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Stiffness of pancreatic cancer cells is associated
with increased invasive potential†
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Metastasis is a fundamentally physical process in which cells are required to deform through narrow

gaps as they invade surrounding tissues and transit to distant sites. In many cancers, more invasive cells

are more deformable than less invasive cells, but the extent to which mechanical phenotype, or

mechanotype, can predict disease aggressiveness in pancreatic ductal adenocarcinoma (PDAC) remains

unclear. Here we investigate the invasive potential and mechanical properties of immortalized PDAC cell

lines derived from primary tumors and a secondary metastatic site, as well as noncancerous pancreatic

ductal cells. To investigate how invasive behavior is associated with cell mechanotype, we flow cells

through micron-scale pores using parallel microfiltration and microfluidic deformability cytometry; these

results show that the ability of PDAC cells to passively transit through pores is only weakly correlated

with their invasive potential. We also measure the Young’s modulus of pancreatic ductal cells using

atomic force microscopy, which reveals that there is a strong association between cell stiffness and

invasive potential in PDAC cells. To determine the molecular origins of the variability in mechanotype

across our PDAC cell lines, we analyze RNAseq data for genes that are known to regulate cell

mechanotype. Our results show that vimentin, actin, and lamin A are among the most differentially

expressed mechanoregulating genes across our panel of PDAC cell lines, as well as a cohort of

38 additional PDAC cell lines. We confirm levels of these proteins across our cell panel using

immunoblotting, and find that levels of lamin A increase with both invasive potential and Young’s

modulus. Taken together, we find that stiffer PDAC cells are more invasive than more compliant cells,

which challenges the paradigm that decreased cell stiffness is a hallmark of metastatic potential.

Insight, innovation, integration
Pancreatic ductal adenocarcinoma (PDAC) cells sense and respond to the increased stiffness of their microenvironment and deform through narrow gaps
during metastasis. While physical processes are implicated in the progression of PDAC, the mechanical phenotype, or mechanotype, of tumor cells is poorly
understood. Here we show that stiffer PDAC cells have a greater invasive potential than more deformable cells. We also investigate mechanoregulating proteins
that contribute to the variability in mechanotype that we observe across different PDAC cell lines. Taken together, our findings provide insight into the
mechanome of PDAC cells and suggest that the current paradigm of cell deformability as a hallmark of metastatic potential depends on cancer type.

Introduction

Pancreatic ductal adenocarcinoma (PDAC) remains one of the
most aggressive and lethal cancers.1,2 A major factor in the
progression of this disease is the interaction between tumor
cells and their microenvironment.3,4 For example, mechanical
cues activate signalling pathways, such as the JAK-STAT3 and
integrin-FAK-ROCK axes, which promote cancer by triggering
a positive feedback loop that results in increased ECM
deposition,4 fibrosis, and stiffness of the extracellular matrix
(ECM).5 In turn, cells respond to the stiffness of their substrate
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by altering their mechanical phenotype,6,7 or mechanotype.
A deeper knowledge of PDAC cell mechanotype and its under-
lying molecular components would provide a more complete
understanding of how cells sense and transduce mechanical
cues, and may ultimately identify molecules in mechanosignaling
pathways that could be targeted to impede disease progression.

Cell mechanotype is linked to invasive potential in several
types of cancers, including breast and ovarian.8–10 The current
paradigm is that more invasive or metastatic cancer cells are
more deformable than their benign or less invasive counter-
parts.8–17 A more deformable cell may have a selective advantage
for metastasis, which requires individual tumor cells to transit
through narrow vessels of the vasculature and extravasate to
secondary tumor sites. However, there is also evidence that
stiffer cancer cells are more invasive. For example, stiffer lung
cancer cells and transformed fibroblasts are more motile in
in vitro invasion assays.18,19 While metastasis is the leading
cause of death in PDAC and invasion is linked to cell mechanical
properties in other cancers, the mechanotype of PDAC cells is not
well understood.

Since metastasis requires cells to invade through the extra-
cellular matrix and deform during transit through the vasculature,
studies aiming to understand the possible roles of cell deform-
ability in PDAC can benefit from complementary methods that
measure cells in attached and suspended states. The use of
multiple methods can also provide insight into the molecular
mechanisms that determine cell mechanotype: different methods
enable deformations over varying length scales, which determine
the subcellular structures that contribute to the deformation
response. For example, fluidic methods, such as micropipette
aspiration and microfluidic deformability cytometry, measure
cells in a suspended state, where cortical actin20 and the
nucleus21,22 contribute to the deformation of cells through
micron-scale pores. By contrast, in methods that induce local,
10 nm to 1 mm deformations on cells adhered to their substrate,
such as atomic force microscopy (AFM)23 and magnetic twisting
cytometry,24 actin can organize into stress fibers,25 which have
a marked effect on cell stiffness. Adhered cells also generate
traction stresses, which result in increased cell stiffness26 and
enhanced invasive behavior of cancer cells.27 For all of these
reasons, comparisons of the same types of PDAC cells using
multiple, complementary methods should provide more detailed
insights into cancer cell mechanotype.

Here we investigate the invasive behavior and mechanotype
of four immortalized pancreatic ductal cell lines, including cell
lines derived from primary PDAC malignancies (MIA PaCa-2
and PANC-1) and a metastatic pleural effusion (Hs766T), as well
as a nontransformed control cell line (HPDE). While the PDAC
cell lines in our panel are derived from different sites, they all
have similar founder mutations,28 including alterations in
KRAS, TP53, and P16. To determine the invasive potential of
these cells, we perform a modified scratch wound invasion
assay with Matrigel overlay to simulate the ECM. We also use
a transwell migration assay without Matrigel to probe how
effectively cells can migrate through narrow gaps independently
of proteolytic matrix degradation. To assess how the deformability

of PDAC cells is associated with their invasive potential, we use
complementary mechanotyping methods to measure cells in both
suspended and adhered states. We use parallel microfiltration
(PMF)15 and single-cell microfluidic deformability cytometry29 to
measure the deformability of suspended cells, and atomic force
microscopy (AFM) to determine the Young’s modulus of adhered
cells. By analyzing gene expression data across our 3 PDAC cell
lines, as well as data from 38 additional PDAC cell lines, we
identify lamin A as a possible mechanoregulating protein that
may contribute to the variability we observe in pancreatic ductal
cell mechanotype. Taken together, our results show that stiffer
PDAC cells are more invasive than more compliant PDAC cells,
demonstrating that the relationship between cell invasive potential
and mechanotype may vary for different types of cancers.

Results
Invasive behavior varies across pancreatic ductal
adenocarcinoma cell lines

As cell mechanotype is associated with the invasive potential of
cancer cells,8–10 we first determine the invasion efficiency of
PDAC cells derived from both primary and secondary sites, as
well as that of noncancerous pancreatic ductal cells. To quantify
cell invasion, we measure wound confluence using a modified
scratch wound invasion assay where cells are overlaid with a
B1.5 mm-thick layer of Matrigel, a protein mixture that recapitulates
the ECM (Fig. 1B); this setup requires cells to invade through a 3D
matrix.30,31 Our results show that there is variability in how
quickly pancreatic ductal cells move into the wound gap. At
72 hours, the wound confluence across PDAC cells lines varies
from 33 to 60% (Fig. 1A and B), indicating that cells with similar
founder mutations28 (Table S1, ESI†) have different invasion
efficiencies. The MIA PaCa-2 and PANC-1 cells, which are
derived from primary tumors, show increased invasion compared
to the noncancerous HPDE cells (MIA PaCa-2: 33 � 1%, PANC-1:
40 � 2%, HPDE: 22 � 4%; pMIA–HPDE = 8.5 � 10�2, pPANC–HPDE =
3.5 � 10�3). PANC-1 cells also show a significantly greater
wound confluence than MIA PaCa-2 cells ( pMIA–PANC = 4.0 � 10�2).
The Hs766T cells, which are derived from metastatic pleural
effusion, exhibit the greatest invasive potential with a wound
confluence of 60 � 5%, which is B2-fold higher than both
the PANC-1 ( pHs766T–PANC = 5.8 � 10�3) and MIA PaCa-2 cells
( pHs766T–MIA = 9.9 � 10�4).

Since the speed at which cells migrate on a 2D surface could
influence the observed differences in invasive potential, we repeat
the scratch wound migration assays without a 3D Matrigel matrix
(Fig. S1, ESI†). These results show that the cancerous cell lines
have a significantly lower wound confluence than the HPDE cells
after 24 hours (HPDE: 86 � 6%, PDAC cell lines: 29 � 4% to
34 � 6%; pHPDE–PDAC o 3.6 � 10�3), but there are no significant
differences in migration efficiency between PDAC cell lines
( p > 0.05 for all pairwise comparisons). Overall, we observe no
significant correlation between migration and invasion potential
(R = �0.15), indicating that our modified scratch wound invasion
assay does not simply reflect differences in cell motility.
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Cell proliferation can also impact wound confluence. To
exclude cell proliferation as a factor in our invasion results, we
track the density of pancreatic ductal cell lines over 120 hours
by time-lapse imaging (Fig. S2A–C, ESI†). We find that the
Hs766T cells, which are the most invasive, have the lowest
confluence of the four pancreatic ductal cell lines at 72 hours
(47 � 2%), indicating that these cells have the slowest pro-
liferation rate. Conversely, the MIA PaCa-2 cells, which are the
slowest PDAC cells to invade, show the highest confluence,

which indicates that they proliferate most quickly. Across our 3
pancreatic cell lines, proliferation does not correlate with cell
invasive potential (R = �0.097). We also track the proliferation
of cells overlaid with Matrigel, as in our invasion assay (Fig. S2D
and E, ESI†). We find that there is only a B4–6% difference in
proliferation across PDAC cell lines after 72 h. By contrast,
we observe up to a 27% difference in invasion at the same
time point (Fig. 1A and B). Furthermore, while apoptosis
could influence differences in measurements of cell invasion,

Fig. 1 Invasive behavior of pancreatic ductal adenocarcinoma cell lines. (A) Time series of images showing scratch wound invasion of pancreatic ductal
cells through Matrigel. Wound confluence is the percentage of wound area covered by cells. Color legend: green is the wound area, blue shows wound
confluence in the wound area, and grey represents the confluent cells outside of the wound area. Scale, 300 mm. (B) Schematic illustration showing the
modified scratch wound assay. Cells are plated on a layer of thin Matrigel and invade into the thick 3D matrix of overlaid Matrigel that fills the scratch
wound. The line plot shows quantification of wound confluence over time. The dotted line indicates the 72 h time point, which we use to compare
wound confluence values for statistical significance. The bar plot represents wound confluence at the 72 h time point. Pairwise p-values are determined
by a Student’s t-test. *p o 0.05. (C) Schematic illustration showing the transwell migration assay. Cells migrate through the 8 mm pores of a
polycarbonate membrane in response to a chemoattractant on the opposite side of the membrane. Images of transwell migration assays showing
DRAQ5-labeled nuclei of cells that migrate through the 8 mm pores of a polycarbonate membrane after 12 hours. Scale, 50 mm. Pairwise p-values are
determined by a Student’s t-test. *p o 0.05. All error bars represent standard errors. The significance of pairwise comparisons between cell lines is shown
in panels B and C by the initial(s) of the cell lines that are significantly different where H: HPDE, Hs: Hs766T, M: MIA PaCa-2, and P: PANC-1. For example,
in panel B, HPDE is significantly different (*p o 0.05) from Hs766T (Hs) and PANC-1 (P).
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we observe no significant differences in apoptosis across PDAC
cell lines with Matrigel overlay (Fig. S3, ESI†). Taken together,
these results indicate that differences in cell doubling rates
across our cell lines cannot explain the differences in invasion
efficiencies that we observe.

PDAC cell migration through membrane pores is consistent
with invasion through Matrigel

Invasion depends on the ability of cells to deform through
narrow gaps, as well as their ability to degrade the surrounding
protein matrix with secreted matrix metalloproteases (MMPs).32–34

Degradation of the ECM results in an increased pore size, which
can enhance invasion.35 Thus, the variable expression and activity
of secreted MMPs across PDAC cell lines36–38 could influence our
measurements of cell invasion through a protein matrix. To assess
the contribution of cell deformability to invasion independently of
MMP activity, we use a transwell migration assay, in which cells
must actively deform through pores of a polycarbonate membrane.
After 12 hours, MIA PaCa-2 cells have a lower percent migration
than PANC-1 cells (MIA PaCa-2: 5 � 3%, PANC-1: 11 � 5%;
p = 1.1 � 10�16), while the Hs766T cells show a statistically higher
transwell migration efficiency compared to the two other PDAC
cells (Hs766T: 62 � 5%; pHs766T–MIA = 2.0 � 10�6, pHs766T–PANC-1 =
2.4� 10�6) (Fig. 1C). These transwell migration data are consistent
with the data from our modified scratch wound invasion assay
with Matrigel (R = 0.99; Fig. 5 and Table S2, ESI†), indicating that
the variations in PDAC invasive potential are consistent with the
ability of cells to migrate through narrow gaps.

PDAC cells vary in their ability to passively deform through
micron-scale pores

During metastasis, cells must deform through micron-scale
gaps in the ECM and basement membrane. Since more invasive
cancer cells are generally more deformable than less invasive
cells,8–10 we next ask whether the differences in invasive
potential between cell lines can be attributed to differences in
the ability of cells to passively deform through pores. Here we
refer to ‘deformability’ as the ability of cells to flow through
pores when driven by an applied pressure.

To measure the deformability of pancreatic ductal cells, we
use parallel microfiltration (PMF).15 In PMF, we flow a suspension
of cells across a porous membrane by applying air pressure for a
defined time and then quantify the retention, or the volume of
fluid that is retained above the membrane. Higher retention
indicates that a larger fraction of cells has occluded the pores.
In contrast, lower retention indicates that cells can passage
more easily through the pores and thereby enable more fluid to
flow across the membrane. Prior to PMF, cell suspensions are
filtered through a 35 mm mesh filter to reduce aggregates; we
confirm that our samples contain over 98% single cells using
image analysis (Fig. S4, ESI†). MIA PaCa-2 cells exhibit a lower
retention of 40� 10% compared to the HPDE noncancerous control
cells (HPDE: 57 � 7%, pMIA–HPDE = 8.0 � 10�4) (Fig. 2A). In contrast,
the PANC-1 cells exhibit a significantly increased retention (88� 8%)
compared to both the noncancerous control ( pPANC–HPDE =
2.0 � 10�5) and the MIA PaCa-2 cells ( pPANC–MIA = 1.2 � 10�7).

The Hs766T cells show a marginally higher retention than the
HPDE control cells (Hs766T: 60� 11%, pHs766T–HPDE = 5.5� 10�2).

Since the ability of cells to occlude pores can depend on
both cell deformability and cell size, we next measure the size
of cells in suspension using imaging flow cytometry (Fig. S5A
and B, ESI†) and plot percent retention as a function of cell
diameter (Fig. 2B). Overall, we observe that there is a positive
correlation between retention and cell size (R = 0.72), indicating
that cell size could influence retention. While the observed
relationship between cell size and retention may explain the
higher retention of the larger PANC-1 cells, the other pancreatic
ductal cell lines have similar size distributions yet show significant
differences in retention. For example, the MIA PaCa-2 have a slightly
larger size compared to the Hs766T cells, yet exhibit a significantly
lower retention, which indicates that these cells occlude fewer
pores and are therefore more deformable. In addition to cell
size, nuclear size can also impact occlusion of pores and
channels.21,22 The median diameter of nuclei in our pancreatic
ductal cells is 11–16 mm (Fig. S5A and C, ESI†), suggesting that
some nuclear deformation is also required for cells to deform
through micron-scale pores. We observe moderate correlations
between nuclear size and transit time (R = 0.86), as well as
nuclear size and retention (R = 0.62). However, there is a very
strong correlation between cell and nuclear size (R = 0.99 for
cells in suspension). Therefore, our cell deformability measure-
ments by PMF and microfluidic deformability cytometry could
be influenced by both the cytoskeleton and nucleus.

As an independent measure of how cells transit through
narrow gaps, we use microfluidic deformability cytometry. This
method enables us to measure the timescale, or transit time,
for single cells to deform through micron-scale channels while
simultaneously characterizing their size. Cells that have larger
elastic moduli tend to have longer transit times.29,39 When
considering the entire population, the PANC-1 cells have a
similar median transit time as the HPDE control (bootstrapped
median transit time � confidence interval, PANC-1: 18 � 5.3 ms,
HPDE: 18 � 2.0 ms; pPANC–HPDE = 2.8 � 10�2). Consistent with our
retention data, the MIA PaCa-2 cells have a lower transit time
compared to the HPDE cells (MIA PaCa-2: 4.0 � 0.0 ms,
pMIA–HPDE E 0.0), substantiating that these cells are more deform-
able than the noncancerous controls. In addition, we observe that
the Hs766T cells have significantly lower median transit times than
the HPDE cells (Hs766T: 4.8 � 0.5 ms, pHPDE–Hs766T E 0.0).

To determine the role of cell size in transit time, we gate for
cells of a similar size and compare their transit time distributions
(Fig. S6, ESI†). Here we focus our analysis on the size bins of the
largest (PANC-1) and smallest (Hs766T) cells of our panel. For
example, we first compare transit time distributions for cells
that are within 5 mm of the PANC-1 median cell size of 24 mm
(Fig. S6D, ESI†). While the non-gated data show that PANC-1 and
HPDE cells have similar median transit times across the entire
population (Fig. 2C and D), our size-gated data reveal that the
PANC-1 cells have a shorter median transit time than HPDE cells
(PANC-1: 19� 8.5 ms, HPDE: 26� 5.0 ms; pPANC–HPDE = 4.8� 10�6),
suggesting that PANC-1 cells are more deformable than the
HPDE control cells when accounting for differences in cell size.
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Since the Hs766T cells are significantly smaller than the HPDE
cells (Fig. 2D and Fig. S5A, B, ESI†), we also compare transit time
distributions across cell lines within the median size range of the
Hs766T cells (18.3 � 2.5 mm) (Fig. S6B, ESI†). Our results show
that even for cells of similar sizes, the Hs766T cells have a
significantly reduced transit time (Hs766T: 4.8 � 0.5, HPDE:
9.8 � 1.5 ms; pHPDE–Hs766T = 1.2 � 10�67), indicating that these
cells are more deformable than the noncancerous HPDE cells.
Thus, while both cell size and deformability can impact how cells
deform through narrow gaps, our size-gated data show that even
for cells of similar size, there are differences in transit time,
reflecting the variability in cell mechanotype across our PDAC cell
lines, both within and between populations. Collectively, our
fluidic assays show that the MIA PaCa-2 cells passively deform
through narrow gaps most readily, as indicated by their low
retention and transit time. Interestingly, while the MIA PaCa-2
cells are the most deformable, they show a slightly lower invasive

potential compared to the PANC-1 cells (Fig. 1), which have
higher retention and transit times. By contrast, the Hs766T cells
are the most invasive but have similar transit times and increased
retention compared to the MIA PaCa-2 cells. Overall, for the three
PDAC cell lines tested, we observe weak correlations between
PDAC cell invasive potential and the deformability of suspended
cells as measured using our fluidic assays [RInvasion–Retention =
0.21, RTranswell–Retention = 0.05, RInvasion–Transit Time = �0.24;
RTranswell–Transit Time = �0.39] (Fig. 5 and Table S2, ESI†).
Our results contrast previous studies showing that lung, breast
and ovarian cancer cells with higher invasive potential have
shorter transit times14,16 and transformed ovarian cells have a
lower retention.15

Stiffer pancreatic cancer cells tend to be more invasive

Before cancer cells reach circulation, they adhere to fibers and other
cells as they disseminate and invade into surrounding tissues.

Fig. 2 Deformability of pancreatic ductal cells. (A) Retention as measured by parallel microfiltration (PMF). A suspension of cells that more effectively
occludes the 10 mm pores of the membrane in response to external air pressure will exhibit a higher retention. Inset shows schematic of cells passing
through a porous membrane. Boxes represent the 25th and 75th percentiles, whiskers represent the 10th and 90th percentiles, and horizontal lines
represents the means. (B) Retention as a function of cell diameter. Data points represent the means and the error bars represent the standard deviations
for both axes. (C) Transit time is measured using microfluidic deformability cytometry and reveals the timescale required for single cells to deform
through a channel with a 9 mm � 10 mm diameter, as illustrated in the inset. Cells that are less deformable have longer transit times than cells that are
more deformable. For each cell line, n > 2200 cells. Boxes represent the 25th and 75th percentiles, whiskers represent the 10th and 90th percentiles, and
horizontal lines represent the bootstrapped medians. Size-gated transit time data is shown in Fig. S6 (ESI†). (D) Density scatterplots show the transit time
of single cells as a function of cell size. Statistical significance of the deformability cytometry results is calculated using a Mann–Whitney U test. All other
statistical significances is calculated with a Student’s t-test. *p-value o 0.05. The significance of pairwise comparisons between cell lines is shown in
panels A and C by the initial(s) of the cell lines that are significantly different where H: HPDE, Hs: Hs766T, M: MIA PaCa-2, and P: PANC-1. For example, in
panel A, HPDE is significantly different (*p o 0.05) from MIA PaCa-2 (M) and PANC-1 (P).
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Therefore, we next use atomic force microscopy (AFM) to
measure the Young’s modulus of the central cytoplasmic region
of pancreatic ductal cells in an adhered state. Our data show
that the MIA PaCa-2 and PANC-1 cells have significantly lower
median Young’s moduli than the noncancerous HPDE cells
(bootstrapped mean � confidence intervals: MIA PaCa-2: 1.7 �
1.0 kPa, PANC-1: 2.4� 1.1 kPa, HPDE: 3.7� 1.2 kPa; pMIA–HPDE =
1.6 � 10�5, pPANC–HPDE = 1.3 � 10�3) (Fig. 3A–C). The PANC-1
cells show a statistically significant 1.4� increase in the average
Young’s modulus compared to MIA PaCa-2 cells ( p = 2.7 � 10�2).
In contrast, the Hs766T cells have an average Young’s modulus
that is higher than both the MIA PaCa-2 and PANC-1 cells (Hs766T:
3.0 � 2.0 kPa; pHs766T–MIA = 1.2 � 10�4, pHs766T–PANC = 5.0 � 10�3),
but similar to that of the HPDE cells ( pHs766T–HPDE = 9.7 � 10�1)
(Fig. 3C). Compared to the other pancreatic ductal cancer cell
lines, the stiffer Hs766T cells have a significantly greater invasive
potential (Fig. 1). These data demonstrate that pancreatic cancer
cells with a higher Young’s modulus are more invasive than cancer
cells that are more compliant (RInvasion–Young’s Modulus = 0.97;
RTranswell–Young’s Modulus = 0.92), which contrasts previous studies
that show more invasive breast and ovarian cancer cells have a
lower Young’s modulus than their benign and less invasive
counterparts.9,10

Lamin A is associated with variability in PDAC cell
mechanotype

To investigate the molecular origins underlying the observed
differences in cell mechanotype of PDAC cells, we compile a list
of genes that regulate cell mechanical properties,40–45 which we
collectively refer to as the ‘mechanome’. Using publicly avail-
able RNAseq data,46 we identify mechanome genes that have
the greatest differential expression across our PDAC cell lines
(Fig. 4A). The four genes that exhibit the largest standard
deviation are VIM, ACTB, ACTG1, and LMNA. These genes also
show the highest standard deviations across a cohort of 41
PDAC cell lines (Fig. S8, ESI†). Vimentin (VIM) is a cytoplasmic

intermediate filament protein that contributes to the mechanical
properties of various cell types.47–49 Reduced levels of vimentin
are associated with decreased stiffness of mouse embryo
fibroblasts50,51 and breast cancer cells.52 Vimentin is also a
biomarker for epithelial-to-mesenchymal transition (EMT): cells
with increased levels of vimentin tend to be more motile and
invasive.53 Our previous work shows that EMT-transformed
ovarian cancer cells are more deformable than epithelial-type
cells.15 ACTB and ACTG1 form protein products that polymerize
to form filamentous (F)-actin, which is a well-established
regulator of cell mechanotype and motility.54,55 We prioritize
ß-actin for further analysis, as this protein is implicated in
cancer progression.54–56 We also investigate LMNA, which
encodes lamin A; this nuclear-specific intermediate filament
protein underlies the inner nuclear membrane, and is important
in essential processes including chromatin organization, gene
transcription, and DNA repair.57 Lamin A is a key determinant
of the shape stability of the cell nucleus,58 and contributes to the
mechanical properties of different cell and tissue types.21,22,45,58,59

Therefore, we focus on validating the role of vimentin, ß-actin,
F-actin, and lamin A in the mechanotypic variability of our
pancreatic ductal cells.

We first quantify levels of vimentin by immunoblotting,
revealing that there is significant variability across cell lines
(Fig. 4B and C). MIA–PaCa-2 cells have the highest levels of
vimentin, which are approximately 2-fold greater than levels in
PANC-1 ( p = 0.08). By contrast, HS766T and HPDE have no
detectable vimentin. While the variability in vimentin levels
across the cell lines is significant, it does not appear to explain
the variability that we observe in cell mechanotype and invasive
behavior, as the MIA PaCa-2 cells are the most deformable of
our PDAC cell lines, and cells that are deficient in vimentin are
typically more deformable.50–52

Our data show that ß-actin levels do not significantly vary
across our panel of pancreatic ductal cells (0.9 to 1.2 fold-
change; p > 0.05 for all pairwise comparisons) (Fig. 4D and E).

Fig. 3 Stiffness of pancreatic ductal cells. (A) Representative image of atomic force microscopy (AFM) tip over the cytoplasmic region of an HPDE cell.
Scale, 40 mm. (B) Representative force curves from each cell line. Hertz–Sneddon fits are shown in Fig. S7 (ESI†). (C) Young’s modulus of each cell type is
measured by AFM. Stiffer cells have a larger Young’s modulus than more compliant cells. n > 28 for all cell lines. Boxes represent the 25th and 75th
percentiles, whiskers represent the 10th and 90th percentiles, and the horizontal line represents the bootstrapped median. Significance calculated by a
Mann–Whitney U test between medians. *p o 0.05. The significance of pairwise comparisons between cell lines is shown in panel C by the initial(s) of
the cell lines that are significantly different where H: HPDE, Hs: Hs766T, M: MIA PaCa-2, and P: PANC-1. For example, HPDE is significantly different
(*p o 0.05) from MIA PaCa-2 (M) and PANC-1 (P).
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To quantify F-actin levels, we use imaging flow cytometry,
which enables us to characterize large populations of single
cells. While there is a slight decrease in F-actin levels for PDAC
cell lines compared to the HPDE control, there is less than a
2-fold difference across our 4 pancreatic cell lines (Fig. 4F and G).

By contrast, we observe up to a 5-fold difference in lamin A
levels across our panel of cells, as measured by immuno-
blotting (Fig. 4D and E). Hs766T cells have the highest content
of lamin A, which is approximately 5� greater than in HPDE
cells (Hs766T: 5.3 � 2.5, HPDE: 1.0 � 0.3; pHs766T–HDPE =
9.2 � 10�2). The MIA PaCa-2 cells have similar lamin A levels
as the HPDE control cells (MIA PaCa-2: 1.1 � 0.5; pMIA–HPDE =
7.8� 10�1), while the PANC-1 cells have intermediate levels of lamin
A (PANC-1: 3.3 � 1.9; pPANC–HPDE = 1.7 � 10�1) (Fig. 4D and E).
Lamin C, which is a splice variant of lamin A, shows a much
smaller B2-fold variation across cell lines. Overall, for the three
PDAC cell lines tested, our data reveal a positive trend between
protein levels of lamin A and cell mechanotype (RLaminA–Retention =
0.48, RLaminA–Youngs Modulus = 1.0) (Fig. 5 and Table S2, ESI†).
Intriguingly, we also find a positive association between
lamin A and cancer cell invasion (RLaminA–Invasion = 0.96,
RLaminA–Transwell Migration = 0.90). Taken together, our data suggest
that Young’s modulus and invasive behavior are more strongly
associated with lamin A than with ß-actin, F-actin, or lamin C.

Discussion
More invasive PDAC cells are stiffer than less invasive PDAC cells

Across many cancer types, in both cell lines and patient samples,
cancer cells that are more deformable are more invasive or have
higher metastatic potential than stiffer cells.8–17,60 By contrast, we
show here that more invasive PDAC cells have a higher Young’s

Fig. 4 Structural proteins in pancreatic ductal cell lines. (A) Bar plot
showing standard deviation in expression levels of mechanoregulating
genes across our three PDAC cell lines as determined by RNAseq analysis.
(B) Immunoblot of vimentin and GAPDH. (C) Fold-change in protein levels
compared to the MIA–PaCa2 cells, as HPDE cells show no detectable
vimentin. Values are first normalized to the loading control, GAPDH.
(D) Immunoblot of lamin A, lamin C, ß-actin, and GAPDH. (E) Fold-
change in protein levels compared to HPDE cells. Values are first normal-
ized to the loading control, GAPDH. (F) Imaging flow cytometry images of
cells stained with phalloidin to label F-actin. Scale, 15 mm. (G) Quantifica-
tion of images shows bootstrapped median fluorescence intensity of
F-actin. Statistical significance for immunoblotting results is determined
by a Student t-test. Statistical significance for imaging flow cytometry
results is determined by a Mann Whitney U test. *p o 0.05. Significance is
shown for cell line with the star to the cell line denoted by the initial(s). The
significance of pairwise comparisons between cell lines is shown in panels
C, E, and G by the initial(s) of the cell lines that are significantly different
where H: HPDE, Hs: Hs766T, M: MIA PaCa-2, and P: PANC-1.

Fig. 5 Pearson’s correlations (R) between cancer cell behaviors, mechano-
type measurements, and levels of structural proteins for PDAC cells. Invasion
is determined from modified scratch wound invasion assays as percent
confluence at 72 hours. Transwell migration assays measure the ability of cells
to migrate through 8 mm pores after 12 hours. Young’s modulus is obtained
using AFM. Retention is determined by PMF. Transit time is measured using
microfluidic deformability cytometry. F-actin levels are measured for fixed,
phalloidin-labeled cells in suspension by imaging flow cytometry. Vimentin,
ß-actin, and lamin A/C levels are measured by quantitative immunoblotting.
Colors are based on R-values that are obtained by calculating Pearson’s
correlation coefficients across the three cancerous PDAC cell lines
(Hs766T, PANC-1, and MIA PaCa-2) in our panel.
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modulus. The Hs766T cells, which are derived from a malignant
pleural effusion, are the stiffest and also the most invasive of the
cell lines in our panel (Fig. 1 and 3). Of the two cell lines derived
from primary tumors, PANC-1 cells are slightly more invasive and
have a higher Young’s modulus than MIA PaCA-2 cells. Our
observations that more invasive pancreatic ductal cells tend to be
stiffer suggest that the relationship between cancer cell mechanotype
and invasive potential may depend on cancer type. While many
studies identify more compliant breast and ovarian cancer cells as
more invasive,9,10 stiffer lung cancer and transformed skin cells have
greater invasive potential.18,19 Indeed, more invasive or metastatic
cancer cell lines that generate greater traction stresses27,61 and more
contractile cells have a higher apparent stiffness.62

Cell mechanotype shows promise as an emerging biomarker
that could be used to aid pathologists in achieving more
accurate prognoses.13,63 Our data highlight that the association
between mechanotype and disease aggressiveness may vary for
different tissue types. For example, while the increased deform-
ability of breast and ovarian cancer cells may predict increased
invasive behavior, our results suggest that more invasive PDAC
cells could be detected or classified based on their increased
stiffness. Developing a framework across different types of
cancers that classifies disease aggressiveness based on cell
mechanotype could provide clinically valuable information for
prognosis or identifying appropriate therapeutic treatments.

An integrated understanding of cell mechanotype

Across three different mechanotype measurements, we find
different trends between cell lines. Our AFM data show that
the stiffest to most compliant cell lines are Hs766T = HPDE >
PANC-1 > MIA PaCa-2. With PMF, we find that retention from
highest to lowest is PANC-1 > Hs766T = HPDE > MIA PaCa-2.
Our microfluidic deformability cytometry data show that transit
times from longest to shortest are HPDE = PANC-1 > Hs766T >
MIA PaCa-2. Overall we find that there is a strong, positive
correlation between our microfluidic and PMF data (Fig. 5 and
Table S2, ESI†). However, there is only a moderate to weak
association between AFM and our fluidic assays. One possible
explanation for the difference we see across methods may be a result
of measuring bulk populations versus single cells. For example, the
PANC-1 cells have a similar median transit time as the HPDE cells,
but exhibit a greater range of transit times; the PANC-1 cells that
have longer transit times are more likely to occlude pores in our PMF
assay, and may thereby contribute to the marked increase in
retention that we observe for PANC-1 compared to HPDE cells.

The different trends in cell mechanotype that we observe
may also stem from the different length scales of deformation
between the techniques: in our fluidic assays, cells are subject
to global deformations on the order of 10 mm whereas with AFM
we probe the cell with local, B0.5 to 1 mm indentations. The
deformation length scale determines which subcellular structures
are primary contributors to the measured cell deformability.
For example, the nucleus may dominate our fluidic deform-
ability measurements as the nuclei of our pancreatic ductal
cells have a diameter of 11 to 16 mm and the pores used in our
PMF and transit time assays have a diameter of 9 to 10 mm.

Therefore, the nucleus must deform in order for the whole cell
to passage through a pore. As the nucleus rate-limits the transit
of cells through pores much smaller than the diameter of the
nucleus,21 contributions of nuclear mechanical properties to
our fluidic measurements may be more significant than the
cytoskeleton. However, we observe only weak correlations
between retention and transit time with levels of the nuclear
envelope protein lamin A (Fig. 5 and Table S2, ESI†), suggesting
that both nuclear and cytoskeletal structures may contribute to
transit time and retention measurements. With AFM, we
induce local deformations of the cytoplasmic region of adhered
cells, thus we expect that these measurements reflect cytoske-
letal architecture. We note that adhered cells also exhibit stress
fibers, which can be anchored at focal adhesions where cells
attach to their substrate;25 the associated stress fibers may also
contribute to the deformability of adhered cells. We note that
the nucleus could additionally contribute to our AFM measurements
of the cytoplasmic region. The cytoskeleton is physically connected
to the nucleus through LINC protein complexes that span the
nuclear envelope and interact with actin and intermediate filaments;
thus, mechanical stresses applied during deformation of the
cytoplasm may be transduced to the nucleus.64

Adhered cells can also generate intracellular tension or
‘prestress’ when they are attached to a Matrigel-coated substrate.
As higher levels of prestress are reflected in AFM measurements
of Young’s modulus,65 the increased stiffness of Hs766T cells
may additionally reflect increased intracellular tension of these
cells. Moreover, adhered cells are prestressed materials with actin
stress fibers66 and the nucleus under tension.67–69 We speculate
that higher levels of lamin A could also enable cells to achieve
higher levels of prestress, and thereby contribute to the stiffer
cytoplasmic region that we observe by AFM. Therefore, a higher
density of lamin A in the nucleus could result in a smaller deforma-
tion of the cytoplasmic region for a given applied force; consistent
with this, Hs766T cells have the highest levels of lamin A (Fig. 4D
and E) largest Young’s modulus as measured by AFM (Fig. 3C).

Given these differences between cells that are adhered versus
suspended, as well as differences between the deformation
length scales of mechanotyping techniques, such complementary
methods could provide information that may be relevant in the
context of distinct physical processes in metastasis and invasion,
from circulation through vasculature to extravasation into distant
sites. While our retention and transit time results do not strongly
correlate with cell invasive potential (Fig. 5 and Table S2, ESI†),
the ability of PDAC cells to passively deform may influence their
ability to transit through narrow capillaries of the vasculature during
metastasis. Our retention measurements may also have physiological
disease relevance: it is intriguing to speculate that the occlusion of
cells in micron-scale capillaries of the pulmonary bed could increase
the probability that a secondary cancer site will be established.

The molecular origins of variability in cell mechanotype

Here we show that there is a 5-fold difference in lamin A protein
levels across 4 pancreatic ductal cell lines. Our results also
show a strong correlation between lamin A levels and Young’s
modulus as measured by AFM (Fig. 5 and Table S2, ESI†),
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indicating that this key structural protein of the cell nucleus
may contribute to the observed variability in mechanotype that
we observe across the PDAC cell lines. Our results are consistent
with previous findings showing that lower levels of lamin A
result in more deformable cells.21,58,70

We also observe that cells with higher levels of lamin A tend
to be more invasive (Fig. 5). For example, the Hs766T cells have
the highest expression of lamin A (1.6 to 5.3-fold increase
compared to the other pancreatic ductal cells lines) (Fig. 4D
and E) and are the most invasive (20 to 38% higher wound
confluence at 72 hours than the other pancreatic ductal cell
lines, Fig. 1). These findings contrast previous studies that
show increased levels of lamin A can impede the active migration
and passive transit of cells through narrow pores that are B50%
smaller than the diameter of their nuclei.21,22 However, cells with
reduced levels of lamin A exhibit increased frequency of nuclear
envelope rupture,71,72 apoptosis, and cell death22 when migrating
through micron-scale pores and 3D collagen gels. Thus, while a
more compliant nucleus, with lower lamin A levels, can enable
changes in shape that are required for deformation through
narrow gaps, a threshold level of lamin A and/or mechanical
stability appears to be necessary to prevent cell death and
excessive nuclear rupture events, which ultimately cause DNA
damage. Further, a stiffer nucleus could provide other advantages
during invasion. Because polymerizing actin bundles generate
forces and push against the nucleus during invadopodia
formation,73 we speculate that a stiffer nucleus with higher levels
of lamin A could provide more resistance to the forces exerted by
growing invadopodia and thereby enhance the ability of cells to
penetrate and invade into the surrounding matrix. Indeed, lamin
A-deficient mouse embryo fibroblasts cells show reduced
protrusions while migrating through a collagen matrix, as well
as lower 3D migration speeds.74 Thus, both lower and higher
levels of lamin A may offer distinct advantages for cancer cells.

While lamin A appears to be implicated in the progression of
some types of cancer, there is currently no consensus on the
role of lamin A in cancer progression or prognosis.75 Lamin A
overexpression is correlated to increased growth and invasion
in prostate cancer,76 while reduced lamin A levels are linked to
poor prognosis in gastric and squamous cell carcinoma, as well
as some skin cancers.77 The variability in mechanotype that we
observe could stem from other differences between cell lines.
Although the cell lines in our panel are all pancreatic ductal
cells, they are derived from different sites, including primary
tumors and pleural effusion. Despite their different origins, all
three PDAC cell lines have mutations in KRAS, TP53, and p16.
The Hs766T cells have an additional SMAD4 mutation (Table
S1, ESI†), which could contribute to its increased invasive
potential.78,79 In addition to these founder mutations, other
genetic alterations could affect mechanotype. Future studies
measuring the deformability of primary cells with well-
characterized genetic mutations may address the link between
genotype, mechanotype, and invasive behavior.

We also find that there is significant variability in vimentin
levels across PDAC cell lines (Fig. 4B and C), and that cells with
higher vimentin levels are more compliant and less invasive.

This apparent discrepancy with previous mechanical studies of
cells with decreased vimentin levels50–52 may be due to the fact
that we investigate endogeneous vimentin levels across different cell
lines, rather than specifically manipulating vimentin levels by knock-
down or overexpression. However, during epithelial-to-mesenchymal
transition (EMT), cells tend to express increased levels of vimentin
and become more motile and invasive;53 our previous work shows
that EMT-transformed ovarian cancer cells are more deformable
than epithelial-type cells.15 Our current study also reveals that
pancreatic cancer cells with higher vimentin levels are more deform-
able, although they are less invasive. It will be interesting to more
thoroughly investigate the role of vimentin in the mechanical
properties and invasion of pancreatic cancer cells in future work.

Our bioinformatics analysis highlights additional mechanome
genes that could regulate PDAC cell mechanotype. For example, we
observe that components of the Rho/ROCK pathway also exhibit
significant variability across PDAC cell lines. These proteins, such
as RhoA, are implicated in cell contractility,80–82 and may thus
impact cancer cell invasion, response to stiffer extracellular
matrices, and metastasis. Further investigations should provide
deeper insight into the molecular basis of how cells regulate their
mechanotype to adapt to a microenvironment of a particular
stiffness, and how such changes in cell mechanotype may affect
cancer behaviors, from invasion to proliferation. It is thought that
more compliant cells could more easily transit narrow channels of
the vasculature and metastasize to distant sites; however, stiffer
cells may be better able to sustain the physical forces in the
microenvironment and generate greater contractile forces that
enable invasion into surrounding tissues. Such studies would also
provide deeper insight into the open question of whether tumor
cell mechanotype contributes to cancer progression, or is a
byproduct that accompanies disease progression.

Towards clinical benefit

We anticipate that expanding our knowledge of the PDAC cell
mechanome could identify novel drug targets. One of the greatest
challenges in PDAC treatment is the development of effective
therapies that impede metastasis, as metastatic tumor burden is
thought to be responsible for over 70 percent of PDAC-related
deaths.83 Knowledge of the PDAC mechanome could provide
insight into how cells alter mechanosignaling pathways in
response to the stiffness of their microenvironment. Targeting
the molecular components that are triggered by mechanical cues
may impede cancer progression by interrupting the positive
feedback loop that drives cells to generate more ECM, which
results in a stiffer tumor and increases PDAC progression.4

Insights into cell physical properties and their contributions to
the complex cancer phenotype are thus urgently needed for
improving the prognosis of patients with pancreatic cancer.

Experimental methods
Cell culture

The nontransformed human pancreatic ductal epithelial (HPDE)
cell line is from Ming-Sound Tsao from the Department of
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Laboratory Medicine and Pathobiology at the Ontario Cancer
Institute (University Health Network-Princess Margaret Hospital,
Toronto) and the Department of Medical Biophysics (University
of Toronto, Ontario, Canada). The pancreatic ductal adeno-
carcinoma (PDAC) cell lines (Hs766T, MIA PaCa-2, and PANC-1)
are from the American Type Culture Collection (ATCC). HPDE
cells are cultured in Keratinocyte-SFM (Life Technologies)
supplemented with prequalified human recombinant Epidermal
Growth Factor 1-53 (Life Technologies), Bovine Pituitary Extract
(Life Technologies), and 1% v/v penicillin–streptomycin (Gemini
BioProducts). Hs766T, MIA PaCa-2, and PANC-1 cells are grown
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). Cells are
cultured at 5% CO2 and 37 1C.

Scratch wound invasion, migration, and proliferation assays

We perform invasion, migration, and proliferation assays using
the IncuCyte time-lapse imaging system (EssenBioscience). To
measure cell invasion through a 3D matrix, we perform modified
scratch wound invasion assays with an overlay of Matrigel to
simulate the ECM.30,31,84 We plate cells in the wells of a 96-well
plate with a thin Matrigel (100 mg ml�1) layer for cell attachment
at 95% confluency, create a scratch wound, overlay the scratch
with a B1.5 mm-thick layer of 8 mg ml�1 Matrigel (Corning), and
perform time-lapse imaging using the IncuCyte Zoom (Essen
Bioscience) at 5% CO2 and 37 1C. Phase contrast images of cells
are acquired every 2 hours for 120 hours. We determine the
confluence of cells in the wound area at each time point using
quantitative image analysis (Essen Bioscience). To assay the
ability of cells to migrate on a 2D substrate, we perform this
same assay without Matrigel and image every 2 hours for 72 hours.
Since both scratch wound invasion and migration assays may be
influenced by cell proliferation, we also measure percent con-
fluence by sparsely plating cells (2000 cells per well of a 96-well
plate) and acquiring phase contrast images every 2 hours for
120 hours. We also determine proliferation and apoptosis rates
of cells with a Matrigel overlay. Cells are prepared as described
above for a proliferation assay. Prior to overlay with Matrigel
(8 mg ml�1), cells were stained with 3 mM DRAQ7, a cell
impermeable nuclear dye that only intercalates into the DNA
of apoptosed cells.

Transwell migration

To assay the ability of cells to migrate through 8 mm pores, we
use 24-well uncoated transwell inserts with porous polycarbonate
membranes (Costar, Corning). For 1 hour prior to the experiments,
we hydrate each well in serum-free DMEM media. We then load
150 ml of a suspension of 6.7 � 105 cells per ml into each well and
incubate at 5% CO2, 37 1C for 12 hours. After the incubation period,
cells remaining on the top side of each membrane are removed with
a cotton swab; all of the cells that have migrated to the bottom of
the membrane are fixed in 100% methanol, stained with Hoechst
33342 (Life Technologies), and washed with 1� PBS (Corning).
Imaging of stained cells is performed using a fluorescent micro-
scope (Zeiss EC Plan-Neofluar 20� objective; NA 0.5/Ph2 M27).

The number of cells that migrate to the bottom of the membrane is
determined by counting the number of nuclei from images of the
bottom membrane. Transwell migration efficiency is determined
by the number of migrated cells divided by the total number of
cells loaded.

Parallel microfiltration (PMF)

The PMF method is described previously in detail.15 In brief, we
assemble the device with a polycarbonate membrane that has
pores of 10 mm diameter (Isopore, Millipore). To minimize cell-
surface interactions, we incubate each well with 1% w/v bovine
serum albumin (BSA) (Fisher Scientific) for 1 hour at 37 1C. The
BSA solution is then removed and wells are air dried for at least
1 hour before each experiment. Cell suspensions are prepared
at a concentration of 6.0 � 105 cells per ml and filtered through
a 35 mm mesh filter to reduce the number of cell aggregates.
To measure cell number and size, we use an automated cell
counter (TC20, BioRad); this also confirms that over 98% of
cells are single cells (Fig. S4, ESI†). Using compressed air as a
pressure source, we apply 14 kPa for 50 s. We determine the
percentage (%) retention by collecting the cell suspension that
remains in the top well and measuring its mass using a
precision balance (Northeast Scale Inc.); retention is defined
as massfinal/massinitial. We load samples into at least three wells
per cell line per experiment, and at least ten wells over three
independent experiments are measured for each cell line.

Microfluidic deformability cytometry

To evaluate the ability of single cells to passively deform through
micron-scale pores, we use microfluidic devices with channels
that have a smallest dimension of 9 mm� 10 mm (width� height),
which we fabricate using standard soft photolithography
techniques.85 To pattern the device design onto a silicon master,
SU-8 3010 negative photoresist (MicroChem) is spincoated onto a
400 silicon wafer and exposed to UV light through a photomask.
Polydimethylsiloxane (Sylgard 184 silicone elastomer, Dow
Corning) is mixed with a 10 : 1 ratio of base to crosslinker, poured
over the silicon master, and cured at 80 1C for 1 hour. A biopsy
punch is used to create inlets and outlets. The PDMS is bonded to
#1.5-thickness glass coverslips using plasma corona discharge
and baked at 80 1C for 20 minutes to ensure bonding. To
minimize cell-wall interactions, we add Pluronic F-127 surfactant
(0.1 w/v%) (Sigma-Aldrich) to the cell suspension.29 Cell suspensions
are flowed through the microfluidic device using pressure-driven
flow (10 psi).86 We image cells that deform through the narrow
channels by acquiring images at 2000 frames per second using a
CMOS camera (Miro eX1, Vision Research) mounted on an inverted
microscope. For each cell line, we obtain videos over three
independent experiments. To determine the timescale for
single cells to transit through the 9 mm constriction, or transit
time, we perform post-acquisition analysis using a custom
MATLAB script (Mathworks).

Atomic force microscopy (AFM)

AFM is performed using the MFP-3D-BIO system (Asylum
Research, Oxford Instruments). Cells are probed with the ‘‘C’’
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tip of an MLCT probe (Bruker) at room temperature. The sensitivity
and spring constant of each probe (11.5 to 14.5 mN m�1) are
calibrated before each experiment. Cells are plated on a polystyrene
petri dish coated with a thin layer of Matrigel (100 mg ml�1)
approximately 24 hours prior to each experiment. Force curves are
acquired by indenting the central cytoplasmic region of 25 to
35 cells for each cell line. To avoid possible contribution of
adjacent cells, only single cells were probed. Approach and
retract speeds for all experiments are 5 mm s�1. The elastic
modulus for each cell is determined by fitting force curves with
the Hertz–Sneddon model87,88 using Asylum Research software.

Gene expression and bioinformatics analysis

We use publicly available RNA-seq data for 41 PDAC cell lines
for gene expression analysis.46 Using STAR v.2.4.2a,89 we align
RNA sequence reads to the human reference genome (hg38)
with Ensembl v.82 gene annotations. STAR is run with the
following parameters: minimum/maximum intron sizes are set
to 30 and 500 000; noncanonical, 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 Cuffquant command
included with Cufflinks v.2.2.1,90 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.40–45

To identify the mechanoregulating genes with the highest
variability in expression across PDAC cell lines, we calculate
the standard deviation of mRNA levels for genes that encode
proteins that are implicated in mechanotype.

Imaging flow cytometry

To visualize F-actin, cells are fixed with 4% paraformaldehyde
(Sigma) in 1� PBS (Corning), permeabilized with 0.3% Triton
X-100 in 1� PBS (Corning), and stained with phalloidin con-
jugated to AlexaFluor488 (1 : 100 in 0.3% Triton X-100 in
1� PBS; Life Technologies) at room temperature for 30 minutes.
To image the nucleus, cells are stained with DRAQ5 (1 : 250 in
0.3% Triton X-100 in 1� PBS; ThermoFisher) at room temperature
for 20 minutes. Images of individual cells in suspension are
acquired using imaging flow cytometry (Amnis ImageStream,
Millipore). Quantification of F-actin intensity, cell size, and nuclear
size is conducted using the IDEAS software (Amnis, Millipore).

Western blots

Western blots are performed as previously described21 with
slight modifications. Cell lysates are prepared from 2 � 106 cells
with 100 ml urea lysis buffer that has a final concentration of
9 M urea, 10 mM Tris–HCl (pH 8), 10 mM EDTA, 500 mM phenyl-
methylsulfonyl fluoride, 20 ml of b-mercaptoethanol (Sigma),
and protease inhibitor at the suggested working concentration
(cOmplete ULTRA tablets). Proteins are separated on a 4–12%
Bis-Tris gel (Life Technologies) with 1� MES running buffer

(Life Technologies) and then transferred to nitrocellulose
membranes, blocked with 5% fat-free milk, and labeled with
primary antibodies against vimentin (MS-129-P0, Thermo-
Fisher), b-actin (MA5-15739, ThermoFisher), lamin A/C (sc-6215,
Santa Cruz Biotech), and GAPDH (MA5-15738, ThermoFisher) as a
loading control. Membranes are then incubated with host-specific
secondary antibodies conjugated to horseradish peroxidase (HRP)
(Abcam) and imaged using chemiluminescence (ThermoFisher)
on a digital imaging system (AlphaImager IS-1000, Alpha Innotech
Corporation). Expression levels are quantified by analysis of
optical density in the linear regime using ImageJ software
(National Institutes of Health).

Statistical analysis

All data are obtained from at least 3 independent 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, we perform bootstrapping
to obtain the bootstrapped median and confidence intervals; we
then use the Mann–Whitney U test to determine statistically
significant differences between non-normal distributions the
Statistical and Machine Learning Toolbox in MATLAB (Mathworks)
and Origin (OriginLab). Density scatter plots for transit time data
are plotted using the dscatter function (Richard Henson,
MathWorks File Exchange) in MATLAB (Mathworks).

Acknowledgements

We thank Shivani Sharma and Adam Steig for consultations on
AFM and Tae-Hyung Kim for assistance with gene expression
analysis and critical feedback on the manuscript. We thank James
Tidball for generous use of the AlphaImager imaging system.
Imaging flow cytometry was performed in the UCLA Flow Cytometry
Core Facility that is supported by National Institutes of Health
awards CA-16042 and AI-28697, the Jonsson Comprehensive Cancer
Center, the Center for AIDS Research, and the David Geffen School
of Medicine at UCLA. IncuCyte Zoom experiments were performed
in facilities supported by the Eli & Edythe Broad Center of
Regenerative Medicine & Stem Cell Research at UCLA and the
Jonsson Comprehensive Cancer Center. We are grateful for our
funding from the NSF (CAREER DBI-1254185 to ACR), the NIH/
National Center for Advancing Translational Science (NCATS)
(UCLA CTSI Grant Number UL1TR000124), and the Farber
Family Foundation. AVN is supported by a David Geffen Scholar-
ship and the UCLA-IBP Eureka Scholarship Fund. AHN is
supported by an NIH T32 from Department of Gastroenterology
(NIH GI Training Grant (T32 DK07180-37)), as well as the Gerald
S. Levey Surgical Research Training Award. AMW is supported
by the UCLA Undergraduate Research Scholars Program (Gottlieb
Endowment) and Whitcome Summer Research Fellowship.

References

1 C. Bosetti, P. Bertuccio, E. Negri, C. La Vecchia, M. P. Zeegers
and P. Boffetta, Mol. Carcinog., 2012, 51, 3–13.

Integrative Biology Paper

Pu
bl

is
he

d 
on

 1
1 

O
ct

ob
er

 2
01

6.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

L
os

 A
ng

el
es

 o
n 

20
/1

0/
20

16
 1

7:
56

:0
8.

 
View Article Online

http://dx.doi.org/10.1039/C6IB00135A


Integr. Biol. This journal is©The Royal Society of Chemistry 2016

2 L. Rahib, B. D. Smith, R. Aizenberg, A. B. Rosenzweig,
J. M. Fleshman and L. M. Matrisian, Cancer Res., 2014, 74,
2913–2921.

3 D. T. Butcher, T. Alliston and V. M. Weaver, Nat. Rev. Cancer,
2009, 9, 108–122.

4 H. Laklai, Y. A. Miroshnikova, M. W. Pickup, E. A. Collisson,
G. E. Kim, A. S. Barrett, R. C. Hill, J. N. Lakins, D. D.
Schlaepfer, J. K. Mouw, V. S. LeBleu, N. Roy, S. V. Novitskiy,
J. S. Johansen, V. Poli, R. Kalluri, C. A. Iacobuzio-Donahue,
L. D. Wood, M. Hebrok, K. Hansen, H. L. Moses and
V. M. Weaver, Nat. Med., 2016, 22, 497–505.

5 F. Kai, H. Laklai and V. Weaver, Trends Cell Biol., 2016, 26,
1–12.

6 D. E. Discher, P. Janmey and Y.-L. Wang, Science, 2005, 310,
1139–1143.

7 E. L. Baker, J. Lu, D. Yu, R. T. Bonnecaze and M. H. Zaman,
Biophys. J., 2010, 99, 2048–2057.

8 V. Swaminathan, K. Mythreye, E. Tim O’Brien, A. Berchuck,
G. C. Blobe and R. Superfine, Cancer Res., 2011, 71,
5075–5080.

9 W. Xu, R. Mezencev, B. Kim, L. Wang, J. McDonald and
T. Sulchek, PLoS One, 2012, 7, e46609.

10 M. H. Lee, P. H. Wu, J. R. Staunton, R. Ros, G. D. Longmore
and D. Wirtz, Biophys. J., 2012, 102, 2731–2741.

11 S. E. Cross, Y.-S. Jin, J. Rao and J. K. Gimzewski, Nat.
Nanotechnol., 2007, 2, 780–783.

12 T. W. Remmerbach, F. Wottawah, J. Dietrich, B. Lincoln,
C. Wittekind and J. Guck, Cancer Res., 2009, 69, 1728–1732.

13 H. T. K. Tse, D. R. Gossett, Y. S. Moon, M. Masaeli,
M. Sohsman, Y. Ying, K. Mislick, R. P. Adams, J. Rao and
D. Di Carlo, Sci. Transl. Med., 2013, 5, 212ra163.

14 S. Byun, S. Son, D. Amodei, N. Cermak, J. Shaw, J. H. Kang,
V. C. Hecht, M. M. Winslow, T. Jacks, P. Mallick and
S. R. Manalis, Proc. Natl. Acad. Sci. U. S. A., 2013, 110,
7580–7585.

15 D. Qi, N. Kaur Gill, C. Santiskulvong, J. Sifuentes, O. Dorigo,
J. Rao, B. Taylor-Harding, W. Ruprecht Wiedemeyer and
A. C. Rowat, Sci. Rep., 2015, 5, 17595.

16 H. W. Hou, Q. S. Li, G. Y. H. Lee, A. P. Kumar, C. N. Ong and
C. T. Lim, Biomed. Microdevices, 2009, 11, 557–564.

17 M. Plodinec, M. Loparic, C. A. Monnier, E. C. Obermann,
R. Zanetti-Dallenbach, P. Oertle, J. T. Hyotyla, U. Aebi,
M. Bentires-Alj, R. Y. H. Lim and C.-A. Schoenenberger,
Nat. Nanotechnol., 2012, 7, 757–765.

18 L.-S. Z. Rathje, N. Nordgren, T. Pettersson, D. Rönnlund,
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28 E. L. Deer, J. González-Hernández, J. D. Coursen, J. E. Shea,
J. Ngatia, C. L. Scaife, M. A. Firpo and S. J. Mulvihill,
Pancreas, 2010, 39, 425–435.

29 K. D. Nyberg, M. B. Scott, S. L. Bruce, A. B. Gopinath,
D. Bikos, T. G. Mason, W. Kim, H. Sung and A. C. Rowat,
Lab Chip, 2016, 16, 3330–3339.

30 M. Unbekandt, D. R. Croft, D. Crighton, M. Mezna,
D. Mcarthur, P. Mcconnell, A. W. Schüttelkopf, S. Belshaw,
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