUCTION

Cell physical phenotypes, including deformability,
adhesion, and contractility, are critical in cancer cell
invasion.4,108,112 The physical phenotypes of tumor
cells may also be implicated in many steps of metas-
tasis: to spread to distant sites, cells are required to
invade into the extracellular matrix, intravasate, and
extravasate, which all require movement through mi-
cron-scale pores smaller than the diameter of a single
cell.42,108 Physical phenotypes of cancer cells, such as
deformability and adhesion, are emerging as label-free,
complementary biomarkers for cancer diagnosis.101

Since the proteins and pathways that regulate cell
physical phenotypes also contribute to cell inva-
sion,4,108,112 mechanotransduction,14,36,40,85,113 and
chemoresistance,104 understanding the molecular
mediators of physical phenotypes can provide mecha-
nistic insight into cancer progression and new thera-
peutic strategies. For example, cellular contractile
force generation is mediated by Rho-associated protein
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kinase (ROCK). Treatment with the ROCK inhibitor
Fasudil reduces invasion in vitro and metastasis
in vivo.115,122 Fasudil also decreases the physical ten-
sion within the tumor to increase tumor porosity and
improve chemotherapy access.104 A deeper knowledge
of the relationship between cell physical phenotypes
and clinically relevant cell behaviors, such as invasion,
could enable identification of new therapeutic strate-
gies to improve patient outcomes.

The mechanical phenotype, or mechanotype, of cells
is a physical property that includes cellular deforma-
bility, which is the ability of cells to resist shape
changes in response to physical forces, and cellular
contractile forces, or the magnitude of physical forces
cells generate. Mechanotype is emerging as an impor-
tant property of cancer cells that can change during
cancer progression and shows strong associations with
in vitro measurements of cell inva-
sion,15,25,43,56,61,74,112,116 which reflect the ability of
cells to metastasize in vivo.39 A frequently observed
trend is that more invasive tumor cells are more de-
formable, which has been shown across prostate,
ovarian, and breast cancer cell lines in vitro,15,25,56,112

as well as tumor cells of human breast biopsies
in situ.51,68 Increased deformability enables cells to
transit more easily through narrow gaps,32,81 and may
therefore provide a selective advantage in metastasis.
Conversely, cells with decreased cellular and nuclear
deformability are more likely to occlude narrow
gaps32,81 and tend to exhibit reduced inva-
sion.18,72,95,112 However, there are examples where
more invasive cells are stiffer, including lung cancer
cells,116 pancreatic ductal adenocarcinoma cells
(PDAC),61 and cancer cells with increased beta-
adrenergic signaling.43 Despite multiple examples of
stiffer cells being more invasive, it remains poorly
understood what factors contribute to the simultane-
ous increase in cell stiffness and invasion that is
observed in some cell types. With a greater
understanding of why stiffer cells are more invasive, we
could advance mechanotype as a clinical biomarker
and gain insights into novel therapeutic targets.

Cells are complex, dynamic materials, and cellular
mechanotype is determined by both intrinsic and
extrinsic factors. Intrinsic determinants of cell
mechanotype include levels of mechanoregulating
proteins, such as cytoskeletal actin8,9 and nuclear
lamins,80,96 as well as the organization of higher order
structures formed by these proteins such as actin fila-
ments. Cell mechanotype is also determined by the
forces that cells generate in response to extrinsic fac-
tors, such as soluble molecules, the mechanical stiffness
of the extracellular matrix, and the balance of intra-

cellular tension across cell–matrix structures and focal
adhesions.107,121 The intrinsic and extrinsic factors that
determine cell physical properties also mediate cell
motility and invasion.11,30,55,77 For example, actin is a
key structural protein that is also crucial in dynamic
cellular behaviors, such as the generation of physical
forces through the conversion of ATP into mechanical
energy. We previously investigated if stiffer PDAC
cells are more invasive because they have higher levels
of actin.61 However, we found no significant differ-
ences in the levels of beta-actin or filamentous (F-)actin
across cell lines with varying stiffness and invasive
potential. Another possible origin of the increased
stiffness of more invasive cells could be the actin-de-
pendent force generation that can influence both cell
stiffness8,9,26,95 and invasion.29,37,69 Reducing acto-
myosin contractility by pharmacologic inhibition of
myosin II results in decreased cell migration and
invasion,37,69 as well as decreased stiffness of fibrob-
lasts and ovarian cancer cells.9,95 The protrusive forces
generated by actin polymerization and branching,
which are mediated by the Arp2/3 complex and for-
mins, such as diaphanous proteins, are also critical for
certain modes of cancer cell invasion. Reducing the
activity of Arp2/3 and formins diminishes the forma-
tion of structures involved in motility and invasion
such as lamellipodia and invadopodia,31,93,114 and de-
creases the invasion of head and neck squamous cancer
cells.29 The activity of Arp2/3 and formins also con-
tribute to cancer cell mechanotype.28 Thus, we
hypothesize that actin-mediated force generation,
which is largely regulated by the activity of myosin II,
Arp2/3, and formins, contributes to the simultaneous
increased invasion and stiffness of cancer cells.

Here we test the hypothesis that more invasive
cancer cells are stiffer than their less invasive counter-
parts due to the activity of myosin II, Arp2/3, and
formins. We use a panel of PDAC cell lines as a model
system, as they have well-defined mechanotypes and
invasive potential61; this allows us to investigate fac-
tors that contribute to stiffer cells being more invasive
across cell lines that have similar tissue origin.17 We
measure cell stiffness using atomic force microscopy
(AFM) and invasion using a 3D scratch wound inva-
sion assay, with and without pharmacological inhibi-
tion of myosin II, Arp2/3, and formin activity. To
develop a more integrated knowledge of PDAC cell
invasion, we also measure cellular traction forces and
the activity of matrix metalloproteinases (MMPs). Our
findings reveal that myosin II, Arp2/3, and formins
differentially contribute to cell stiffness and invasion in
a cell-type dependent manner.
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EXPERIMENTAL METHODS

Cell Culture

Pancreatic ductal adenocarcinoma (PDAC) cell lines
(Hs766T, MIA PaCa-2, and PANC-1) are from the
American Type Culture Collection (ATCC). Cell lines
were authenticated using the Promega powerplex16
System recommended by ATCC within 1 year of these
experiments. Cells are cultured at 5% CO2 and 37 �C in
high glucose, L-glutamine Dulbecco’s Modified Eagle
Medium (DMEM) (Life Technologies) with 10% fetal
bovine serum and 1% v/v penicillin–streptomycin
(Gemini BioProducts). To inhibit myosin II, Arp2/3,
and formins, cells are treated with 20 lM, or 50 lM of
blebbistatin, CK-666, and SMIFH2; vehicle control is
DMSO-treated (0.5% w/w). For AFM and micropillar
experiments, cells are treatedwith drugs for 30 min prior
to measurement. For scratch-wound invasion experi-
ments, cells are treated with drugs for the duration of
each experiment starting at t = 0 h. To inhibit matrix
metalloproteinases (MMPs), we treat cells for 48 h with
10 or 25 lM GM6001 prior to measurement of MMP
activity levels; for 3D invasion assays, cells are treated
with GM6001 for the duration of the experiment.

Gene Expression and Bioinformatics Analysis

To analyze gene expression, we use publicly avail-
able RNA-seq data for Hs766T, MIA PaCa-2, and
PANC-1.3 Using STAR v.2.4.2a,19 we align RNA se-
quence reads to the human reference genome (hg38)
with Ensembl v.82 transcriptome annotations. STAR
is run with the following parameters: minimum/maxi-
mum intron sizes are set to 30 and 500,000; non-
canonical, unannotated junctions are removed;
maximum tolerated mismatches is set to 10; and the
outSAMstrandField intron motif option is enabled. To
quantify per sample read abundances we use the Cuf-
fquant command included with Cufflinks v.2.2.1,100

with fragment bias correction and multiread correction
enabled. All other options are set to default. Finally,
fragments per kilobase of exon per million fragments
mapped (FPKM) are calculated using the Cuffnorm
command with default parameters. We use these
FPKM values to compare expression levels of genes
whose protein products are implicated in regulation of
cell mechanical properties.16,23,54,91,96,118 We compare
arbitrary gene expression values across the 3 cell lines.

Atomic Force Microscopy (AFM)

To measure cell stiffness, AFM is performed as
previously described61 using the MFP-3D-BIO system
(Asylum Research, Oxford Instruments). Cells are

probed with the ‘‘C’’ tip of an MLCT probe (Bruker),
which has a nominal spring constant of 0.01 N/m. The
exact spring constant for each probe is calibrated be-
fore each experiment by indenting clean glass and the
spring constant is calculated by the thermal noise
method. Force–distance curves are acquired by
indenting the cytoplasmic region of 20 to 30 cells for
each cell line and drug treatment. Approach and re-
tract speeds for all experiments are 5 lm/s. The elastic
modulus for each cell is determined by fitting force–
distance curves to the Hertz–Sneddon model using
Asylum Research software. Experiments were carried
out at 37 �C.

3D Scratch Wound Invasion and Proliferation Assays

We perform invasion and proliferation assays using
the IncuCyte time-lapse imaging system (EssenBio-
science). To measure cell invasion through a 3D ma-
trix, we perform scratch wound invasion assays with
Matrigel to simulate the ECM. We plate cells in the
wells of a 96-well plate at 95% confluency, create a
scratch wound (EssenBioscience WoundMaker),
overlay the scratch with 8 mg/mL Matrigel (Corning),
and acquire phase contrast images every 4 h for 120 h
at 5% CO2 and 37 �C (IncuCyte Zoom). We determine
the confluence of cells in the wound area at each time
point using quantitative image analysis (Essen Bio-
science). Since wound confluence may be influenced by
cell proliferation, we also measure percent confluence
by sparsely plating cells (20% confluency) and
acquiring phase contrast images every 2 h for 120 h. To
quantify the number of protrusions at the invasion
front, the length of each invasion front is measured
using the free hand tool of ImageJ.

Cell Rounding Assay

To determine the timescale of cell rounding, which
is an indicator of myosin II activity, we measure the
rate of change in projected cell area after trypsiniza-
tion. We plate cells to 40% confluency in a 60 mm
petri dish coated with 100 lg/mL Matrigel (overnight
at 37 �C), wash twice with 1X phosphate buffered
saline (Corning), and then treat with 19 trypsin–
EDTA to induce cell rounding (Gemini BioProducts).
To quantify changes in cell shape during rounding, we
acquire images every 10 s starting immediately before
trypsin–EDTA is added (t = 0 s). We assess cell
rounding by measuring cell area at each time point
using a custom MatLab (Mathworks) script. To
determine the rounding time constant, we fit a boun-
ded exponential growth model to our data since the
normalized area grows from the origin and reaches an
asymptote. We use the form:
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NA ¼ NAfð1� expð�t=sÞÞ;

where NAf is the asymptotic normalized area (i.e. the
final area), t is the time in seconds, and s is the time
constant.

Micropillar Traction Stress Assay

To quantify cellular traction stresses, we use a
micropillar assay.99 We fabricate PDMS micropillars
as previously described110 and embed gold micro-disks
in the top of each pillar to facilitate darkfield imaging
with a 20x objective (NA 0.5). We image 10 regions of
the pillar array before cell seeding. After seeding for
20 h, we treat cells with drugs (30 m), and fix the cells
with 4% paraformaldehyde for 15 min at 37 �C. To
delineate cells, we label the plasma membrane with
wheat germ agglutinin (WGA), Alexa Fluor 488 con-
jugate (Invitrogen). The same 10 regions of the
micropillar devices are then imaged using fluorescence
microscopy (Zeiss Axiovert A1) equipped with a 20x
objective (NA 0.5) to identify pillars occupied by cells,
and darkfield microscopy to track the displacement of
the gold-tipped pillars. The traction force, F, exerted
by a cell on a single pillar is determined by:

F ¼ 4

3
pE

r4

L3
Dx;

where E is the elastic modulus of the pillar (2.0
MPa111), r is the radius of the pillar (measured to be
0.875 lm), L is the height of the pillar (measured to be
6.5 lm), and Dx is the horizontal displacement of the
pillar between t0 and tmeasured.

Matrix Metalloproteinase (MMP) Activity Assay

To measure the activity of MMPs, we use the MMP
Activity Assay (Fluorometric—Red, abcam). In brief,
we retrieve 90 lL of conditioned media from each well
of a 96-well plate, in which cells are at ~30% conflu-
ency after 18 h of culture. Media is transferred to the
wells of a black-walled, clear-bottom 96-well plate
(Greiner BioProducts). Absorbance at 540/590 nm is
measured on a Molecular Devices Flexstation at
90 min after the addition of the MMP substrate.

Statistical Analysis

All data are obtained from at least three indepen-
dent experiments. For data with normal distributions,
we determine statistical significance using a Student’s t
test (Excel, Microsoft). For data that exhibit a non-
normal distribution, use the Mann–Whitney U test to
determine statistical significance (OriginLab).

RESULTS

To investigate the relationship between cell stiffness,
invasion, and the activity of myosin II, Arp2/3, and
formins, we use three immortalized PDAC cell lines:
Hs766T, MIA PaCa-2, and PANC-1. The MIA PaCa-
2 and PANC-1 cell lines have similar founder muta-
tions (KRAS, TP53, and CDKN2A), while the Hs766T
cell line has an additional SMAD4 mutation.17 We
previously determined that across this panel of PDAC
cell lines, more invasive cells tend to be stiffer.61 The
Hs766T cells are the stiffest and most invasive of these
three cell lines, while the MIA PaCa-2 are the most
deformable and least invasive.61

Myosin II Activity has Differential Effects
on the Invasion of PDAC Cells

Myosin II is essential for generating forces involved
in motility.59,94 The activity of myosin II also con-
tributes to cell stiffness.88,95 Therefore, we first inves-
tigate the role of myosin II in the increased invasion of
stiffer PDAC cells. Analysis of existing RNA-seq
expression data3 reveals higher expression of genes
encoding nonmuscle myosin IIA (MYH9) and myosin
IIB (MYH10) in Hs766T compared to PANC-1 and
MIA PaCa-2 cell lines (Supp. Fig. 1); these findings
suggest that Hs766T cells could have increased myosin
II activity and thereby generate a larger magnitude of
myosin-II dependent forces, which could contribute to
their increased invasion.2,52 To test this hypothesis, we
determine the effect of myosin II activity on PDAC cell
invasion using a 3D scratch-wound assay overlaid with
a Matrigel protein matrix. To reduce the activity of
myosin II, we treat cells with blebbistatin, a small
molecule that inhibits myosin II activity.46 For cells
treated with the DMSO vehicle control, we observe
that invasion varies across PDAC cell lines, from most
to least invasive, Hs766T > PANC1 > MiAPaCa-2
(Fig. 1), which is consistent with our previous find-
ings.61 Interestingly, we find that blebbistatin treat-
ment has cell line-dependent effects on invasion. Both
PANC-1 and MIA PaCa-2 show significant, dose-de-
pendent decreases in invasion with increasing concen-
trations of blebbistatin. For example, at 72 h, MIA
PaCa-2 cells show a modest but significant reduction in
wound confluence from 19 ± 2% for the DMSO
control cells to 11 ± 1% for cells treated with 50 lM
blebbistatin (p = 2.1 9 10�4). PANC-1 cells exhibit a
greater reduction in wound confluence at 72 h from 30
± 1% to 13 ± 2% with the 50 lM blebbistatin treat-
ment (p = 5.9 9 10�10) (Fig. 1c). Our results showing
reduced invasion of MIA PaCa-2 and PANC-1 cells
with decreased myosin II activity are consistent with
previous observations that treatment with blebbis-
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tatin20,37 and ROCK inhibitors79,103,105 reduces the
invasion of cancer cells.79,103,105 By contrast, Hs766T
cells show no significant change in wound confluence
with 50 lM blebbistatin treatment when compared to
the vehicle control at 72 h (50 ± 2% vs. 52 ± 3%,
p = 6.1 9 10�1), suggesting that myosin II activity is
not required in the dominant mechanism of invasion of
these cells.

Since the invasion measured in this 3D wound
confluence assay can be affected by differences in cell
proliferation with and without drug treatment, we
measure cell proliferation by tracking the confluence of
cells over time. While we find some significant changes
in proliferation with blebbistatin treatment (Supp.
Fig. 2), these observations cannot fully explain the
observed differences in invasion. For example, the de-
crease in the confluence of MIA PaCa-2 cells over time
may contribute to their reduced invasion, but the

proliferation of PANC-1 cells is not altered despite
their significantly decreased invasion (Fig. 1, Supp.
Fig. 2). Thus, differences in cell proliferation across
our PDAC cell lines with and without blebbistatin
treatment cannot explain the differences we observe in
the invasion of these cells when myosin II activity is
inhibited. Therefore, our data suggest that while
myosin II activity is required for the invasion of the
MIA PaCa-2 and PANC-1 cells, other factors mediate
the invasion of Hs766T cells.

Hs766T Cells are Slower to Round Upon Detachment,
Indicating Reduced Actomyosin Force Generation

After observing that pharmacologic inhibition of
myosin II activity does not affect the invasion of
Hs766T cells, we next probed myosin II activity using
an independent assay: we measure the rate of cell
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FIGURE 1. Myosin II activity is required for the invasion of MIA PaCa-2 and PANC-1 cells, but not Hs766T cells. (a) Invasion
through Matrigel is measured by wound confluence in a 3D scratch wound invasion assay. Scatter plot shows the quantification of
wound confluence over time. Cells are treated with blebbistatin or DMSO (ctrl) from t 5 0. The dashed lines indicate the 24 h and
72 h time points, which we use to compare wound confluence values for statistical significance. Data points show average
invasion over three independent experiments. Bar plot shows average wound confluence at 24 h (b) and 72 h (c). Error bars
represent standard error across three independent experiments. Pairwise p values are determined by a Student’s t test. *p < 0.05.

Cancer Cell Physical Phenotypes and Invasion 31



rounding after cells are detached from their substrate
with trypsin (Fig. 2). Cells with higher levels of myosin
II activity tend to have a faster rounding time com-
pared to cells with reduced myosin II activity.84 We
find that MIA PaCa-2 cells have the slowest cell
rounding rate, as indicated by the highest rounding
time constant of 151 ± 23 s (Fig. 2b); this is consistent
with Mia PaCa-2 cells having the slowest invasion rate,
which is further decreased by inhibiting myosin II
activity. By contrast, the Hs766T and PANC-1 cells
round more quickly, as indicated by their shorter
rounding time constants of 118 ± 12 s and 82 ± 12 s
(Fig. 2b). With blebbistatin treatment, the cell round-
ing rate is reduced the most for the MIA PaCa-2 and
PANC-1 cells. The MIA PaCa-2 cells show a 3-fold
increase in rounding time constants, while the PANC-1
exhibit a larger 107-fold increase. These results are
consistent with the marked decrease in invasion of
these cell lines with myosin II inhibition (Fig. 1).
Interestingly, the Hs766T cells show a much smaller
~ 2-fold increase in the rounding time constant with
blebbistatin treatment (Fig. 2b), which corroborates
our observations of blebbistatin effects on invasion
and further substantiates that MIA PaCa-2 and
PANC-1 cells are more dependent on myosin II
activity to generate forces compared to Hs766T cells.

These data further underscore the differential effects of
myosin II inhibition across different cell lines and
suggest that force generation by Hs766T cells during
invasion may occur through another mechanism.

PANC-1 Cells Exert Increased Traction Stresses
Compared to Hs766T Cells

The ability of cells to generate traction forces on the
surrounding extracellular matrix is critical during
many modes of cancer cell invasion.48 More invasive
cells tend to exhibit increased traction stresses.47 Thus,
since Hs766T cells are the most invasive cell line, we
initially predicted that these cells would have increased
traction stresses compared to the other PDAC cell
lines. However, traction force generation is influenced
by myosin II activity, which does not appear to be a
dominant mechanism of force generation in Hs766T
cells based on our cell invasion and rounding experi-
ments with blebbistatin treatment. To further explore
the mechanisms of force generation in PDAC cells, we
quantify traction stresses that cells exert on their sub-
strate using a micropillar assay in which cells are plated
on polydimethylsiloxane (PDMS) micropillars
(Fig. 3a) that have a well-characterized elastic modu-
lus.111 In our micropillar assay, the average force per
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FIGURE 2. Myosin II activity contributions to cell rounding rate vary across cell lines. (a) Representative images show time
sequence of MIA PaCa-2 cell shape change following the addition of trypsin. Scale, 10 lm. (b) Quantification of cell area as a
function of time for cells treated with DMSO (ctrl) and 50 lM blebbistatin PDAC cells. Insert represents rounding cell over time.
Dashed lines indicate fits with a bounded exponential growth model used to extract: (c) rounding time constants, s. Cells are
treated with 50 lM blebbistatin for 30 min prior to trypsinization. Data points show averages of at least 21 cells across three
independent experiments. Error bars represent the 95% confidence intervals.
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area (stress) exerted by cells is calculated by measuring
the displacements of the micropillars. We find that the
average traction stress exerted by PANC-1 cells is 44 ±

7 nN/lm2 while Hs766T cells have a 38% lower
average traction stress of 27 ± 7 nN/lm2

(p = 1.0 9 10�5) (Figs. 3b and 3c). These findings
corroborate our observations that PANC-1 cells round
more quickly than Hs766T cells, as both assays depend
on actomyosin activity. We next determine contribu-
tions of myosin II to cellular traction forces by treating
cells with blebbistatin. For the PANC-1 cells, we find
that the average traction stress decreases by 30% fol-
lowing blebbistatin treatment (p = 2.8 9 10�4)
(Figs. 3b and 3c). Our results with the blebbistatin-
treated PANC-1 cells are consistent with previous
studies showing that myosin II activity is a major
contributor to traction force generation.7,57 By con-
trast, the Hs766T cells do not show a significant
change in average traction stress with pharmacologic
inhibition of myosin II (26 ± 7 nN/lm2 for the vehicle
control cells vs. 28 ± 7 nN/lm2 for the blebbistatin-
treated cells, p = 3.7 9 10�1) (Figs. 3b and 3c). Thus,
our findings substantiate the differential contributions
of myosin II activity to the forces generated by PANC-
1 and Hs766T cells, and further suggest that Hs766T

cells may be using an invasion strategy that does not
depend on myosin II.

Myosin II Activity Contributes to PDAC Cell Stiffness

To further investigate the relationship between cell
invasion and cell stiffness, we next determine the con-
tributions of myosin II activity to cellular stiffness. We
use atomic force microscopy (AFM) to measure the
elastic modulus, E, of PDAC cells with and without the
myosin II inhibitor blebbistatin. With the control
DMSO treatment, Hs766T cells are nearly twofold
stiffer than PANC-1 cells (Fig. 4a), which is consistent
with our previous measurements of untreated cells.61

With inhibition of myosin II activity, we observe a
significant ~threefold reductions in the stiffness (E) of
both Hs766T and PANC-1 cells: Hs766T cell stiffness
decreases from a median of 3.5 to 1.1 kPa
(p = 3.0 9 10�6), while PANC-1 cell stiffness de-
creases from a median of 2.0 to 0.7 kPa
(p = 1.0 9 10�5) (Fig. 4a). Our results are consistent
with other observations that inhibition of myosin II
activity makes adherent cells more deformable.95

While we find a significant decrease in Hs766T cell
stiffness with blebbistatin treatment, there are no sig-
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FIGURE 3. PANC-1 cells exert increased traction stresses compared to Hs766T cells. (a) Schematic illustration of the micropillar
assay. Device dimensions are indicated for the distance between pillars d, as well as pillar radius r and height h. (b) Representative
force map of a cell. Shown here is a PANC-1 cell treated with DMSO (ctrl) for 30 min prior to fixation. Average traction stress per cell
is determined by analysis of the displacement of each gold-coated micropillar 18 h after plating of cells. (c) Box plots show the
distribution of average traction stress per cell exerted by Hs766T and PANC-1 cells with and without blebbistatin treatment (50 lM).
Boxes represent the 25th and 75th percentiles, whiskers represent the 10th and 90th percentiles, and the horizontal line represents
the median. p values are determined by a Mann–Whitney U test. *p < 0.05. We measure traction stresses for at least 18 cells across
three independent experiments.
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nificant effects of myosin II inhibition on the invasion
or traction force generation of these cells, suggesting
that cell stiffness is not consistently associated with
invasive potential.

Invasion is not Altered by Matrix Metalloproteinase
Inhibition

We next investigate the activity of matrix metallo-
proteinases (MMPs) across PDAC cells as a possible
explanation of why Hs766T cells are stiff and highly
invasive but do not rely on myosin II for invasion.
MMPs are major contributors to myosin II-indepen-
dent modes of cancer cell invasion, as these enzymes
degrade the surrounding protein matrix and thereby
enlarge the size of gaps that cells must deform through
during invasion.79,109 The secretion of MMPs is also
linked to the formation of invadopodia, which gener-
ate forces as they protrude from the plasma mem-
brane.76 If Hs766T cells have increased MMP
production, this may explain why these cells are stiffer
yet more invasive. To assess levels of MMPs across cell
lines, we first analyze existing RNA-seq data.3 We
analyze levels of 23 MMP isoforms across Hs766T,
MIA PaCa-2, and PANC-1 cell lines (Supp. Fig. 3A).
Focusing on levels of the three MMPs that are most
strongly implicated in the invasive potential of PDAC
cells—MMP2, MMP14, MMP281,73,86,120—we find
that Hs766T cells have increased expression of
MMP14 compared to MIA PaCa-2 and PANC-1 cells

(145-fold and 36-fold higher), and an even higher
expression of MMP28 (1716-fold and 1274-fold high-
er). By contrast, MMP2 expression is 4- and 425-fold
higher in PANC-1 cells compared to Hs766T and
MiaPaCa-2 cells.

While our gene expression analysis suggests that
Hs766T cells have a higher overall level of MMP
expression, levels of MMP expression do not always
correlate to levels of MMP activity,66 which is a
functional measure of matrix degradation. Therefore,
we next measure the activity of MMPs secreted from
the PDAC cell lines using a fluorescence resonance
energy transfer (FRET)-based MMP activity assay.
We find that Hs766T cells have a 2.9-fold increase in
MMP activity compared to MIA PaCa-2 cells
(p = 7.5 9 10�8) and a 1.5-fold increase compared to
PANC-1 cells (p = 1.2 9 10�5) (Supp. Fig. 3B). Thus,
while Hs766T cells have only a slightly higher MMP
activity level than PANC-1 cells, we hypothesized that
this elevated MMP activity could contribute to their
increased invasion and the insensitivity of their inva-
sion to myosin II inhibition.

To directly test the role of MMP activity in PDAC
cell invasion, we performed 3D invasion assays in the
presence of the broad-spectrum MMP inhibitor
GM6001. While treatment with 10 or 25 lM GM6001
significantly decreases MMP activity across all three
PDAC cell lines (Supp. Fig. 3B), we observe no sig-
nificant effect of MMP inhibition on cell invasion
(Supp. Fig. 3C). These results indicate that MMP
activity does not contribute significantly to the inva-
sion of these PDAC cell lines as measured by our
Matrigel-based invasion assay. Our findings further
illustrate that the increased invasion of Hs766T cells
compared to other PDAC cell lines cannot be ex-
plained alone by their increased MMP activity and
further support they are using an alternative force
generation mechanism for invasion.

Arp2/3 and Formin Activity Contribute to the Invasion
of Hs766T Cells

While increased myosin II activity can explain why
PANC-1 cells are stiffer and more invasive than MIA
PaCa-2 cells, it is still unclear what contributes to the
concurrent increase in stiffness and invasion of Hs766T
cells. We hypothesized that Hs766T cells may utilize
alternative mechanisms for invasion that do not
strongly rely on myosin II.60 Another key mechanism
of force generation is the formation of invadopodia,
protrusive structures that contribute to cell inva-
sion.29,31 Two of the main components required for the
formation of protrusions are Arp2/3 and formins,
which mediate actin nucleation and branching. Thus,
we hypothesized that the activity of Arp2/3 and for-
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FIGURE 4. Myosin II activity contributes to PDAC cell
stiffness. The elastic modulus, E, of PDAC cells adhered to
Matrigel-coated glass is measured using atomic force
microscopy (AFM) after cells are treated with DMSO (ctrl) or
50 lM blebbistatin for 30 min. Each cell is measured with one
indentation in the cytoplasmic region. Horizontal lines
represent the average, boxes represent the 25th and 75th
percentiles, and whiskers represent the 10th and 90th
percentiles. Statistical significance is determined using a
Mann–Whitney U test. *p < 0.05. Data represent 22–37 cells per
treatment measured over three independent experiments.
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mins contributes to Hs766T cell invasion while myosin
II-dependent forces are more critical for the invasion
of MIA PaCa-2 and PANC-1 cells.

A characteristic hallmark of Arp2/3-dependent
invasion is the formation of protrusions at the leading
edge of an invading cell.94 To determine if Hs766T cells
exhibit any differences in protrusion formation com-
pared to PANC-1 and MIA PaCa-2 cells, we quantify
the length of the invasion front in our 3D scratch
wound invasion assays (Supp. Fig. 4); a longer inva-
sion front length indicates a greater number and/or
length of protrusions, while a shorter front length re-
flects that the invading cell front exhibits fewer and/or
shorter protrusions. Our analysis reveals that Hs766T
cells have an average invasion front length of 6283 ±

1461 lm compared to 3680 ± 454 lm for MIA PaCa-2
cells (p = 9.2 9 10�5) and 3119 ± 574 lm for PANC-1
cells (p = 4.1 9 10�5) (Supp. Fig. 4). The increased
length of the Hs766T invasion front supports the
hypothesis that the invasion of these cells depends
primarily on Arp2/3 activity, while MIA PaCa-2 and
PANC-1 largely rely on myosin II activity to invade.

To determine the effects of Arp2/3 activity on
PDAC cell invasion, we measure the invasion of cells
treated with the Arp2/3 inhibitor, CK-666, which is a
small molecule that stabilizes the inactive state of the
Arp2/3 complex.35 Comparing invasion across cell
lines, we find that inhibition of Arp2/3 activity results
in a slight but significant decrease in invasion for the
MIA PaCa-2 and PANC-1 cells treated with 50 lM
CK-666 (MIA PaCa-2: 11 ± 2% for DMSO-treated
cells vs. 9 ± 2% for 50 lM CK-666, p = 3.9 9 10�2;
PANC-1: 12 ± 3% for DMSO-treated cells vs. 9 ± 2%
for 50 lM CK-666, p = 5.7 9 10�3) (Figs. 5a and 5b).
By contrast, we observe a greater, dose-dependent
decrease in the invasion of Hs766T cells with increas-
ing CK-666 concentration (23 ± 7% for DMSO-trea-
ted cells vs. 19 ± 5% for 20 lM CK-666 vs. 15 ± 5%
for 50 lM CK-666; for DMSO vs. 50 lM CK-666
p = 2.1 9 10�4) (Figs. 5a and 5b). We also measure
effects of CK-666 on cell proliferation, which could
impact the invasion assay findings, but observe there
are no significant effects on proliferation over the
invasion timescale of 24 h (Supp. Fig. 5A, 5B). Taken
together, these results suggest that Arp2/3 activity
contributes to the invasion of Hs766T cells but not
significantly for PANC-1 or MIA PaCa-2 cells. By
contrast, myosin II is a major contributor to the
invasion of MIA PaCa-2 and PANC-1 cells, but has no
significant effect on Hs766T cell invasion. These find-
ings are consistent with the notion that different cell
types rely on different mechanisms for invasion.67

While Arp2/3 is critical for actin nucleation and
branching as well as cell motility, formins are also
integral in actin nucleation and polymerization.71 We

next investigate the role of formin activity in PDAC
cell invasion by treating cells with SMIFH2, which
broadly inhibits the family of formin proteins that are
functionally important for cancer cell motility.41,78 We
find there is no significant difference in the invasion of
MIA PaCa-2 and PANC-1 cells with SMIFH2 treat-
ment compared to vehicle control (for 50 lM at 24 h;
MIA PaCa-2: p = 0.23, PANC-1: p = 0.91) (Figs. 5c
and 5d). We observe a small but significant difference
in Hs766T cells treated with SMIFH2 compared to
vehicle control (p = 2.6 9 10�2). Moreover, we only
find a difference in invasion of Hs766T cells with
50 lM SMIFH2, unlike the dose-dependent effects of
Arp2/3 inhibition. We further determine the effects of
SMIFH2 on cell proliferation, which could impact the
invasion assay results, and find there are no significant
effects on proliferation over 24 h (Supp. Fig. 5C, 5D)

Taken together our results indicate that the activity
of Arp2/3 is a major contributor to the invasion of
Hs766T cells, while myosin II activity more heavily
influences the invasion of MIA PaCa-2 and PANC-1
cells.

Activity of Arp2/3 and Formins Contributes to Hs766T
Cell Stiffness

To determine the extent to which Arp2/3 and for-
min activity mediate cell stiffness, we next treat cells
with either CK-666 or SMIFH2 and measure elastic
modulus using AFM. Since Hs766T and PANC-1 cells
are the most invasive and stiffest PDAC cell lines of
our panel, we focus our measurements on these cell
lines. Inhibiting Arp2/3 activity with CK-666 results in
a significant decrease in the stiffness of Hs766T cells
(p = 3.5 9 10�3), but only a slight, insignificant de-
crease in PANC-1 stiffness (p = 5.5 9 10�1) (Fig. 6a).
Consistent with the effects of CK-666 treatment,
inhibition of formin activity results in a greater
reduction in stiffness of Hs766T than PANC-1 cells
(Hs766T: p = 1.7 9 10�2, PANC-1: p = 2.2 9 10�2)
(Fig. 6c). Our AFM results confirm that the activity of
both Arp2/3 and formins contribute to PDAC cell
stiffness, indicating that actin nucleation, branching,
and polymerization play a role in cell mechanotype.

To summarize our findings on the relationship
between cell stiffness and invasion, we compile data for
cell stiffness and invasion in a single plot (Fig. 7) and
determine the strength of correlation across our panel
of untreated PDAC cell lines and all drug perturba-
tions at 24 h. We find that median values of invasion
and cell stiffness across cell lines and treatment con-
ditions are weakly correlated for Hs766T (R2 = 0.34)
and for PANC-1 (R2 = 0.30) cells (Figs. 7a and 7b);
compiling data for both cell types in a single plot yields
a slightly higher but still weak correlation (R2 = 0.45)
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(Fig. 7c). While this calculation neglects the sample
variance, the lack of strong correlation demonstrates
that these drug perturbations affect cell stiffness and
invasion differently in different cell lines. Overall, these
findings highlight how cell mechanotype and invasion
are phenotypes that are influenced by multiple molec-
ular mediators, and the factors that determine the
phenotype in one cell type may not be the same for
another cell type. For example, the activity of myosin
II contributes to both contractile force generation24,65

and actin crosslinking.49 Therefore, the lack of strong
correlation between stiffness and invasion could be
explained by considering the multiple roles of myosin
II: while myosin II inhibition does not affect Hs766T
invasion or traction stresses, it may decrease Hs766T
cell stiffness by reducing the crosslinking density of
their actomyosin network.102 By contrast, inhibition of
myosin II activity in PANC-1 cells could reduce both
crosslinking of actin and contractile force generation.

DISCUSSION

Here we investigate the relationship between cell
stiffness and invasion. We specifically study the role of
myosin II, Arp2/3, and formin activity, as we
hypothesized that these molecular components could
contribute to the simultaneous increase in cell stiffness
and invasion since they are involved in force genera-
tion. Our findings reveal that the activity of myosin II,
Arp2/3, and formins contribute to the increased stiff-
ness of PDAC cell lines; this may result from increased
actomyosin contractility, actin polymerization and
branching, and/or remodeling of the actin cytoskele-
ton. Indeed, the activity of Arp2/35 and myosin II44,45

both contribute to the mechanical properties of
reconstituted actin networks. Our observation that
myosin II, Arp2/3, and formin activity contribute to
cell stiffness are also consistent with previous in vitro
studies of cancer cell lines.9,28,95 For example, bleb-
bistatin treatment of IGROV and Ovca429TbRIII
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FIGURE 5. Activity of Arp2/3 contributes to the invasion of Hs766T cells. Invasion through Matrigel is measured by wound
confluence in a 3D scratch wound invasion assay. Scatter plot shows the quantification of wound confluence over time with
treatment of (a) the Arp2/3 inhibitor, CK-666 or (c) the formin inhibitor, SMIFH2. The dashed line indicates the 24 h time point, which
we use to compare wound confluence values for statistical significance. Cells are treated with CK-666, SMIFH2, or DMSO (ctrl) from
t 5 0. Data points show average invasion over three independent experiments. Bar plot shows average wound confluence at the
24 h time point for (b) CK-666 or (d) SMIFH2 treated cells. Error bars represent standard error from three independent experiments.
Pairwise p values are determined by a Student’s t test. *p < 0.05.
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ovarian cancer cell lines reduce cell stiffness by
~ 50%.95 Since myosin II, Arp2/3, and formins are
also essential crosslinkers and mediators of actin
nucleation and branching, the decrease in cell stiffness
that we observe when these components are inhibited
could also result from a restructured actin cytoskele-
ton.

While inhibition of myosin II, Arp2/3, and formins
have consistent effects on decreasing cell stiffness
across Hs766T and PANC-1 cells, we discovered that
inhibiting these proteins have varying effects on the
invasion of different cell lines. We find that myosin II
activity is a major contributor to PANC-1 cell inva-
sion, while Hs766T cells are more dependent on the
activity of Arp2/3 and formins. Our findings suggest
that different pancreatic cancer cell lines utilize differ-
ent strategies for invasion. It is plausible that these
disparities stem from genetic differences, which may
influence the response of cancer cells to pharmacologic
inhibitors.6,98 The three cancer cell lines that we
investigate here—Hs766T, MIA PaCa-2, and PANC-
1—are all pancreatic ductal epithelial cells that have
undergone oncogenic transformation and have similar
tissue origins but different genetic backgrounds. While
all three cell lines carry common founder mutations in
KRAS, TP53, and CDKN2A, the Hs766T cells have an
additional SMAD4 mutation, which is characteristic of
higher grade lesions.17 SMAD4 encodes for a tran-
scription factor that mediates signaling of the trans-
forming growth factor (TGF)-b superfamily of
proteins.98 Loss of Smad4 function in PDAC cells
prevents TGF-b-mediated suppression of EGFR pro-
moter activity, triggering a signaling cascade that leads

to increased invasion.119 Indeed, EGF-induced ERK
activation regulates protrusion formation through the
WAVE2 regulatory complex, which then activates
Arp2/3.13 It is intriguing to speculate that the Arp2/3-
mediated invasion of Hs766T cells results from the loss
of Smad4 activity. Indeed, the PANC-1 and MIA
PaCa-2 cell lines have more similar genetic background
and their invasion depends more strongly on myosin II
activity. Our observations are aligned with previous
findings that show cell line-specific differences in the
influence of the Arp2/3 complex on the migration of
pancreatic cancer cells.75 Future studies investigating
the relationship between genotype and phenotype
across larger numbers of cell lines could enhance our
ability to predict treatment response based on a cell’s
genotype. For example, our findings that Hs766T
invasion is not affected by inhibition of myosin II
could have consequences for treatments with inhibitors
of Rho and ROCK, which have downstream effects on
myosin II activity through a Rho-ROCK-NMII axis.
Clinical trials with Fasudil show promise for patient
benefit106 and preclinical studies reveal that Rho in-
hibitors reduce cancer cell invasion in vitro.50,53 Thus,
our findings that inhibition of myosin II does not re-
duce invasion of all cancer cell types could have clinical
relevance. A deeper knowledge of genome–phenome
relationships, including which specific mutations are
associated with specific mechanisms of force genera-
tion across cancer subtypes, could guide personalized
treatments, in which drug combinations could be tar-
geted to patients based on their genetic profile.

The differential effects of drug treatments on the
invasion and stiffness across PDAC cell lines may also
be explained by differences in the expression of genes
and proteins that contribute to invasion and stiff-
ness.11,117 To determine if Hs766T cells have differen-
tial expression of genes encoding key proteins that are
essential in cell invasion and stiffness, we analyzed
existing RNA-seq data.3 While Hs766T cells exhibited
increased MMP expression and activity, we found no
differences in invasion with MMP inhibition suggest-
ing that Hs766T cells do not invade more quickly due
to their increased MMP levels. Future work will pro-
vide more detailed insight into the relationship
between MMP expression and the invasion of PDAC
cells using knockdown and overexpression of specific
MMP-encoding genes. The observed insensitivity of
PDAC invasion to MMP inhibitors may also be due to
the role of other proteases such as cathepsins, which
are highly and specifically expressed in PDAC,33 and
could also contribute to the observed invasion. Since
the forces that cells generate are critical for cells to
invade and deform through a protein matrix, we also
investigated expression levels of myosin IIA and IIB,
which contribute to cell invasion. Hs766T cells had the
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FIGURE 6. Arp2/3 and formin activity contribute to PDAC
cell stiffness. The elastic modulus, E, of PDAC cells adhered
to Matrigel-coated glass is measured using atomic force
microscopy (AFM) when cells are treated with (a) 50 lM CK-
666 or (b) 50 lM SMIFH2 for 30 minutes. Boxes represent the
25th and 75th percentiles, whiskers represent the 10th and
90th percentiles, and the horizontal line represents the
median. Statistical significance calculated with Mann
Whitney U test. *p < 0.05.
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FIGURE 7. Linear regression of cellular elastic modulus vs. invasion, as measured as wound confluence by 3D scratch-wound
invasion for untreated (a) Hs766T and (b) PANC-1 cells, as well as with treatments of blebbistatin, CK-666, or SMIFH2. (c) Compiled
data for both Hs766T and PANC-1 cells. Median values and standard deviations are plotted here. R 5 Pearson’s correlation
coefficient determined by linear regression of median elastic modulus and wound confluence values across samples. Note that the
sample variances were not included in calculating the correlation.
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highest expression of MYH9 and MYH10, but the
PANC-1 cells exhibit faster cell rounding and exert a
greater magnitude of traction forces, which are both
indicators of increased myosin-II dependent force
generation. Our previous analysis of gene expression
and protein levels of beta- and F-actin also did not
reveal any distinct trends that explain the enhanced
invasion of Hs766T cells.61 These discrepancies
between expression levels and cellular physical phe-
notypes highlight how such complex physical proper-
ties are challenging to fully explain by analysis of
genetics or transcriptomics data alone. Deformability
and contractility are emergent phenotypes that are
determined by proteins, their higher-order structures,
and dynamic remodeling processes. A deeper
understanding of the molecules and pathways that
regulate cell physical phenotypes, together with more
sophisticated expression analysis, should make pro-
gress towards predicting physical phenotypes and
ultimately cancer cell invasion and tumor progression.

Measurement Effects

In addition to differences in the molecular machin-
ery that influences stiffness and invasion, it is impor-
tant to acknowledge how measurements of cell
mechanotype and invasion may be affected by the
experimental method. Measurements of cell stiffness
can vary depending on the time and length scale of
deformation, as well as the adhesion state of cells. In
this study, we use AFM to measure the stiffness of cells
that are adhered to a Matrigel-coated, glass surface,
revealing that the stiffest to most compliant cells are
Hs766T > PANC-1>MIA PaCa-2. This relationship
may differ if cell stiffness is measured using a different
method. For example, we previously measured these
same cells using the microfluidic-based method,
quantitative deformability cytometry (q-DC),61,63 and
found that the ranking of cell stiffness from stiffest to
most compliant was PANC-1>Hs766T>MIA
PaCa-2. There are differences in the time and length
scales of deformations between AFM and q-
DC—nanometer-scale deformations over seconds by
AFM versus. micron-scale deformations over mil-
liseconds in q-DC—which could impact cell stiffness
measurements.63 Furthermore, cells are in a suspended
state for q-DC and adhered for AFM, and there are
clear differences in the intrinsic and extrinsic factors
that determine cell mechanotype when cells are in an
adhered versus suspended state. For example, when
cells are adhered to their substrate via integrins and
focal adhesions, the contractile forces they generate are
transduced to the matrix, and bidirectional feedback
with matrix stiffness can drive contractile force gen-
eration.58,90 Increased myosin II activity subsequently

increases cell stiffness and invasion of cancer cells.69

Indeed, cells with increased metastatic potential tend
to exert higher levels of traction stresses.47 The degree
of cell spreading, which is influenced by Arp2/3
activity,34 could also affect the stiffness of adhered
cells. Fluidic methods, such as q-DC, measure cells in
suspension, a state in which cortical actin82 and the
nucleus32,81 are primary contributors to the deforma-
tion of cells through micron-scale pores. The
mechanotype of suspended cells is also sensitive to
myosin II activity,9,10 suggesting that dynamic
remodeling of the cytoskeleton may contribute to the
stiffness of cells in a suspended state. Since metastasis
requires cancer cells to both invade on solid substrates,
such as through the extracellular matrix, and circulate
in a suspended state, comparisons of the same cell
types using multiple, complementary methods can
provide a more integrated understanding of cancer cell
physical properties and their impact on disease pro-
gression.

Cell invasion measurements may also depend on
factors specific to the invasion assay. Here we mea-
sured invasion through a Matrigel matrix in a 3D
scratch wound assay. Matrigel is rich in laminin and
collagen IV, and therefore, has been widely used as a
model to study invasion through basement mem-
branes, such as those of the endothelium that cancer
cells are required to penetrate in order to seed a me-
tastatic site.38 We cannot exclude that Matrigel might
trigger a different invasion mode for Hs766T com-
pared to PANC-1 cells. For example, both Rho/
ROCK-dependent and -independent modes of inva-
sion are determined by the spatial organization of
surrounding collagen fibers.70 Therefore, the invasion
of these cells in a different matrix, such as collagen,
which mimics interstitial stromal extracellular
matrix,27 could trigger cancer cells to use a different
invasion strategy. Considering that PDAC progression
also requires cells to invade through the confines of
stromal interstitital matrices, future studies of the
invasion of PDAC cells through collagen I, which is a
major component of the tumor stroma, may capture
other behaviors of PDAC cells. Indeed different inva-
sion behaviors have been observed for ovarian cancer
cells in a matrix of collagen I versus Matrigel.89 The
matrix composition can also impact the role of MMPs
in invasion, as cell–matrix adhesions regulate MMP
expression21,22,97 and MMP activity may differentially
contribute to cell invasion depending on the matrix
material.89 The role of MMPs in PDAC invasion also
appears to depend on cell type: while we did not ob-
serve any effects of MMP inhibition on the invasion of
PANC-1, MiaPaCa-2, or Hs766T cells, GM6001
treatment blocked the invasion of the related PDAC
cell line, AsPC1.83,92 Cells also adapt distinct invasion
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modes that utilize different molecular machineries
depending on whether the invasion is collective or
individual.79 Here we use a 3D scratch wound invasion
assay, where cell invasion is measured by the collective
movement of cells. While we have observed similar
invasion results with 3D scratch wound and transwell
migration assays,43 previous reports cite differences in
the invasion of cancer cells using transwell, scratch
wound, 3D spheroid, and in vivo assays.62,89 In the
complex tumor microenvironment, fibroblasts, mast
cells, and other cell types produce a number of mole-
cules including cytokines, MMPs, and growth fac-
tors—such as vascular endothelial growth factor
VEGF and basic fibroblast growth factor
bFGF12,87,92—which additionally contribute to PDAC
progression.38 Future studies of PDAC invasion across
different matrix materials and conditions will provide a
more detailed understanding of the context-depen-
dence of PDAC invasion, which could ultimately in-
form therapeutic interventions.

Context-Dependent Relationship Between Cell Stiffness
and Invasion

Cellular mechanotype is emerging as a potential
complementary biomarker for cancer diagnosis and
prognosis. While many studies reveal that more inva-
sive cells tend to be more compliant,15,25,56,112 the
positive correlation that we observe between PDAC
cell stiffness and invasion is aligned with complemen-
tary findings in other cell types, including in lung
cancer cells with varying metastatic potential,116 as
well as in breast cancer cells treated with agonists to
activate beta-adrenergic signaling.43,61,74,116 We previ-
ously found a strong correlation between the stiffness
and invasion of PANC1, Hs766T, and MIA PaCa-2
cells.61 In this study, we find only a weak correlation
between the stiffness and invasion of PDAC cells
treated with inhibitors of myosin II (blebbistatin),
Arp2/3 (CK-666), or formins (SMIFH2); this suggests
that the relationship between stiffness and invasion of
cells induced by pharmacologic perturbations may be
difficult to predict. A combination of physical pheno-
types, such as deformability, contractility, and adhe-
sion, rather than single parameters, could further
enhance the use of physical phenotypes as indicators of
invasion or metastatic potential. For example, multi-
variate analysis of physical phenotypes may enhance
the ability to predict functional behaviors, such as
invasion.64

CONCLUSION

Our analysis of the relationship between cell
mechanotype and invasion across PDAC cells with
pharmacologic perturbations of actin and myosin
provides deeper insights into mechanisms of cancer cell
invasion. The cell-type specific effects of drugs on
invasion that we observe reinforces the notion that
different cells—even those derived from similar tissue
origin—use different strategies for invasion. Given the
genetic heterogeneity of cells within a single tumor and
across different patients, as well as the phenotypic
variability of isogenic cells, a better understanding of
clinically relevant phenotypes such as invasion, as well
as genotype–phenotype relationships should strength-
en clinical strategies to develop therapies that target
distinct mechanisms of cell invasion and metastasis.
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