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a b s t r a c t

Integrins play an important role in cell adhesion, morphology, migration, and many other physiological
processes. The role of avb3 integrin has been intensively investigated in the past. However, much is still
unclear about its selective role in cell contractility, adhesion, and mechanics. We looked at the influence
of avb3 integrin on the cell mechanics of adherent M21 and suspended K562 cells with a micro-
constriction assay and found that the expression of avb3 integrin leads to higher cell stiffness and
decreased fluidity in both cell lines. The disruption of the actin cytoskeleton decreased cellular stiffness
in M21 (expressing a5b1 and avb3 integrins) and M21L (expressing only a5b1 integrin) cell lines in a
similar way, but did not lead to the same baseline stiffness. The activation of integrins after the addition
of Mn2þ led to higher stiffness in all observed cell lines, independent of avb3 integrin expression and
disruption of the actin cytoskeleton. In summary, these results show that differences in stiffness/fluidity
due to avb3 integrin expression or integrin activation by Mn2þ might not simply be explained by the
coupling of integrins to actin via focal adhesions, which in turn induces changes in the actin cytoskeleton,
but also by other cellular components such as the cell nucleus, intermediate filaments, or microtubules.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

Integrins are heterodimeric (a/b) cell adhesion receptors,
expressed on the surface of most cells in the body, which consist of
a bi-lobular head and two legs that span the plasma membrane
[1,2]. Integrin-mediated cell adhesion controls critical signals
regulating cell proliferation, differentiation, and survival [3]. They
are unusual receptors as they normally exist in an inactive state,
preventing cells from inappropriately adhering to each other or to
the extracellular matrix (ECM). However, upon cell activation in
response to a physiologic stimulus, they undergo rapid and pro-
found reversible conformational-dependent changes in affinity,
making the cells adhesive, with far-reaching consequences on cell
signaling and possibly cell mechanics [2,4,5]. Further, binding of
physiologic ligands and/or application of external mechanical
forces cause additional changes in integrin conformation by initi-
ating structural rearrangements in the integrin ectodomain [6,7].
The ligand-induced structural rearrangements trigger cell
spreading through connections between integrin cytoplasmic tails,
.de (W.H. Goldmann).
focal adhesion proteins, and filamentous actin, and the disruption
of these processes contributes to the pathogenesis of many diseases
[8,9].

avb3 integrin together with aIIbb3 constitute the only known b3
integrins [1,2]. The non-covalent heterodimer of 170 kDa (av and b3
subunits) shows wide expression, notably in endothelial cells, os-
teoclasts, and some solid tumors. It specifically recognizes the
arginine-glycine-aspartic (RGD) tri-peptide sequence in a variety of
extracellular matrix proteins, including vitronectin, osteopontin,
fibrinogen, fibronectin, thrombospondin, von Willebrand factor,
and cryptic collagens [10,11]. Specifically, it has been demonstrated
to mediate osteoclastic bone resorption and endothelial neo-
vascularization. Significant up-regulation of avb3 integrin expres-
sion has been observed in endothelial tumor as well as melanoma
and glioblastoma cells [12]. Thus, avb3 integrin has been recog-
nized as an important therapeutic target and antagonists to it are
being explored with the aim of preventing or reversing osteopo-
rosis, angiogenesis, and tumor regression [13]. Nevertheless, the
reasons for implications of avb3 overexpression in tumors are
widely debated and poorly understood, especially concerning
cellular mechanical properties.

In our experiments, we used the microconstriction method to
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determine the influence of avb3 integrin on the mechanical prop-
erties of two cell lines [14]. Using this method, we measured the
entry time, working pressure and cell size of suspended cells, or
cells brought into suspension, which are flushed intomicron-scaled
constrictions. This allowed the calculation of the elastic stiffness
and fluidity (¼viscous properties) of human erythroleukemia K562
non-adherent cells, which express recombinant avb3 integrin
(termed K562-avb3) [15], and human melanoma M21 adherent
cells, which do no longer express avb3 integrin (termedM21L) after
knockout [16], used as model cell lines. Both of these cell lines
express other integrins, among them predominantly a5b1 integrin.

We were interested in answering the following questions: (i)
Does the expression of avb3 integrin in K562/M21 cell lines, which
possibly also induces changes in the cellular actin cytoskeleton due
to altered linkage, result in differences in overall cell mechanical
properties? (ii) How do the cell mechanical properties of cell lines,
which express or do not express avb3 integrin, change when we
disrupt the actin cytoskeleton? Regarding our hypothesis here are
differences in stiffness only due to the actin cytoskeleton? (iii) Are
there measurable changes in mechanical properties in these cell
lines after integrin activation with Mn2þ? The question here per-
tains to whether the activation of avb3 and/or a5b1 integrin might
increase the stiffness of the actomyosin cytoskeleton of the cell
lines differently. Additionally, using morphologic analyses and flow
cytometry onM21/M21L cells, we tried to explain the differences in
cell mechanical properties induced by avb3 expression.
2. Materials and methods

2.1. Cell lines and cell culture

The human erythroleukemia cell line K562 and the transfected
cell line K562-avb3, stably expressing recombinant avb3 integrin
[15], as well as the human melanoma cell line M21, which consti-
tutively expresses avb3, and M21L, where avb3 integrin was
knocked out, have been described previously [16]. K562 cells were
maintained in Iscove's modified Dulbecco's medium (IMDM).
K562-avb3 cells were cultured in IMDMwith G418 (1.0 mg/ml) and
M21/M21L cells in RPMI 1640. All media were supplemented with
10% fetal calf serum (FCS), 2 mM L-glutamine, and 100 U/mL
Fig. 1. (a) Schematics of the microfluidic device is shownwith an inlet, debris filter, constrict
parallel constrictions. (b) Sequential micrographs of a cell entering into a constriction. The r
bar ¼ 10 mm. (c) The entry time is calculated by thresholding the standard deviation (SD) of t
numbered ROIs from (b). (d) Mechanical properties of M21 melanoma cells: scatters of log(t
(For interpretation of the references to color in this figure legend, the reader is referred to
penicillin and streptomycin. In cellular and biochemical assays,
where calcium, magnesium, or manganese cations were used, the
final concentration was always 1 mM.
2.2. Cell culture reagents and antibodies

Cell culture reagents were either purchased from Invitrogen
Corp. (San Diego, CA) or Fisher Scientific (Hampton, NH). Human
plasma fibronectin was obtained from Sigma-Aldrich (St Louis,
MO). The function-blocking and heterodimer-specific mAb LM609
against aVb3 [17] was purchased fromMillipore (Danvers, MA); av-
specific mAb 17E6 [16,18], blocking b1-specific P5D2 was from
(R&D Systems,Minneapolis, MN), and APC-labeled goat anti-mouse
Fc-specific antibody was from Jackson ImmunoResearch (West
Grove, PA).
2.3. Flow cytometry and immunofluorescent labeling

K562 cells expressing avb3 were harvested by re-suspension,
and M21/M21L cells by incubation in 10 mM EDTA in PBS (5 min;
25 �C) followed by washing three times in Hepes-buffered saline
(20 mM Hepes, 150 mM NaCl, pH 7.4) containing bovine serum
albumin (0.1% w/v) and 5 mM glucose (washing buffer, WB) [9].
About 1 � 106 cells were suspended in 100 ml WB and incubated
first with each primary antibody at 10 mg/ml (30 min; 4 �C), then
with APC-conjugated secondary anti-mouse Fc antibody for an
additional 30 min on ice. Cells were washed in WB after each in-
cubation, fixed in 2% paraformaldehyde, and analyzed using a BD-
LSRII flow cytometer (BD Biosciences). Antibody binding to cells
was expressed as mean fluorescence intensity (MFI) as determined
by FlowJo software. Several times, suspended M21 and M21L cells
fixed in 4% paraformaldehyde and permeabilized in 0.1% Triton
solutionwere labeled with Alexa 488-labeled phalloidin for 30 min
at RT in the dark. After WB rinsing, the cells were analyzed by flow
cytometry, and the phalloidin binding was also expressed as mean
fluorescence intensity (MFI). Immunofluorescent labeling of M21
and M21L cells was conducted as explained in detail in Ref. [19].
ion area surrounded by a bypass, and outlet. The symmetric constriction area has eight
ed squares mark the regions of interest (ROI) for estimating the cell's entry time. Scale
he pixel intensities within the ROIs (red line). Roman numbers (IeIII) correspond to the
entry) vs. log(εmax/Dp) can be fitted by a power law (double logarithmic representation).
the web version of this article.)
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2.4. Cell area detection

Cell areas were calculated from fluorescence images of
phalloidin-labeled cellular actin by thresholding and manual cell
counting of Hoechst-stained nuclei. The sum of all pixels above an
empirically found threshold (constant for all cell lines) was divided
by the number of cells for each image. Error bars (standard errors,
S.E.s) were calculated from n > 6 images per condition.

2.5. Microconstriction setup

The microconstriction setup and evaluation of quantitative cell
mechanical properties have been described in detail in Ref. [14]. In
brief, the microfluidic device consists of eight parallel constrictions
connected to a single inlet and outlet with a low-resistance, pres-
sure-equalizing bypass (Fig. 1a). The suspended cells first passed
through a filter mesh before the flowwas divided into eight parallel
constriction branches. In each branch, the cells were squeezed
through a micron-sized constriction and had to conform to the size
of the constriction to pass through. The height of the device was in
the range of the cell diameter (height ¼ 17 mm for K562 cells,
height ¼ 22 mm for M21 cells), and the width and height of the
constrictions were smaller than the cell diameter (height ¼ 10 mm
for K562 and 15 mm for M21 cells, width ¼ 5 mm for both). With
these dimensions, an average cell entry time between 5 and
1000mswas achieved. The cell transit was continuously monitored
by a high-speed camera (GE680, Allied Vision, Germany; 750 fps) in
bright-field mode on an inverted microscope (DM-IL, Leica) with
10� magnification with a custom-written Labview-program (Na-
tional Instruments).

2.6. Evaluation of mechanical properties

Image analysis was done by custom-written MatLab programs
(The MathWorks). The cell entry into a constriction was analyzed
from bright-field images (Fig. 1b) to measure the cell entry time
tentry. The standard deviation of pixel intensities of a region of in-
terest (ROI, red squares) in front of the constrictions was used to
detect the time points when the cell entered the microconstriction
and when it had fully deformed to pass through the narrow
channel. The signal rises (Fig. 1c) when the cell enters the
constriction (Fig. 1b I), remains high as long as the cell deforms into
the constriction (Fig. 1b II), and when the cell has passed through
the channel, it drops immediately (Fig. 1b III).

The cell speed and cell size of the un-deformed cell were
determined from the bright field images also covering the area in
front of the constrictions. From the cell radius R, the maximum
Fig. 2. Stiffness values for M21 melanoma and K562 leukemia cells expressing a5b1 and avb
compared to M21L cells, with/without treatment with 1 mM Mn2þ for 30 min n > 1200 fo
without treatment with 1 mMMn2þ for 30 min n > 3700 for each population. In each plot, on
were selected for quantitative comparison. Error bars represent S.E.s calculated by bootstra
deformation of the cell was calculated according to εmax¼ (R�Rcon)/
R. The effective radius of the constriction was thereby calculated
from the height h and width w of the constriction: Rcon ¼

ffiffiffiffiffiffiffi
w*h
p

q
.

From the empirical relation between cell speed and flow speed, the
pressure drop Dp of each constriction was calculated by Hagen-
Poiseulle's law. Pressure fluctuations during a cell's transit, which
are induced by other cells clogging neighboring constrictions, were
continuously monitored and taken into account by Kirchhoff's cir-
cuit law [14].

To the scatter of entry time tentry over the ratio of εmax/Dp a
power-law relationship was fitted:

tentry ¼
�
E $ εmax

Dp

�1
b

; (1)

yielding the two fit parameters E ¼ elastic cell stiffness and b

reflecting the fluidity (¼viscous behavior) of the cell population
(Fig. 1d) [14]. To avoid incorrect mechanical results through strain
or stress stiffening, only cells that experienced both the same
pressure Dp (¼stress) and the same strain (¼maximum deforma-
tion εmax) were compared within each plot.

Fitting was performed with a total least squares fit to scatter
data of at least n > 1200 cells per measurement, combining the
results of n¼ 3 independent measurements per condition. The data
were transformed into a double logarithmic representation,
allowing a linear fit to log(εmax/Dp) and log(tentry). Statistics were
generated by bootstrapping and the error bars indicate standard
errors (S.E.s).
3. Results

To investigate differences in the mechanical properties induced
by avb3 integrin expression, we recorded K562 and M21 cells with
a high-speed camera as they entered the microconstrictions.
Through power-law fitting of the scatters of εmax/Dp and tentry, we
calculated a cell stiffness of 1215 ± 17 Pa for M21 melanoma cells
expressing a5b1 and avb3 integrins, while M21L cells, which only
express a5b1 integrin, showed a significant reduction in stiffness to
1065 ± 17 Pa (Fig. 2a). We found inversely correlated and signifi-
cantly different power-law exponents with values of 0.07 ± 0.01 for
M21 and 0.09 ± 0.01 for M21L. When assessing the stiffness of
wildtype K562 leukemia cells, which express only a5b1 integrin
constitutively, these cells had a value of 598 ± 14 Pa, whilst the
same cell type expressing a5b1 and stably transfected avb3 integ-
rins showed a cellular stiffness of 655 ± 10 Pa (Fig. 2b). We calcu-
lated significantly different power-law exponents of 0.25 ± 0.01 for
K562 and 0.23 ± 0.01 for K562-avb3 cells (p < 0.05). The expression
3 (M21, K562-avb3) or only a5b1 integrin (M21L, K562). (a) Cell stiffness for M21 cells
r each population. (b) Cell stiffness for K562 cells compared to K562-avb3 cells, with/
ly cells that experienced the same deformation and pressure during the measurements
pping. Asterisks mark significant differences with p < 0.05.



Fig. 3. Stiffness values for melanoma M21 cells that express a5b1 and avb3 integrins
or only a5b1 integrin (M21L). (a) Cell stiffness of M21 and M21L cells after treatment
with 1 mM latrunculin A for 30 min n > 4000 for each population. (b) Cell stiffness of
M21 cells after treatment with 1 mM latrunculin A and after simultaneous treatment
with 1 mM latrunculin A and with 1 mMMn2þ for 30 min n > 4500 for each population.
In each plot, only cells that experienced the same deformation and pressure during the
measurements were selected for quantitative comparison. Error bars represent S.E.s
calculated by bootstrapping. Asterisks mark significant differences with p < 0.05.
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of avb3 integrin therefore is correlated with increased stiffness and
a decreased power-law exponent in both cell lines.

Previously, it was reported that cellular stiffness is mainly
determined by the concentration and mechanical tension of poly-
merized actin [20] and that it is probably also influenced by
microtubule and/or intermediate filaments [14]. To check the in-
fluence of actin on the overall stiffness of cells with/without avb3
integrin expression, we treated melanoma M21 and M21L cells
with 1 mM latrunculin A, a chemical agent that sequesters actin
monomers in living cells [21]. We observed a stark but very similar
relative reduction in cellular stiffness to 675 ± 9 Pa for M21 cells
and to 604 ± 11 Pa for M21L cells (Fig. 3a) compared to their un-
treated counterparts (Fig. 2a). The power-law exponents rose to
0.12 ± 0.01 for M21 cells and to 0.15 ± 0.01 (significant difference)
for M21L cells. The effect of the decrease in F-actin is in agreement
with results from other groups, using the F-actin depolymerizing
agent cytochalasin D, who also reported a dramatic decrease in cell
stiffness [14,22]. Our results indicate that we cannot restore the
same stiffness after the destruction of the actin cytoskeleton. In
conclusion, the difference in cell stiffness might also be due to other
cell components, such as microtubules, intermediate filaments, or
Fig. 4. a) Fluorescent phalloidin-stained M21 (expressing a5b1 and avb3) and M21L (only a5
Calculated mean area of M21 and M21L cells under adherent and non-adherent conditions.
mean fluorescent intensity (MFI), determined by flow cytometry of integrin-specific antibody
(d) Relative difference in actin content [%] between M21 and M21L cells, measured by flow c
an enhanced cell nuclear membrane.
The addition of 1 mM Mn2þ to the cellular medium, which is

believed to activate a5b1/avb3 integrin mimicking inside-out
activation [4], increased the stiffness in both M21 and M21L
(Fig. 2a) as well as in K562 and K562-avb3 cell lines significantly
(Fig. 2b), and markedly decreased the power-law exponents.
Moreover, when the actin cytoskeleton was chemically disrupted
under these conditions, we still observed a significant increase in
cellular stiffness (Fig. 3b) and a significant decrease in the power-
law exponent. This indicates that stiffness differences are not only
induced by increased integrin-actin coupling, which presumably
increases the actin content in the cells. When adding 1 mM cal-
cium/magnesium to the cell medium, which supposedly keeps
a5b1/avb3 integrin in an inactive/closed conformation [23], a small
increase in cell stiffness was observed (data not shown). This is in
accordance with previously published data, arguing that calcium/
magnesium ions change the chromatin condensation, which leads
to increased nuclear stiffness [24]. This points out that under these
conditions, the influence of the cell nucleus dominates over the
influence of integrin activation and coupling to the actin cytoskel-
eton. Further, the addition of 59 mg/ml fibronectin or 10 mg/ml
vitronectin to themedium ofM21 cells to stimulate Mn2þ-activated
a5b1/avb3 integrins in their liganded state showed no increase in
cellular stiffness, nor a decrease in the power-law exponent (data
not shown).

We further investigated the origin of the differences in cell
mechanical properties induced by avb3 integrin expression.
Therefore, we checked the influence of integrin activation and
integrin expression levels on actin as well as cell morphology, cell
volume, and cell spreading area of M21 cells expressing a5b1 and
avb3 integrins compared to M21L cells expressing only a5b1
(Fig. 4a). Finally, we also compared the actin content of both cell
lines.

First, the integrin expression level of a5b1 and avb3 integrins in
M21 and M21L cells was rechecked by flow cytometry. M21L cells
express a5b1 integrin at a slightly higher level than do M21 cells,
which express both a5b1 and avb3 integrins (Fig. 4c). K562-avb3
cells expressed roughly the same levels of avb3 and b1 integrins as
M21 cells. We then analyzed cell morphology by phalloidin staining
b1) cells, spread on 10 mg/ml fibronectin-coated surfaces for 18 h. Scale bar ¼ 50 mm. (b)
Error bars represent S.E.s. (c) Integrin cell surface expression level represented by the
labeled M21, M21L, and K562-avb3 cells showing avb3, b1, and remaining av integrins.
ytometry (MFI) and normalized to M21 cells: (actin (M21) e actin (M21L))/actin (M21).
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of the actin cytoskeleton. M21 cells were more spread out on
fibronectin surfaces, while M21L cells had a more rounded cell
body (Fig. 4a). Cell size quantification of M21 and M21L cells
showed that M21 cells were larger compared to M21L cells both in
the adherent (Fig. 4b left) and suspended state (Fig 4b right). This
means that M21 cells had a higher cell volume. Investigations into
the F-actin content in both cell lines showed an approx. 15% higher
value in M21 compared to M21L cells (Fig. 4d).

4. Discussion

In this study, we could show that avb3 integrin expression has a
systematic influence on cellular mechanics. For both M21 and
K562 cell lines, an increase in cell stiffness and a decrease in cell
fluidity could be correlated with the expression of avb3 integrin
(Fig. 2a þ b). This could be due to its association with the actin
cytoskeleton, namely via a link between integrin, the actin cyto-
skeleton, and focal adhesions that leads to higher connectivity in-
side the cell and/or to increased actin polymerization [25,26].
Support for this notion comes from a decreased actin content
measured by flow cytometry in M21L cells (Fig. 4d) compared to
M21 cells and from the finding that avb3 integrin expressing
M21 cells have a higher cell volume (Fig. 4b,c).

The disruption of the actin cytoskeleton with latrunculin A
decreased the stiffness of M21 and M21L cells in the same way
(Fig. 3a). This means that a difference in stiffness is still measurable
between M21 and M21L cells without the influence of the actin
cytoskeleton. From this it can be concluded that other cellular
components such as the nucleus, microtubules, or intermediate
filaments might be influenced as well by the expression of avb3
integrin.

Moreover, after the addition of Mn2þ, which is believed to
activate integrin mimicking inside-out signaling, an increase in cell
stiffness could be measured for all cell lines (Fig. 2a þ b). Thus, this
mechanism seems to be independent of avb3 integrin andmight be
promoted by other integrins. Interestingly, after the disruption of
the actin cytoskeleton by latrunculin A, an increase in cell stiffness
after activation through Mn2þ addition could be measured, which
supports the notion that the cell nucleus or other cytoskeletal
components might also increase the cell stiffness in the presence of
manganese cations.

In the future, more detailed studies using several cell pop-
ulations expressing different levels of only avb3 and only a5b1 will
be required to finally assess the differential contribution of these
integrins to integrin-mediated cellular stiffness. Unfortunately,
there is no biophysical method available to date that can measure
the mechanical properties of the cytoskeleton independent of the
mechanics of the nucleus or vice versa, as all cell components are
coupled and linked in various ways [27,28]. The best results in
decoupling differential stiffnesses of cell components might be
achieved by atomic force microscopy (AFM) measurements on
adherent cells [29], which allows probing the mechanics of the cell
periphery, or by measuring isolated cell nuclei, for example, with
contact-free microfluidic measurement techniques such as optical
stretcher [30]. Moreover, generating minimal cell models, which
consist of only cell membranes, actin, and integrin, might help to
decipher the differential contribution of a5b1 and avb3 integrins to
bulk mechanical properties.
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