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A B S T R A C T

Background: Cell surface mechanics is able to physically and biomechanically affect cell shape and motility,
vesicle trafficking and actin dynamics. The biophysical properties of cell surface are strongly influenced by
cytoskeletal elements. In mammals, tissue-specific expression of six actin isoforms is thought to confer differ-
ential biomechanical properties. However, the relative contribution of actin isoforms to cell surface properties is
not well understood. Here, we sought to investigate whether and how the composition of endogenous actin
isoforms directly affects the biomechanical features of cell surface and cellular behavior.
Methods: We used fibroblasts isolated from wild type (WT), heterozygous (HET) and from knockout (KO) mouse
embryos where both β-actin alleles are not functional. We applied a combination of genome-wide analysis and
biophysical methods such as RNA-seq and atomic force microscopy.
Results: We found that endogenous β-actin levels are essential in controlling cell surface stiffness and pull-off
force, which was not compensated by the up-regulation of other actin isoforms. The variations of surface bio-
physical features and actin contents were associated with distinct cell behaviors in 2D and 3D WT, HET and KO
cell cultures. Since β-actin in WT cells and smooth muscle α-actin up-regulated in KO cells showed different
organization patterns, our data support the differential localization and organization as a mechanism to regulate
the biophysical properties of cell surface by actin isoforms.
Conclusions: We propose that variations in actin isoforms composition impact on the biophysical features of cell
surface and cause the changes in cell behavior.

1. Introduction

Actin cytoskeleton is the major filamentous network which func-
tions to dynamically control cell polarity, membrane dynamics, cell
movement and nuclear organization in eukaryotic cells [1,2]. In
mammals, six actin isoforms are expressed in a tissue-specific manner,
varying from the well-organized contractile apparatus consisting of
skeletal muscle α-actin to the highly versatile actin cytoskeleton con-
taining β-actin and γ-actin in non-muscle cells [3]. Functional studies of
actin isoforms using knockout mice demonstrate distinct phenotypes,
implying tissue-specific roles of each isoform in development [4].
Rescue experiments further reveal the functional convergence or di-
vergence of specific isoforms. For example, transgenic expression of
cardiac α-actin can fully rescue the lethality and muscle defects of
skeletal α-actin knockout mice [5]. However, the expression of

cytoplasmic γ-actin fails to rescue the lethality of skeletal α-actin
knockout, even though the forced expression of γ-actin in wild-type can
substitute 40% of skeletal α-actin in muscle thin filament [6]. Inter-
estingly, in all knockout mouse models, there is a compensatory up-
regulation of a subset of other actin isoforms [7], suggesting pre-
ferential functional interactions of certain isoforms.

Different tissues have different biomechanical properties corre-
sponding to their physiological functions. There is evidence that actin
cytoskeleton dynamics and alignment are linked to tissue-specific me-
chanical properties [8]. For example, myoblasts (C2C12 cells), which
usually take an elongated shape, are more sensitive to growth geometry
change than endothelial cells (HUVECs) or fibroblasts (NIH 3T3 cells)
[9]. This is associated with specialized α-actin arrangement in elon-
gated muscle cells. It is therefore likely that actin isoforms with specific
subsets of actin-binding proteins contribute differentially to the
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mechanical properties of the cell [4], by regulating the biophysical
properties of specialized organelles such as membranes. This in turn is
likely to impact on cellular behavior.

Biophysical properties of cell surface can influence a variety of
cellular processes and behaviors, because cell surface mechanics is re-
lated to the force or tension during membrane deformation in cell mi-
gration and tissue morphogenesis [10–12]. Cell surface features such as
actin cortex mechanics control animal cell shape [13]. Additionally,
mechanical stimuli from cell surface can impact on a variety of cellular
processes inducing cell shape change, migration and differentiation
[14]. Change in cell surface tension such as exposure to osmotic stress
also induces actin cortex reorganization [15]. It is known that cell
membrane tension and bending stiffness is strongly influenced by cy-
toskeletal elements [16–20]. However, the relative contribution of in-
dividual actin isoforms to cell surface mechanics has not been in-
vestigated.

In this study, we sought to investigate whether and how the com-
position of endogenous actin isoforms directly affects the biomecha-
nical features of cell surface and cellular behaviors. For this, we used
fibroblasts isolated from wild type (WT) mouse embryos (β-actin+/+)
as well as from heterozygous (HET) mouse embryos with only one
functional β-actin allele (β-actin+/−) and from knockout (KO) mouse
embryos where both β-actin alleles are not functional (β-actin−/−)
[21]. Transcriptome analysis of the three cell types showed that WT,
HET and KO cells expressing different amounts of β-actin mRNA exhibit
varying levels of other actin isoforms such as smooth muscle α-actin
and cytoplasmic γ-actin mRNAs. Endogenous β-actin in WT cells and
the smooth muscle α-actin up-regulated in KO cells show different or-
ganization patterns. Interestingly, in HET and KO cells loss of β-actin
leads to a decrease in cell surface stiffness and an increase of surface
pull-off force in comparison to WT cells, indicating an essential role of
β-actin in controlling cell surface biophysical properties. This is further
supported by the observation that expression of exogenous β-actin in
KO cells increases cell surface stiffness. The changes of biophysical
properties of cell surface were associated with distinct cellular beha-
viors in 2D and 3D cultures among WT, HET and KO cells. Taken to-
gether, we show that variations in the composition of actin isoforms
impact on cell surface mechanics, leading to changes of cellular beha-
viors.

2. Materials and methods

2.1. Antibodies and reagents

Anti-mouse IgG Alexa Fluor 647 (ab150115), Anti HA antibody
(ab9110), Phalloidin-iFluor555 (ab176756), Y-27632 dihydrochloride
(ab120129) were from Abcam. Antibody against β-actin (clone AC-74)
was from Sigma-Aldrich. Antibodies of smooth muscle α-actin (α-SMA)
(MA5-11547), rabbit IgG Dylight 550 (84541), mouse IgG Dylight 550
(84540), Hoechst 43222 (H1399), Wheat Germ Agglutinin (WGA)
Alexa Fluor 647 conjugate (W32466) were purchased from Thermal
Fisher Scientific. Cultrex 3D culture matrix rat collagen I (3447-020-01)
is from R&D systems. Propidium iodide solution (J66584) was pur-
chased from Alfa Aesar.

2.2. Cell culture

The β-actin+/+ MEFs (WT), β-actin+/− MEFs (HET) and β-actin−/

− MEFs (KO), and mouse endothelial cell line C166 (ATCC) were
maintained and cultured with Dulbecco's modified Eagle medium
(DMEM) with high glucose (Sigma), 10% fetal bovine serum (Sigma)
and 100 units/mL penicillin and 100 μg/mL streptomycin (Sigma), in a
humidified incubator with 5% CO2 at 37 °C. For AFM measurement,
fibroblast was seeded on glass slide and cultured in CO2-independent L-
15 Medium (Leibovitz, Sigma) supplemented with 1× GlutamMAX,
10% fetal bovine serum (Sigma) and 100 units/mL penicillin and

100 μg/mL streptomycin (Sigma).

2.3. Atomic force microscopy (AFM)-based force measurements

Fibroblasts were cultured on fibronectin-coated microscope glass
slides for overnight in L-15 Leibovitz medium. All AFM measurements,
lasting no>3 h per experiment, were performed with 5500 AFM from
Keysight Technologies using ~6 μm-diameter colloidal silicon spherical
tips, which are attached to cantilevers with 0.08 N/m nominal spring
constants. The tips were uncoated while the detector sides of the can-
tilevers were coated with ~70 nm gold (CP-PNPL-SiO-C-5 from
NanoAndMore, Germany). Custom gold-coated silicon chips covered
with hydrophobic Teflon membranes were used as “liquid cells”. The
cantilever spring constants were determined from the power spectral
density of the thermal noise fluctuations [22] before each experiment.
Tip approach and retract velocity was set at ~5 μm/s. Prior to any
measurements, cells of interest were carefully located using a video
camera attached to the system (Fig. S2A, upper inset). Once cells have
been located, force measurements were performed in the force-volume
(FV) mode, in which the approach-retraction process (Fig. S2A) is re-
peated over cells, at a resolution of 8× 8 pixels per FV image. For each
set of experiment, the AFM probe was aligned at the center of a cell and
subsequently 64 pairs of force versus displacement curves were ac-
quired from a 10×10 μm2 cell surface area in the FV mode. The force
curves on all the pixels in the FV image were then analyzed with a
home-made software [23] to obtain the distribution of the elasticity and
maximum pull-off forces, as explained in detail below. Force profiles
with unclear approach and/or retraction curves were excluded from the
analysis. The number of investigated cells were 19, 17, 17, 20, and 18
cells for WT, KO, HET, KG, and KA, respectively. Every culture sample
was measured using a new tip.

Quantitative information on cell elasticity was obtained by mod-
eling the measured loading force versus surface indentation data using
the classic Hertz model of contact mechanics [24]. According to the
model, the loading force (FL) applied by a non-deformable sphere in-
denter (the AFM tip) required to indent a distance (δ) into an infinitely
deformable elastic half space (the cell surface) is given by:

=

−

E
ν

δF 4
3 (1 )

RL 2
1/2 3/2

(1)

where E is the Young's modulus (i.e. elasticity modulus) of the cell, R is
the radius of the spherical indenter, and ν is the Poisson ratio of the cell,
which was set to 0.5 assuming cell's incompressibility. All force mea-
surements were performed under a trigger force of about 1.5 nN, which
reflected a cell surface indentation of approximately 2 μm. Fit range
was chosen to be 400 nm (Fig. S2A, lower inset). The adhesion forces,
comprising all interaction forces (specific and nonspecific) between the
tip and cell surface, are defined as pull-off forces [25]. Quantitative
analysis on maximum pull-off force was performed by first identifying
local minima events on the retraction curves. In addition, force curves
that possessed pull-off force values below 10 pN cut-off force were
discarded from the analysis due to experimental noise during mea-
surements. The data sets taken on WT cells in 64×64 pixel-resolution
FV mode served as control of how the maximum pull-off forces are
distributed over the cells interacting with AFM tip (Fig. S2C). Origin
software (OriginLab, Northampton, MA) was used to evaluate the ar-
ithmetic mean and the standard deviations of the histograms by fitting
the data to the LogNormal or Gauss probability density functions. This
way, the average elasticity/maximum pull-off force based on the total
number of indentation locations and adhesion/tether events in-
vestigated for cells of each condition were identified, which are ex-
pected to yield accurate estimate [26]. Unless otherwise specified, all
the quantitative analysis related to elasticity and adhesiveness proper-
ties was conducted from the same set of force data collected on the
cells.
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2.4. RNA-sequencing analysis

Total RNA was extracted from 70% confluent cells using TRI
Reagent according to the manufacturer protocol (Sigma-Aldrich).
Quality of total RNA were re-evaluated at SciLIfe lab (Stockholm,
Sweden) using Qubit and Bioanalyzer respectively, samples which pass
the QC were used for library construction according to the SciLife lab
guideline using TruSeq Stranded mRNA Library Prep Kit (Illumina).
Deep sequencing was performed at Science for Life Laboratory, the
National Genomics Infrastructure, NGI, Karolinska Institute, Stockholm.
RNA-seq data was processed through the standard RNAseq analysis
pipeline at NYUAD. RNA-seq data was deposited in GEO repository and
the GEO accession number is GSE95830.

2.5. Flow cytometry analysis

For phalloidin staining, cells were fixed with 4% formaldehyde and
then permeabilized with 0.5% Triton X100 in PBS for 15min. Cells
were stained with 1X phalloidin-iFluor 555 (Abcam) for 30min. Stained
cells were washed 3 times in cold PBS before FACS analysis. For in-
tracellular staining, fixed cells were permeablized with 0.5% Triton
X100 for 15min. Cells were blocked with 1% BSA for 30min and
stained with β-actin antibody (1:250) and α-SMA antibody (1:100) for
1 h. After 3 washes with permeabilization buffer, cells were stained
with anti-mouse IgG Dylight 550 (1:1000) for 1 h. After 3 washes,
stained cells were re-suspended in PBS and analyzed by FACS. For
hypo-osmotic stress assay, cells pulsed with sterile distilled water
(Stress) or PBS (Mock) for 3min. After recovery in fresh medium for
1 h, both the floating and adhering cells were collected and stained with
2.5 μg/mL propidium iodide in PBS for 10min. The stained cells were
subject to FACS analysis. Data from flow cytometer BD FACSAria II
were analyzed using Flow Jo software.

2.6. Immunostaining

Cells grown on poly-L-lysine or fibronectin-coated glass cover slip
were cultured in DMEM or L-15 medium. Cells were fixed by cold 70%
ethanol for 10mins and then permeabilized with 0.5% Triton X-100 for
15min. After blocking in 1% BSA for 1 h, cells were stained with anti-
HA (1:200), anti-α-SMA (1:100) or anti-β-actin (1:200) for 2 h. Then
cells were washed 3 times with TBST buffer, followed by staining with
corresponding secondary antibody (1:1000) and Hoechst 43,222
(1:6000) for 1 h. Stained cells were observed using Olympus FV1000
confocal microscope.

2.7. Cell morphology analysis by high-content profiling platform

MEFs were cultured in 96-well plate (Corning), at density of
5000 cells/well. Cells were fixed by 3.7% formaldehyde and the cell
membrane were labeled with WGA Alexa Fluor 647 (10 μg/mL) for
15min. After 3 times wash with PBS, stained cells in plate were scanned
via Cellomics ArrayScan™ XTI High Content Analysis (HCS) platform
(Thermo Fisher Scientific), with a 20× Objective. Compartment
Analysis Bio Application software (Cellomics) was applied to automatic
image analysis. For each experiment, at least 500 valid cells (single
cells) per culture well were analyzed in at least 10 independent culture
wells. For the cell spreading assay, trypsinzed cells were seeded to 96-
well plates at about 6000 cells/well. 15 min were allowed for cell set-
tlement at the bottom. Then cells were fixed at different time points and
then stained with WGA membrane dye. Same image analysis was ap-
plied to determine cell area at different time points.

2.8. 3D collagen gel cell culture

2.5×105 cells in 400 μL DMEM supplemented with 10% FBS were
mixed with 200 μL Rat Collagen I solution at 3mg/mL. Then 6 μL NaOH

at 1M was added to neutralize the PH to initiate gel polymerization.
After brief mixing, the cell and gel mixture was transferred to 24 well-
plate to allow the collagen gel to solidify at 37 °C for 15mins. Then
500 μL fresh DMEM (10% FBS) were added and the gel was detached
from the well using sterile pipette tips. The whole well image of the gel
was collected by Nikon SMZ18 stereomicroscope. The morphology of
the cells in the gel matrix was collected by Olympus FV1000 confocal
microscope. The relative gel surface area and cell protrusion was
measured by ImageJ software.

2.9. Real-time qPCR

Total RNA was extracted using RNeasy Mini Kit (Qiagen) according
to the manufacturer's instruction. 1 μg total RNA was reverse tran-
scribed to cDNA by RevertAid First Strand cDNA synthesis Kit (Thermo
Fisher Scientific). Diluted cDNA was subjected to quantitative real-time
PCR analysis using Maxima SYBR Green qPCR Mix (Thermo Fisher
Scientific) on Stratagene 3005 qPCR system (Agilent Technology). All
the target gene expression level was normalized to the expression of
Nono reference gene. Primers used: Actb primers: Forward: TATCGCT
GCGCTGGTCG; Reverse: CCCACGATGGAGGGGAATAC. Nono Primers:
Forward: GCCAGAATGAAGGCTTGACTAT; Reverse: TATCAGGGGGAA
GATTGCCCA.

2.10. Retrovirus production and cell transduction

Retrovirus vector, virus preparation and cell transduction were
performed as described previously [27]. Mouse β-actin cDNA was
cloned from cDNA of the WT MEF and ligated into a retrovector with
rCD8a as transduction marker [27]. Virus supernatant was produced by
transfecting 293T cells with equal amounts of retroviral vector and pCL-
Eco packaging plasmid (Novus Biologicals) using the Phosphate
Transfection Kit (Invitrogen). Supernatant of transfected cells was col-
lected at 48 h and 72 h post-transfection and was snap-frozen in liquid
nitrogen and stored at −20 °C. For retroviral transduction, MEF cells in
96 well plate were incubated with 100 μL medium and 100 μL viral
supernatant, with 8 μg/mL polybrene. The cells culture were cen-
trifuged at 2500 rpm for 1.5 h at 32 °C and then transferred to in-
cubator. After 12 h, fresh culture medium were added for another 24 h
incubation. Cells after expansion were stained with anti-rat CD8a-PE
antibody (1:200 in PBS with 5mM EDTA) for 15min. Stably transduced
rCD8a+ cells were sorted by FACS (BD FACSARIA III) and expanded in
DMEM with 20% FBS.

2.11. Statistical analysis

To compare the statistical significance of one variable between two
cell types, two-tailed Student's t-test was applied. For gene expression
levels comparison, Student's t-test was applied between two cell types,
although there are 3 cell types together. This is because the gene ex-
pression level of one cell type is too far away from the other two cell
types, so the obvious biological difference between the other two cell
types will be statistically insignificant if One-Way ANOVA is applied.
For multiple comparisons under experimental conditions, One-Way
ANOVA was applied to compare the changes among three or more
different samples for a single variable factor. Two-Way ANOVA was
used when two variable factors exist for multiple sample comparison.
For both One-Way and Two-Way ANOVA, Bonferroni Post Hoc Test was
used to get the statistic p-values. All biological experiment data were
analyzed by GraphPad Prism 5 software and are shown as
Mean ± S.E.M. (Standard Error of Mean). Values of AFM experiments
generated by Origin software are displayed as Mean ± SD (Standard
Deviation).
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3. Results

3.1. Cellular models with different compositions of specific actin isoforms

Previous studies have shown that changes in β-actin or γ-actin levels
lead to compensatory up-regulation of other actin isoforms [21,28]. In
this study, we used the recently characterized WT β-actin+/+ MEFs,
HET β-actin+/− MEFs and KO β-actin−/− MEFs to study how β-actin
specifically contributes to biophysical features of cell surface. To study
whether total mRNA expression levels of different actin isoforms are
altered in the absence of β-actin, four biological replicates of total RNA
isolated from each cell type were subject to deep sequencing. The
transcript levels of actin genes were normalized and expressed in FPKM

(Reads per kilobase of exon per million reads mapped). As expected,
Actb (β-actin) transcript levels were reduced in HET cells and also in KO
cells, although in KO cells the transcript was not completely lost
(Fig. 1A). This is a direct consequence of the insertional nature of the
knockout system where the Actb gene is disrupted but still present in KO
cells [29]. Using intracellular staining and FACS analysis, we confirmed
that in KO cells β-actin protein expression was not detected whereas
HET cells showed intermediate protein levels compared to WT cells
(Fig. 1B, Fig. 1C). In contrast, results from transcriptional profiling and
analysis of differential gene expression patterns revealed that smooth
muscle α-actin (α-SMA) Acta2 and cytoplasmic γ-actin Actg1 mRNA
levels were significantly increased concomitantly with the decrease of
β-actin level, although to different extents when comparing HET and

Fig. 1. A cellular model with different actin isoform composition. A. Transcript levels (FPKM) of all known actin isoforms in β-actin+/+ MEFs (WT), β-actin+/− MEFs (HET) and β-
actin−/− MEFs (KO) from RNA-sequencing analysis. Student's t-test: (**) p < 0.01. (***) p < 0.001, Mean ± S.E.M. B. FACS analysis of intracellular staining of β-actin and α-SMA in
WT, HET and KO MEFs. Data is representative of two independent experiments. C. WT, HET and KO MEFs were fixed on glass slide and stained with β-actin and α-SMA antibodies
respectively. Right panel shows enlarged images of selected region of the left panel. Data is representative of three independent experiments. D.WT, HET and KO MEFs were stained with
Phalloidin-iFluro 555 and analyzed by FACS. Mean Phalloidin fluorescence intensity of three independent experiments were shown. One-way ANOVA analysis with Bonferroni Post Hoc
Test: (*) p < 0.05; (**) p < 0.01, Mean ± S.E.M.
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KO cells (Fig. 1A). Smooth muscle γ-actin Actg2 mRNA was not de-
tectable in the presence of β-actin but its levels are greatly up-regulated
in KO cells (Fig. 1A). Under the same conditions, changes in gene ex-
pression patterns were not observed for cardiac muscle α-actin Actc1
mRNA and skeletal muscle α-actin Acta1mRNA, both showing very low
expression in all 3 cell types (Fig. 1A). Together, these data show that β-
actin expression affects expressions of smooth muscle α-actin Acta2,
cytoplasmic γ-actin Actg1 and smooth muscle γ-actin Actg2 genes in a
dosage-dependent manner.

We next examined the cellular distributions of β-actin and α-SMA in
WT, HET and KO cells. Cells were seeded on poly-L-lysine coated glass
slip in DMEM medium. The immuno-staining analysis demonstrates
that the β-actin fibers in WT cells were predominantly localized at the
membrane, similarly to HET cells although in this case with reduced
expression (Fig. 1C). In contrast, the α-SMA formed massive fibers
across the whole cell body in KO cells (Fig. 1C). The low level of α-SMA
in WT and HET cells did not form observable fibers. The distribution
and organization pattern of β-actin and α-SMA remain the same when
the cells were cultured on fibronectin-coated glass slip with a CO2-in-
dependent L-15 medium (Fig. S1). FACS analysis of phalloidin staining
demonstrated that HET cells had an overall lower amount of F-actin
than WT and KO cells (Fig. 1D). Collectively, β-actin and α-SMA
showed different organization pattern.

Seeing that β- to α-actin cellular ratios vary from WT to HET and KO
MEFs and that these cells accordingly exhibit different organization
patterns of actin isoforms, we propose that these cells altogether pro-
vide an ideal model to investigate how the composition of actin iso-
forms impacts on mechanical features at cell surface.

3.2. Changes in the composition of actin isoforms lead to alterations in cell
surface stiffness, pull-off force and indentation properties

Based on the above considerations, we next studied whether WT,
HET and KO cells display changes in their surface mechanical proper-
ties. In particular, we applied atomic force microscopy (AFM) to
quantitatively measure potential differences in cell elasticity and sur-
face pull-off forces of WT, HET and KO cells at single cell level. The
pull-off force is defined as the sum of specific and nonspecific interac-
tion forces between the tip and cell surface [25]. Cells seeded on fi-
bronectin-coated glass slip were cultured in CO2-independent L-15
medium, which is designed for experiment on live cells in CO2-in-
dependent environment. Colloidal probes with a known spherical
geometry were used. This facilitated the modeling of the force-in-
dentation data given in Eq.(1) (see Materials and methods). In addition,
the use of micron-size colloidal probes allowed for larger areas of the
cells to be scanned for their elasticity properties, thus providing in each
case a better statistical sampling of the heterogeneous cell surface. In
our analysis, we calculated the Young's modulus by fitting the force
data for up to 400 nm surface indentations (Fig. S2A, lower inset). An
example of high resolution Young's modulus map of WT cell surfaces
revealed that the stiffer regions (up to ~644 Pa) were located in the
middle parts of the cell body, while less stiff parts were distributed
towards the edges of the cell (Fig. S2B). It is important to note that, the
loading forces distributed over cell surfaces during indentation ex-
periment varied between ~27 pN and ~516 pN, with a mean value at
130.4 ± 7.4 pN (Fig. S2A). Despite such large loading force variations,
surface indentations distributed over cells were uniform (Fig. S3A, Fig.
S3B), suggesting the heterogeneity of different cell area of withstanding
mechanical force. To study the cell surface pull-off force, the AFM tip
was first brought into contact with the cell and then withdrawn. In this

Fig. 2. Cell membrane elasticity and adhesiveness analysis.
Histograms of the distribution of all Young's moduli (A–C)
and maximum pull-off force (D–F) measured for WT, KO,
and HET cells. Each count in the data represents an in-
dividual measurement event by the AFM tips. Data are
pooled results from three independent experiments. Solid
black lines are LogNormal or Gauss fit to data.
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approach, the AFM tip is detached from the cell by unloading the ap-
plied force through the AFM cantilever at the direction of the cell.
During this process, a pair of force versus displacement curve is re-
corded from which maximum pull-off force is quantified by monitoring
the normal deflection of the AFM cantilever in the retraction curve (Fig.
S2A). This method is limited to study the cell surface pull-off force at
very initial stage because the tip–cell contact time is usually< 1 s with
such experimental setup. An example of recorded pull-off force dis-
tribution over WT cell was shown in Fig. S2C.

We performed the above analysis for all cell types. The overall
distributions of Young's modulus values of WT, KO, and HET cells are
presented in Fig. 2A–C. We found that WT cells showed a wide range
distribution of elastic phenotypes, with higher Young's modulus values
detected than HET and KO cells (Fig. 2A–C). Overall, WT cells displayed
more rigid cell surface (185.3 ± 8.8 Pa) when compared to KO
(57.3 ± 1.5 Pa) and HET (136.8 ± 2.9 Pa) cells (Table 1). Interest-
ingly, HET cells with only one functional copy of the β-actin alleles
exhibited an average 26% decrease of surface stiffness in comparison to
WT cells. In KO cells, although there is a heavy up-regulation of Acta2
and Actg2 to compensate for the loss of β-actin, surface stiffness
dropped by 69% on average in comparison to WT cells (Table 1).
Therefore, our data revealed a positive correlation between endogenous
β-actin levels and cell surface rigidity, indicating an essential role of β-
actin in controlling cell surface elasticity. The loading forces necessary
to indent cell surface up to 400 nm in the three cell types were com-
patible with the corresponding surface stiffness (Fig. 3A–C).

Additionally, there is significant difference in the ranges of surface
indentation distances among the 3 cell types. Irrespective of the loading
forces applied, HET and KO cells showed wider range of surface in-
dentation than WT cells (Fig. 3D–F), implying a higher degree of het-
erogeneity of cell surface mechanics in HET and KO cells. Analysis of
the maximum surface pull-off forces of KO and HET cells showed
broader distributions, and an overall lower pull-off force was detected
in WT cells when compared to HET and KO cells (Fig. 2D–F). On
average, the surface pull-off force increased by 2-fold in HET and KO
cells in comparison with WT cells (Table 1).

Collectively, these data demonstrate that WT, HET and KO MEFs
exhibit significant changes in the biomechanical properties of cell sur-
face, which are a likely consequence of different actin compositions and
actin cytoskeleton organizations in the three cell types.

3.3. Cellular morphology and adaptability to hypo-osmotic stress change in
the varying dosage of β-actin

Alterations in the biophysical features of cells are known to influ-
ence their shape and behaviors [30]. Microscopy images showed the
morphology of WT, HET and KO cells (Fig. 4A). Given the mechanical
differences observed by AFM, we next sought to quantitatively analyze
differences in cell shapes among WT, HET and KO cells. Cells were
stained with wheat germ agglutinin (WGA membrane stain) and imaged

in ArrayScan XTI high content profiling platform. Cell outlines were
defined by the membrane staining and the morphology parameters of
the valid single cells (cells highlighted with blue outlines) were assessed
quantitatively (Fig. S4A). On average, we found that HET and KO cells
showed significantly larger areas than WT cells, and that HET cells had
a more elongated morphology compared to both WT and KO cells
(Fig. 4B, Fig. 4C). The greater Perimeter2/Area ratio (P2A) value of HET
and KO cells indicates that their cellular shape are more complex and
deviated from a regular circle than that of WT cells (Fig. 4D).

To test how mechanical stress affects the plasma membrane in-
tegrity, we challenged WT, HET and KO cells with hypo-osmotic stress
which can cause the rapid increase in cell volume due to the low os-
motic surrounding environment. After short pulse with ddH2O, more
HET and KO cells turned into round shape (Fig. S4B). To quantify the
cells losing membrane integrity, cells were stained with membrane-
impermeable DNA dye propidium iodide (PI). We found that KO cells
were most sensitive to hypo-osmotic stress, as evidenced by the highest
percentage of PI+ cells with compromised membrane (Fig. 4E, Fig. 4F),
whereas HET cells showed intermediate resistance somewhere between
WT and KO cells.

Together, these data suggest that actin composition can affect cell
shape and the membrane strength under osmotic stress, which might be
related to both the cell surface elasticity and cytoskeleton arrangement
underlying the membranes.

3.4. Actin compositions differentially contributes to cell spreading

We next sought to investigate how cells with different biophysical
features behave in 2D cultures. For this, WT, HET and KO cells were
trypsinized and then seeded in 96-well culture plate at low density.
After settlement, the cells were followed from 0 h to 6 h in culture to
check their rate of spreading out to fibroblast shape. Remarkably, HET
cells showed considerably slower rate of spreading out compared to WT
and KO cells. At 1 h and 2 h time point, nearly all WT and most of KO
cells already showed flattened shape and increased cell size, while most
HET cells remained round-shaped or just began to stretch out (Fig. 5A).
Cells fixed at different time points were, then, stained with WGA
membrane dye and then their respective cell areas were analyzed by
high content profiling platform. The initial cell area of 3 cell types were
similar at 0 h time point, while both HET and KO cells showed a delayed
phenotype of increasing their cell area when compared with WT cells
(Fig. 5B). This observation is independent on the coating material used
as the same results were observed when the experiment was performed
in fibronectin-coated plate (Fig. S5). Interestingly, HET cells showed the
most severe delay in spreading out. These results show that cells with
different actin compositions and biophysical features have different
ability to stretch the plasma membrane and spread in 2D culture.

3.5. Actin isoforms differentially regulates cellular contractility and
protrusion dynamics

To further analyze how the composition of actin isoforms impacts
on the mechanical properties of cells, we extended our study using a 3D
culture system based on a collagen matrix gel. WT, HET and KO cells
were individually mixed with a collagen solution which was then so-
lidified into a gel matrix by neutralizing the pH. 24 h after gel solidi-
fication, the 3 cell types displayed striking differences in their
morphologies and their respective abilities to contract the gel matrix.
Almost all HET cells remained round-shaped and were not able to
generate cell protrusions (Fig. 6A, Fig. 6B). About 50% of WT cells
could protrude in the collagen matrix, while the percentage sig-
nificantly increased to 80% in KO cells (Fig. 6B). Compared to WT cells,
we found that KO cells tend to have longer protrusions and connect
with neighboring protruding cells (Fig. 6A, Fig. 7C). These results
suggest that KO cells are more flexible in readjusting their shape and
overall morphology in a 3D matrix culture. Consistently, KO cells

Table 1
Summary of AFM Young's modulus (E) and maximum pull-off force (FP) measurements for
mouse embryonic fibroblasts.

Cell type† Young's modulus Pull-off force

E (Pa) No. of locations FP (pN) No. of events

WT 185.3 ± 8.8 649 79.8 ± 8.1 539
KO 57.3 ± 1.5 960 152.6 ± 8.2 939
HET 136.8 ± 2.9 825 160.2 ± 11.5 556

†: The number of investigated cells were 19, 17, and 17 cells for WT, KO, and HET,
respectively. Peak values and standard deviations were derived from distribution histo-
grams by using LogNormal or Gauss probability density function. For each set of ex-
periment, 64 pairs of force versus displacement curves were acquired from single cells in
the force-volume mode. Data represents mean ± S.D.
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showed the greatest ability to contract collagen gel, as reflected by the
smallest gel surface area after 48 h culture (Fig. 6C, Fig. 6D). These
results suggest that the stronger protrusions produced by KO cells may
contribute to enhanced ability to contract the gel matrix.

We further studied the dynamics of protrusion in WT and KO cells.
We found that after 6 h post gel formation,> 50% of KO cells already
displayed small protrusions while the majority of WT cells still re-
mained round-shaped (Fig. 7A, Fig. 7B). Therefore, KO cells that pro-
duce longer protrusions, were also able to generate protrusions much
more rapidly than WT cells in collagen gel. Since the establishment of
cell protrusions from membranes requires localized actin polymeriza-
tion [31], we hypothesize that in KO cells the increased rates at which
protrusions are generated relies on the constant turnover of F-actin and
G-actin. To test this possibility, we cultured WT and KO cells in the
presence of the ROCK Kinase inhibitor Y27632, which inhibits actin
turnover [32]. We found that the Y27632 compound strongly inhibit
the ability of KO cells to contract the collagen gel, while it did not affect
WT cells (Fig. 7D). In addition, Y27632 treatment in KO cells led to
thinner and distorted protrusions, and impaired cell-cell interactions
(Fig. 7E). Therefore, our data shows that rapid actin turnover is es-
sential for the enhanced protrusion formation and ability to contract gel
in KO cells.

Taken together, our findings demonstrate that cells with different
actin compositions and, consequently, different cell surface biophysical
properties have distinct behaviors in 2D and 3D culture environment. It
is likely that the changes in the actin cytoskeleton arrangement causes
alterations in cell surface stiffness, which contributes to the observed

changes in cell spreading and cell protrusion. This is because cell sur-
face can serve as a barrier to antagonize actin-based protrusion from the
membrane [33]. On the other hand, contractility of actin fibers can
hinder protrusion generation by pulling actin filaments away from the
membrane [34].

3.6. Re-introduction of β-actin into KO cells alters cell surface stiffness and
pull-off force

To determine whether β-actin has a direct role in the maintenance
of surface mechanical properties, we re-introduced β-actin into the KO
cells. KO cells were transduced with a retrovirus carrying an HA-tagged
β-actin construct (Actb cDNA, referred to as KA cells) and with an HA-
GFP construct as control (referred to as KG cells) [35]. The viral vector
carries rat CD8a surface protein co-expressed with the insert so that
cells successfully transduced can be stained with fluorescence-con-
jugated rat CD8a antibody and sorted by FACS (Fig. 8A). After sorting,
cells were allowed to expand and the expression level of re-introduced
Actb gene was then examined. The KA cells did express Actb mRNA,
although the level of Actb mRNA was quite low compared to the en-
dogenous β-actin mRNA level in WT cells (Fig. 8B). This is because β-
actin is one of the most abundantly expressed proteins and it is notor-
iously difficult to over-express it to the WT level. We next asked how β-
actin and smooth muscle alpha actin α-SMA are organized in KA cells
by co-staining with anti-HA and anti-SMA antibodies. We found sig-
nificant co-localization between the re-introduced β-actin and en-
dogenous α-SMA in KA cells, especially within the actin fibers (Fig. 8C),

Fig. 3. Loading force and surface indentation measurement. Histograms of the distribution of all loading forces necessary to indent up to 400 nm of the cell surfaces (A–C) and loading
force versus surface indentation plots (D–F) measured for WT, KO, and HET cells. Data are pooled results from three independent experiments. Solid black lines are LogNormal fit to data.
Values in (A–C) represent mean ± S.D.
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suggesting that re-introduced β-actin can be incorporated into α-SMA
fibers.

We then compared the biophysical properties of KA and KG cells.
The distribution of Young's moduli revealed more events with high
Young's modulus values detected in KA cells (Fig. 8D, Fig. 8E). Com-
pared to KG cells (56.4 ± 0.9 Pa), the mean cell stiffness of KA cells
(85.7 ± 1.7 Pa) increased by 52% (Table 2). Accordingly, the mean
loading force needed to indent the cell surfaces of KA cells
(68.7 ± 1.0 pN) was higher than that of KG cells (44.3 ± 0.4 pN) (Fig.
S6A, Fig. S6B). However, we found that surface indentation range was
similar (Fig. S6C, Fig. S6D), indicating no change of cell surface het-
erogeneity between the 2 cell types. Interestingly, re-introduction of β-
actin into KO cells also increased the surface pull-off force to AFM
probe (KA cells compared to KG cells). Together, the above findings
indicate that changes in the composition of actin through expression of
an exogenous β-actin construct in β-actin KO cells can change the
biophysical features of cell surface. Particularly, these data suggests
that β-actin directly contributes to the surface stiffness of cell.

4. Discussion

In this study, we show that embryonic fibroblasts (MEFs) from β-
actin+/+ WT, β-actin+/− HET and β-actin−/− KO mice provide alto-
gether a cellular model to study the contribution of β-actin to cell
surface biomechanics. Loss of β-actin had no effects on the expression of
skeletal or cardiac muscle α-actin, but caused the up-regulation of
smooth muscle α-actin (α-SMA) and γ-actin. This is in accordance with
previous studies that only a subset of actin isoforms is up-regulated

when one isoform is deleted [4], and suggests that to a certain degree
smooth muscle α-actin and γ-actin can functionally compensate for the
loss of β-actin. Interestingly, varying β-actin dosages can differentially
regulate the expression of Acta2, Actg1 and Actg2 genes among the 3
cell types, creating a cell system in which each cell type has a unique
composition of actin isoforms.

Previous studies have shown distinct subcellular localization pat-
terns of certain actin isoforms. For example, cytoplasmic γ-actin ap-
pears to evenly distribute in all actin-containing structures in non-
muscle cells [36]. In contrast, cytoplasmic β-actin is mainly targeted to
the cell periphery [37–40] and this phenomenon is primarily ascribed
to the specific localization of the β-actin transcript at plasma membrane
[38–40]. This is thought to be mediated by the zipcode-binding protein
(ZBP1) that binds to a 54-nucleotide zipcode sequence in the 3′ UTR of
β-actin mRNA and facilitates its targeting and translation [38,41].
Consistently, our data showed β-actin fibers are mainly located at cell
membrane in WT and HET MEFs. In contrast, in the KO cells lacking β-
actin, α-SMA is up-regulated and forms fibers along the cell body,
possibly due to its interaction with different groups of actin-binding
proteins. In the KO cells, we therefore hypothesize that the depletion of
β-actin in the proximity of the plasma membrane affects biophysical
properties of cell surface.

In cells, both the intrinsic lipid bilayer tension and cortex cytoske-
leton contributes to cell surface biophysical properties [42]. We found
that decreasing β-actin levels leads to decrease in cell surface stiffness.
The force required to indent the cell surface also decreases with the loss
of β-actin levels, indicating that β-actin is essential for maintaining the
mechanical strength of cell surface. This seems to be consistent with the

Fig. 4. Cellular morphology and response to
hypo-osmotic stress. A. Bright field images of
cellular morphology of WT, HET and KO MEFs
cultured in 6 well plate. Scale bar: 50 μm. (B–D)
Cells grown in 96-well plates were fixed and
stained with Wheat germ agglutinin (WGA
membrane stain) and imaged in ArrayScan XTI
high content platform. Cell shape was analyzed
using Cellomics compartment analysis package.
Cell size, length to width ratio and Perimeter2/
Area ratio (P2A) value were quantified. At least
500 valid single cells were analyzed in each cul-
ture wells. Each spot in the data represents the
mean value of at least 500 valid single cells in an
independent well. Data are pooled results of two
independent experiments. (E–F) Culture medium
was replaced with sterile H2O (transient hypo-
osmotic stress) or PBS (Mock) for 3 min. Then
sterile H2O was replaced with fresh culture
medium for 1 h after medium change. Cells in
different groups were stained by PI and analyzed
by FACS. Histogram number shows the percen-
tage of PI positive cells with raptured cell mem-
brane. Data are the summary of three in-
dependent experiments. Statistics in B, C, D, F:
One-way ANOVA analysis with Bonferroni Post
Hoc Test: Mean ± S.E.M., (*) p < 0.05; (**)
p < 0.01; (***) p < 0.001; ns: not significant.

X. Xie et al. BBA - General Subjects 1862 (2018) 1079–1090

1086



Fig. 5. Cell spreading assay of WT, HET and KO MEFs. A. Cells were trypsinized and plated at equal density in 96 well plate. Cells were allowed to settle at the bottom for 15min (0 h time
point) and a time course of cell morphology changes were captured from 0 to 6 h. Scale Bar: 50 μm. B. At each time point, cells were fixed and stained with WGA membrane staining dye.
Cell size changes were quantified by ArrayScan XTI high content platform. Data are summary of 10 biological replicates. Two-way ANOVA analysis with Bonferroni Post Hoc Test: (**)
p < 0.01; (***) p < 0.001, Mean ± S.E.M. The p values show significance of comparison of HET or KO cells with WT group.

Fig. 6. 3D floating collagen gel culture of MEFs. A. Equal number of WT, HET and KO MEFs mixed with collagen gel. The solidified collagen gel was immersed in fresh culture medium.
Cell morphology were captured after 24 h post solidification. B. Cells displayed extended protrusion in collagen gel matrix were quantified. Data are summary of three independent
experiments. One-way ANOVA analysis: (**) p < 0.01; (***) p < 0.001. C. Size of collagen gel were imaged 48 h post solidification. D. Summary of gel surface size of 3 independent
experiments. One-way ANOVA analysis with Bonferroni Post Hoc Test: (***) p < 0.001. Mean ± S.E.M.
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preferential localization of β-actin at the cell periphery. Compared to
HET and KO cells, more β-actin is present at the cell membrane in WT
cells. It is, therefore, plausible to conclude that WT cell membrane is
more supported and stretched by β-actin-containing structures, which
leads to a higher level of surface stiffness. This is further supported by
the observation that re-introducing β-actin into KO cells increases its
surface stiffness. On the other hand, the massive α-SMA fibers along the
cell body increase contractility, which may also contribute to de-
creasing the cell surface stiffness in KO cells [42]. The enriched β-actin
at the membrane and higher degree of membrane stretch may be linked
to the narrower range of force induced-indentation of WT cell surface.
The decrease in surface stiffness and possible changes in microdomains
of the plasma membrane may be contributing factors to the increased
pull-off force of HET and KO cells when compared to WT cells [43,44].
It is noteworthy that the KA cells with re-introduced β-actin also
showed increased surface pull-off force in comparison to KG cells. This
can be explained by the observation that the re-introduced β-actin is
incorporated into α-SMA fibers, which may alter the physical property
of the existing α-SMA cytoskeleton and the associated surface feature.

Cell surface mechanics such as plasma membrane tension and cortex
actin cytoskeleton contribute together to cell shape determination
[13,45]. During cell differentiation, actin can undergo reorganization to
change cell shape [46]. The different actin contents and varying cell
surface mechanical properties can contribute to the difference in cell
area and cell shape among WT, HET and KO cells. In response to hypo-
osmotic stress, cells increase in volume [15]. To provide sufficient
membrane area, cells sacrifice specific membrane domains of protru-
sions and invaginations such as microvilli and caveolae [15]. Apical

actin structures are required to provide mechanical support to those
membrane domains [47]. Specifically, a previous study demonstrated
that β-actin and its mRNA are enriched at the membrane-cytoskeletal
interface within domains of moving cytoplasm [37]. Thus, under hypo-
osmotic swelling, the membrane microvilli and caveolae of KO cells
without β-actin are possibly more prone to rupture and losing integrity
than WT and HET cells.

Notably, WT, HET and KO cells behave quite differently in 2D and
3D cultures. HET cells show the most retarded phenotype in spreading
out in 2D culture, and fail to produce protrusions in 3D culture. This
may be due to a relative lower amount of total F-actin content com-
pared to WT and KO cells. While KO cells showed delayed rate in
spreading in 2D culture compared to WT cells, KO cells are more ef-
fective in protrusion generation in 3D culture. This suggests that 2D and
3D environments respectively favor certain actin isoforms and cell
surface mechanical features. KO cells expressing smooth muscle α-actin
adapt better to 3D culture matrix, as reflected by their ability to more
rapidly generate stronger cell protrusions. There is an active debate on
the discrepancy of cell behaviors in 2D and 3D culture environment
[48]. The adhesion between cell and culture matrix [49], actin cytos-
keleton organization [50], cell generated tension [51] and mechan-
osensing signaling pathways [52] can contribute to different aspects of
cell behaviors in a 3D matrix. It is important to note that tension gen-
erated by cells embedded in a 3D matrix is a critical factor in regulating
cell proliferation, motility, morphology and ECM remodeling [53].

Actin isoforms are critical to provide tissue-specific mechanical
properties. Physiological processes such as wound healing also requires
the transient expression of smooth muscle α-actin in myofibroblast

Fig. 7. WT and KO cells show difference in actin dynamic in 3D collagen culture. A. WT and KO MEFs were mixed with collagen gel and the cellular morphology was observed 6 h and
24 h after gel solidification. B. Percentage of cells displaying cell protrusion after 6 h. C. Length of cellular protrusion after 24 h. D. Size of collagen gel were imaged 48 h post solidification
with or without Y27632 (4 μM) treatment. E. Cellular morphology in collagen gel with or without Y27632 treatment. All data are the summary of 3 independent experiments. Student's t-
test: (***) p < 0.001. ns: not significant. Mean ± S.E.M.
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[54], which imparts specific biophysical properties [55]. Our data
support differential localization and organization of different actin
isoforms as a mechanism to explain the biophysical properties of cell
surface conferred by specific actin isoforms. However, future studies
will be necessary to clarify how the mechanical strength of actin iso-
form fibers and their polymerization/depolymerization rate influence
the cell surface mechanics and control cellular activities.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbagen.2018.01.021.
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