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The mechanical properties of the extracellular environment are interrogated by cells
and integrated through mechanotransduction. Many cellular processes depend on
actomyosin-dependent contractility, which is influenced by the microenvironment’s
stiffness. Here, we explored the influence of substrate stiffness on the proteome of
proliferating undifferentiated human umbilical cord-matrix mesenchymal stem/stromal
cells. The relative abundance of several proteins changed significantly by expanding
cells on soft (∼3 kPa) or stiff substrates (GPa). Many such proteins are associated with
the regulation of the actin cytoskeleton, a major player of mechanotransduction and cell
physiology in response to mechanical cues. Specifically, Cofilin-1 levels were elevated
in cells cultured on soft comparing with stiff substrates. Furthermore, Cofilin-1 was de-
phosphorylated (active) and present in the nuclei of cells kept on soft substrates, in
contrast with phosphorylated (inactive) and widespread distribution in cells on stiff. Soft
substrates promoted Cofilin-1-dependent increased RNA transcription and faster RNA
polymerase II-mediated transcription elongation. Cofilin-1 is part of a novel mechanism
linking mechanotransduction and transcription.
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Abbreviations: 5-FUrd, 5-fluorouridine; COL-1, Type-I collagen; CV, coefficient of variation; DMSO, dimethyl sulfoxide;
E, Young’s modulus; ECF, enhanced chemifluorescence; ECM, extracellular matrix; F-actin, filamentous actin; FAK, focal
adhesion kinase; FAs, focal adhesions; FBS, foetal bovine serum; FLIP, fluorescence loss in photobleaching; FN, fibronectin;
G-actin, globular actin; G′, Elastic/Storage modulus; G′ ′, Viscous/Loss modulus; hUCM-MSCs, human umbilical cord matrix
mesenchymal stem/stromal cells; ICC, immunocytochemistry; IDA, information-dependent acquisition; LIMK1, LIM Kinase
1; Limki-3, LIM Kinase inhibitor; LINC, Linker of nucleoskeleton and cytoskeleton; LPA, lysophosphatidic acid; mAbs,
monoclonal antibodies; MFI, mean of fluorescence intensity; NMM-II, non-muscle myosin-II; ON, overnight; PDMS,
polydimethylsiloxane; PFA, paraformaldehyde; PVDF, polyvinylidene fluoride; ROCK, rho-associated protein kinase; ROIs,
regions of interest; RT, room temperature; SEM, standard error of the mean; SWATH-MS, sequential window acquisition of
all theoretical fragment-ion spectra mass spectrometry; TCPS, tissue culture polystyrene; UCM, umbilical cord matrix; WB,
western blot.
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INTRODUCTION

Cells sense and respond to the mechanical properties of the
extracellular environment. Specifically, mechanotransduction
originated at the cell-extracellular matrix (ECM) interface (or
cell-substrate interface in case of in vitro cell culture) initiates
at the focal adhesions (FAs). FAs encompass several proteins
like integrins (transmembrane receptors that bind to EMC
proteins, constituting anchoring points of adherent cells), adapter
proteins like talin and vinculin (bridging integrins with the actin
cytoskeleton), as well as signalling proteins like focal adhesion
kinase (FAK) (reviewed in Vining and Mooney, 2017). Upon
activation of integrins, these proteins interact with each other,
leading to the formation of FAs and subsequent recruitment of
the actin cytoskeleton (Humphries et al., 2007; Thievessen et al.,
2013). The formation of FAs leads to the activation of a wide
range of signalling pathways, several of which converge on and
activate RhoA, a member of the Rho GTPase family (Lessey et al.,
2012). In turn, active RhoA engages its downstream effector Rho-
associated protein kinase (ROCK), and subsequently, the motor
protein non-muscle myosin-II (NMM-II) (Marjoram et al., 2014;
Burridge et al., 2019). Activation of NMM-II leads to the
contraction of actin stress fibres, constituted by crosslinked anti-
parallel filamentous (F)-actin bundles, resulting in the build-up
of intracellular tension. Hence, intracellular tension occurs as the
result of the contractile forces generated by actomyosin spanning
from the plasma membrane (at FAs) to the nucleus (through the
linker of nucleoskeleton and cytoskeleton — LINC — complex)
(Jaalouk and Lammerding, 2009; Burridge and Guilluy, 2016),
which dictates to a great extent the mechanical properties of the
cell. If the stiffness of the extracellular matrix (or substrate if
in vitro) is high, the reinforcement of FAs occurs, resulting in
increased intracellular contractility and mechanical stress exerted
on the ECM and the nucleus (Moore et al., 2010; Klapholz
and Brown, 2017). Hence, cells probe the ECM by exerting
forces (intrinsic forces), subsequently responding according to
the mechanical properties of the environment. Likewise, cells also
sense and respond to forces originating on the ECM/substrate
(extrinsic forces). The intrinsic or extrinsic forces occurring
as the result of actomyosin contractility as a function of
ECM/substrate stiffness, or other mechanical cues provided by
the microenvironment influence many aspects of cell biology,
including proliferation, differentiation and gene expression (Sun
et al., 2012; Discher et al., 2017; Kumar et al., 2017; Uhler and
Shivashankar, 2017; Vining and Mooney, 2017).

Another consequence of the activation of RhoA and ROCK is
the stabilisation of F-actin by a mechanism involving LIM Kinase
1 (LIMK1), which in turn phosphorylates and inhibits Cofilin-1
(Yang et al., 1998; Maekawa et al., 1999; Mizuno, 2013; Prunier
et al., 2017). Cofilin-1 is an essential actin-regulating protein,
promoting the severing of actin filaments and disassembly of
F-actin into globular actin (G-actin), playing a central role in
actin cytoskeleton dynamics (Bamburg and Bernstein, 2010;
Ohashi, 2015). Interestingly, both RhoA and ROCK activity and
F-actin/G-actin ratio increase with substrate stiffness (Engler
et al., 2006; Fu et al., 2010; Trichet et al., 2012; Gupta et al., 2015;
Gerardo et al., 2019). The activity and subcellular localisation

of Cofilin-1 depend on the phosphorylation state of its Ser3,
a target of LIMK1. Phosphorylated Cofilin-1 is inactive and
remains in the cytosol, while the non-phosphorylated form
is active and able to severe and depolymerise F-actin (Nebl
et al., 1996; Yang et al., 1998), adopting a subsequent nuclear
localisation (Munsie et al., 2012). Other important cellular
functions have been described for Cofilin-1. It is required
for the nuclear transport of G-actin (through a mechanism
mediated by importin 9) (Dopie et al., 2012; Percipalle, 2013)
and together promote transcription elongation mediated by
RNA polymerase II (Obrdlik and Percipalle, 2011). More
recently, Cofilin-1 was identified as an essential protein for
normal nuclear structure and function in distinct cell types
(Wiggan et al., 2017).

In this study, we sought to explore how the proteome
of human mesenchymal stem/stromal cells obtained from the
umbilical cord matrix (hUCM-MSCs) is regulated when cells
are cultured on substrates with distinct stiffness. There are
two reasons for using this cellular model. First, MSCs are
highly mechanosensitive and have been used extensively for
studies in the field of mechanobiology (Engler et al., 2006; Fu
et al., 2010; Yang et al., 2014; Gerardo et al., 2019). Second,
MSCs are very promising for clinical applications, but require
extensive in vitro expansion before being used. It is known
that in vitro expansion of MSCs using standard cell-culture
conditions leads to the loss of cell potency (Hoch and Leach, 2014;
Müller et al., 2015; Galipeau et al., 2016). Increasing evidence
suggests that the high stiffness of substrates typically used in
standard cell culture conditions (like for example tissue culture
polystyrene — TCPS —, with Young’s modulus in the GPa range),
several orders of magnitude higher than the natural cellular
microenvironment, contributes significantly to such loss (Lee
et al., 2014; Yang et al., 2014; Kusuma et al., 2017). Interestingly, a
recent report indicates that the proliferative and differentiation
potential of MSCs (at least toward the adipogenic lineage) is
prolonged and senescence is delayed when cells are extensively
cultured on a polyacrylamide 5 kPa substrate in comparison
with stiff TCPS, while maintaining typical MSC surface markers
(Kureel et al., 2019). Although in a distinct context, our studies
also indicate that MSC stemness is favoured by soft substrates
(Gerardo et al., 2019).

MSCs are a heterogeneous population of stromal cells,
including multipotent adult stem cells, that can be isolated
from vascularised tissues like bone marrow, adipose tissue and
umbilical cord (Wagner et al., 2005). MSCs possess well-known
cell-surface markers (positive expression of CD105, CD90,
CD73 and negative expression of haematopoietic markers like
CD34, CD45, HLA-DR, CD14 or CD11B, CD79α or CD19)
and can differentiate in vitro into osteoblasts, chondroblasts
and adipocytes (Pittenger et al., 1999; Dominici et al., 2006).
MSCs can migrate in vivo to damaged tissues in response
to cytokines/chemokines, growth-factors or adhesion molecules
and therein provide potent immunomodulatory and regenerative
responses (Kim and Cho, 2013). Also, MSCs have been
extensively used for cell-based therapies in clinical trials
(Squillaro et al., 2016). Furthermore, it was recently reported that
MSCs retain mechanical information from their past physical
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extracellular environment, developing mechanical memory that
is dependent on the time in culture, or mechanical dosing.
This has significant implications in stem cell function and
differentiation (Yang et al., 2014; Peng et al., 2017), reinforcing
the need to develop new strategies for stem cell maintenance
and expansion in vitro. Currently, a variety of substrates that
mimic distinct aspects of the ECM are available for cell culture,
providing cell adhesion and mechanical support (Green and
Elisseeff, 2016). The influence of mechanical and biochemical
properties of such ECM-like substrates for the differentiation
of MSCs into distinct lineages has been studied for a decade
now (Engler et al., 2006; Fu et al., 2010). However, the effect
of biophysical elements on proliferating undifferentiated MSCs
is largely unknown and remains to be studied employing
biologically relevant and comprehensive approaches.

This study presents a comparative and quantitative
proteomics analysis of hUCM-MSCs cultured on stiff TCPS
and soft polydimethylsiloxane (PDMS) substrates, which
allowed the identification and characterisation of Cofilin-1
as a mechanosensitive protein involved in the regulation
of transcription in response to substrate stiffness. To our
knowledge, this is the first report of a quantitative and
comprehensive characterisation of the MSC proteome in the
mechanobiology field, with an expected impact on future
studies evaluating MSCs’ therapeutic effectiveness and clinical
value. The link between mechanotransduction, Cofilin-1 and
transcription is also novel, which will open a new research avenue
regarding the regulation of gene expression upon modulation by
mechanical factors.

MATERIALS AND METHODS

Cell Culture
Human umbilical cords were obtained after birth from healthy
donors upon informed consent from the parent(s) and the
study was approved by the Ethics Committee of the Faculty of
Medicine, University of Coimbra, Portugal (ref. CE-075/2019).
All methods were carried out in accordance with national
and European guidelines and regulations. MSCs were isolated
from cryopreserved fragments of human umbilical cord matrix
(UCM) as described (Leite et al., 2014) with some modifications,
as indicated. Briefly, cryopreserved fragments from human
UCM were thawed at 37◦C and washed with Alpha-MEM
medium supplemented with 100 U/ml of Penicillin, 10 µg/ml
Streptomycin and 2.5 µg/ml Amphotericin B (all from Life
Technologies). Groups of 30 fragments were transferred to
21 cm2 TCPS (Corning Costar) and left to dry for 30 min. Then,
the proliferation medium [Alpha-MEM with 10% (v/v) MSC-
qualified foetal bovine serum (FBS) (Hyclone, GE Healthcare)
and antibiotics (as above)] was added to the culture plates until
the fragments were immersed. Plates were incubated at 37◦C
with 5% CO2/95% air and 90% humidity until the formation
of well-defined MSC colonies was observed by phase-contrast
microscopy. Next, fragments were removed, and adherent cells
were detached using Trypsin (500 µg/ml)-EDTA (200 µg/ml)
solution (Life Technologies) and re-seeded on a new plate

(passage 1 – P1) in order to homogenise the culture. hUCM-
MSCs were expanded in TCPS until P1 and then seeded
and maintained on the distinct cell culture substrates between
P2 and P4. For proliferation kinetics experiments, cells were
passaged until P6.

The human foetal lung fibroblast cell line (MRC-5) (Steurer
et al., 2018) was cultured in DMEM/F12 with 10% (v/v) FBS (both
from Life Technologies) and antibiotics (as above).

Flow Cytometry
Immunophenotypic characterisation of hUCM-MSCs was
performed at P4 for four independent samples. Cells were
dissociated using Accutase (LifeTechnologies) and then stained
with the monoclonal antibodies (mAbs) for surface antigens
during 30 min in the dark, at room temperature (RT). The
mAb panel used for the characterisation of hUCM-MSCs is
detailed in Supplementary Table S1. For all mAbs, we used
the concentration recommended by the manufacturer. Then,
cells were washed and resuspended in PBS, and immediately
acquired in a FACSCantoTMII (BD) flow cytometer equipped
with the FACSDiva software (v6.1.2; BD). Data analysis was
performed using the Infinicyt software (version 1.7; Cytognos
SL, Salamanca, Spain).

Proliferation Kinetics
hUCM-MSCs were cultured on TCPS and 40:1 PDMS at
3,000 cell/cm2 from P2 to P6. Cells were counted once they
reached 80% confluence at each passage and the following
parameters were calculated (Leite et al., 2014): total numbers
of cells, population doubling, cumulative population doubling
and generation time. Total numbers of cells was calculated
using the formula TNC = NH × B/NI , in which NH represents
the number of cells harvested at the end of each passage, B
represents the total number of cells from the previous passage
and NI the number of cells plated in each passage. Population
doubling rate was calculated using the equation NH/NI =

2PD or PD = [log10 (NH)− log10(NI)]/ log10(2). The population
doubling for each passage was calculated and added to that of
the previous passages to obtain cumulative population doubling.
The generation time – average time between two cell doublings –
was calculated from P3 to P6 using the following formula: GT =
[log10 (2)×1t]/[log10 (NH)− log10 (NI)].

Pharmacological Treatments
For pharmacological treatments, hUCM-MSCs were seeded
at 7,000 cells/cm2 on coated custom-made 40:1 PDMS, glass
coverslips or TCPS. Twenty four hour after seeding, cells on
soft PDMS were incubated with 25 µM of lysophosphatidic acid
(LPA – Enzo, BML-LP100) for 2 h. Cells on glass coverslips or
TCPS were incubated with 30 or 50 µM of racemic Blebbistatin
(Calbiochem, 203389-5MG), respectively, for 24 h. Cells cultured
on TCPS were incubated with 10 or 12 µM of LIM Kinase
inhibitor (Limki-3 – Calbiochem, 435930) for 24 h. Stock
solutions were prepared in dimethyl sulfoxide (DMSO, Santa
Cruz Biotechnology) and the incubations were performed in
a serum-free medium. For MRC-5 cells the procedures were
similar. Briefly, cells were cultured at 4,000 cells/cm2 on glass
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coverslips or 1.5 kPa PDMS (IBIDI). Cells on glass coverslips were
cultured for 32 h and then incubated with 25 µM of Blebbistatin
for an additional 40 h. Cells on PDMS were cultured for 70 h and
then incubated with 1 µM of LPA for 2 h. In both cases, cells were
fixed after 72 h in cultured and immunostained as indicated.

Preparation of Cell Culture Substrates
The substrates used for cell culture included TCPS (Corning
Costar), glass coverslips (Thermo Fischer Scientific) and PDMS
(1.5 and 15 kPa µ-Dish from IBIDI and ∼3 kPa custom-
made substrates).

Custom-made PDMS substrates were prepared by mixing the
silicone elastomer base with the curing agent (Sylgard 184; Dow
Corning/Dowsil) on a 40:1 proportion. In order to remove air
bubbles, the mixture was degassed under vacuum (−5 inHg)
at RT for 40 min. Next, a specific volume of that mixture was
poured according to the area of each platform used in order to
create substrates approximately 300 µm thick (higher than the
recommended substrate thickness to avoid cells from sensing the
underlying stiff support) (Buxboim et al., 2010). PDMS substrates
were then cured at 80◦C for 4 h in an incubator (Memmert).

Since PDMS is highly hydrophobic and does not readily bind
to cell-adhesion proteins, all PDMS substrates were chemically
treated (based on existing literature; Yu et al., 2009; Kuddannaya
et al., 2013) in order to become more hydrophilic and receptive
to protein coating and cell culture as described before (Gerardo
et al., 2019). Solution 1 [double deionised (dd) H2O, 37%
hydrochloric acid (Fluka) and 30% (w/w) hydrogen peroxide
(Sigma) in a volumetric proportion of 5:1:1] was added over
the PDMS surface for 5 min at RT. Substrates were then
washed three times with abundant ddH2O and treated with
Solution 2 [10% (v/v) of 3-aminopropyltrimethoxisilane (3-
APTMS, Alfa Aesar) in 96% ethanol (Merck)] for 30 min
at RT. Next, the substrates were washed three times with
ddH2O (10 min each) with agitation. Finally, the substrates
were incubated with Solution 3 [3% (w/v) glutaraldehyde in
PBS] for 20 min at RT followed by three washes with ddH2O
(5 min each) with agitation. Glass coverslips were treated
as described for PDMS except that 1M NaOH (Merck) was
used (30 min with agitation) instead of Solution 1. After
functionalisation, PDMS substrates and glass coverslips were
exposed to ultraviolet light for 30 min in an air flow cabinet
for sterilisation.

To allow cell adhesion, the surface of PDMS substrates
and glass coverslips were coated with human plasma purified
fibronectin (FN) (Merck Millipore) and rat tail type-I collagen
(COL-I) (BD Biosciences) in PBS at a final concentration of 10
and 17 µg/ml, respectively. The coating solution was used at
143 µl/cm2, resulting in 1.4 µg/cm2 of FN and 2.4 µg/cm2 of
COL-I. All substrates were incubated with the coating solution
for 4 h at 37◦C, and then washed once with sterile PBS before cell
seeding. The TCPS dishes used in this study were not coated.

Characterisation of PDMS Substrates
The rheological characterisation of custom-made 40:1 PDMS
substrates was performed by small-strain oscillatory shear tests
using a Kinexus Pro rheometer and rSpace software (Malvern)

fitted with a parallel plate geometry (stainless steel wrinkled
plate, 4 cm diameter). Frequency sweeps were performed from
10 to 0.1 Hz (five reads per decade) with 1% strain at 37◦C
and under a normal force of 0.5 N to guarantee adherence.
The Young’s modulus (E) was calculated using the values
measured for viscoelastic shear modulus and using the formula
E = 2G′(1+ ν), in which G′ is the shear storage modulus at 1 Hz
and ν the Poisson’s ratio, assumed to be 0.5 as for materials whose
volume do not change upon stretching.

To measure the thickness of the PDMS substrates, a pre-
polymer to curing agent ratio of 10:1 was used, since polymers
prepared with this formulation could readily be detached from
the dishes in which were cured. After curing (as described above),
the substrates were detached from the dishes and sliced across the
centre. The thickness of the central zone of the PDMS substrates
was measured using a phase-contrast microscope (Axiovert 40C)
and the AxioVision software (both from Zeiss).

Subproteome Fractionation
Subproteome fractionation was performed using hUCM-MSCs
at the end of P4 after expansion in TCPS or custom-
made PDMS from P2 to P4, using the protocol described
in Anjo et al. (2017). Briefly, cells were washed once with
PBS and then incubated with extraction buffer [50 mM Tris-
HCl pH 7.4 supplemented with protease inhibitors – Protease
Inhibitor Cocktail tablets, Complete EDTA-free (Roche)]. Next,
cells were subjected to ultrasonication in a H2O-bath (Vibra-
Cell 750 watts, Sonics) with 40% amplitude and 30 s
cycles. After centrifugation (1,000 × g) for 5 min at 4◦C,
supernatants were ultracentrifuged (126,000 × g) for 1 h
at 4◦C (Beckman Coulter), and the pellet corresponding
to the membrane-enriched fraction was solubilised in SDS
sample buffer [1.7% (w/v) SDS and 100 mM DTT in
50 mM Tris pH 6.8]. Five volumes of cold acetone were
added to each supernatant (corresponding to the soluble
fraction) and samples were stored at −20◦C to precipitate
the protein content, which was recovered by centrifugation
at 4,000 × g during 30 min at 4◦C and then the protein
pellets were washed with cold acetone. Next, the pellet
corresponding to the soluble fraction was resuspended in SDS
sample buffer. Protein quantification was performed using
the Direct Detect Spectrometer (Millipore) according to the
manufacturer’s instructions, and 100 µg of protein (soluble or
membrane fraction) were used for sequential windowed data
independent acquisition of total high-resolution mass spectra
(SWATH-MS) analysis.

SWATH-MS Analysis
After denaturation at 95◦C, samples were alkylated with
acrylamide and subjected to in-gel digestion using the short-
GeLC approach (Anjo et al., 2015). Pooled samples were created
for protein identification and the same amount of MBP-GFP was
added to all samples to be used as an internal standard. Samples
were analysed on a Triple TOFTM 5600 System (AB Sciex R©) in two
phases: information-dependent acquisition (IDA) of the pooled
samples for protein identification and SWATH acquisition
of each individual sample for quantification (detailed in the
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Supplementary Methods). A specific library of precursor masses
and fragment ions was created by combining all files from the
IDA experiments, and used for subsequent SWATH processing.
Libraries were obtained using ProteinPilotTM software (v5.1,
AB Sciex R©) searching against a database composed by Homo
sapiens from Swiss-Prot and the sequence of the recombinant
protein MBP-GFP. SWATH data processing was performed using
SWATHTM processing plug-in for PeakViewTM (v2.0.01, AB
Sciex R©). Peptides were selected automatically from the library and
up to 15 peptides with up to 5 fragment ions were chosen per
protein. Quantitation was attempted for all proteins in the library
file that were identified below 5% local FDR from ProteinPilotTM

searches, by extracting the peak areas of the target fragment ions
of those peptides using an extracted-ion chromatogram (XIC)
window of 3 and 4 min (for soluble and membrane-enriched
fraction, respectively) with 20 ppm XIC width.

All the peptides that met the 1% FDR threshold in at least
one sample were retained and the levels of the proteins were
estimated by summing the respective transitions and peptides
that met the criteria established (an adaptation of Collins et al.,
2013). For comparisons between experimental conditions, the
protein levels were subjected to two steps of data normalisation:
(1) normalised to the internal standard (MBP-GFP) followed by
(2) a normalisation using the sample total intensity.

The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the
PRIDE (Vizcaíno et al., 2016) partner repository with the dataset
identifier PXD017674.

Bioinformatics and Data Analysis
PANTHER Classification System was executed for Gene
Ontology analysis. Gene Ontology enrichment analysis
was performed for proteins identified using the web-based
application Gene Ontology enrichment analysis and visualisation
tool – GOrilla. In order to identify and collect information about
the proteins that were found, UniProt was used. Venn graphs
were generated using BioVenn web application.

Protein Extracts and Western Blot
Analysis
To obtain whole-cell protein extracts from hUCM-MSCs (P2–
P4), cells were detached using a cell scraper in the presence
of Laemmli buffer [120 mM Tris-HCl pH 6.8, 4% SDS (w/v)
and 20% glycerol (v/v)], heated for 5 min at 95◦C and passed
ten times through a 25G needle. Total protein was quantified
using PierceTM 660 nm Protein Assay (Thermo Fischer Scientific)
according to manufacturer’s instructions followed by addition
of DTT to each protein sample at a final concentration of
0.1 M. Protein extracts (10 or 20 µg) were separated by SDS-
PAGE as previously described (Leite et al., 2014) and transferred
onto polyvinylidene fluoride (PVDF) membranes (Bio-Rad). The
membranes were blocked in TBS- or PBS-0.1% (v/v) Tween 20
containing 5% (w/v) non-fat dried milk for 1 h at RT. Incubations
with the antibodies indicated in the Supplementary Table S2
were performed with gentle agitation overnight (ON) at 4◦C
followed by 1 h at RT. All membranes were washed with TBS-

or PBS-0.1% (v/v) Tween 20 and then incubated for 1 h at RT
with gentle agitation with the respective alkaline phosphatase-
conjugated secondary antibody (Jackson ImmunoResearch)
diluted in blocking solution. Next, membranes were incubated
with enhanced chemifluorescence (ECF) kit (GE Healthcare)
according to the manufacturer’s instructions and detection was
performed on a Molecular Imager FX Pro Plus system using the
software Quantity One (both from Bio-Rad). To quantify the
total protein in each lane, the membranes were stained using
SERVA purple (SERVA electrophoresis, Enzo) according to the
manufacturer’s guidelines. The integrated density of antibody-
stained protein bands and total protein content of each lane were
measured using Quantity One software (Bio-Rad).

Immunocytochemistry, Fluorescence
Microscopy and Image Analyses
hUCM-MSCs between P2–P4 on glass coverslips or
custom-made PDMS substrates were fixed with 4% (w/v)
paraformaldehyde (PFA, Santa Cruz Biotechnology) in PBS for
20 min at RT. Immunocytochemistry (ICC) was performed as
detailed in Leite et al. (2014). Fixed cells were washed three
times with PBS and permeabilised with 0.1% Triton X-100
in PBS for 20 min. Cells were blocked with 1% (w/v) BSA
(Calbiochem) in PBS for 30 min at RT and then incubated
with primary antibodies (Supplementary Table S2) diluted in
blocking solution ON at 4◦C in humidified conditions. Next,
cells were washed with PBS and incubated with the appropriate
secondary antibodies (Supplementary Table S2) in PBS with
1% (w/v) BSA for 1 h at RT. For nuclear staining, cells were
incubated with DAPI (Supplementary Table S2) for 5 min.
To visualise polymerised actin, cells were stained with TRITC-
labelled Phalloidin (Supplementary Table S2) for 1 h at RT
and then washed three times with PBS (5 min each) to remove
unbound reagent. Fluorescence microscopy was performed using
a Zeiss Axiovert 200M microscope using AxioVision Release 4.8
software (Zeiss). Exposure time was the same for each analysed
marker and for each independent experiment. To quantify the
mean of fluorescence intensity (MFI) of F-actin, the regions
of interest (ROIs) were defined as limiting cells by the edges.
DAPI images were used to defined ROIs to measure the MFI of
Cofilin-1 in the nucleus. The MFI of Cofilin-1 in the cytoplasm
was quantified using ROIs defined by segmented lines within the
whole cytoplasm. Image processing and analyses were performed
using ImageJ (Fiji) software.

5-FUrd Incorporation
To quantify transcription, hUCM-MSCs were seeded at P2 and
48 h later were incubated with 2 mM of 5-fluorouridine (5-
FUrd, Sigma-Aldrich) in proliferation medium during 15, 30, and
45 min at 37◦C. Next, cells were washed once with cold PBS,
permeabilised with 1% Triton X-100 for 20 min and fixed with 4%
(w/v) PFA in PBS for another 20 min. 5-FUrd incorporation was
analysed by ICC using an anti-BrdU antibody (Supplementary
Table S2) previously described to recognise 5-FUrd (Obrdlik
and Percipalle, 2011). Quantification of fluorescence levels was
performed by calculating the corrected total cell fluorescence
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using DAPI to define ROIs and quantify the integrated density
and nuclear area using Fiji software. The slopes were calculated
by performing linear regression analysis of the corrected total cell
fluorescence values of FUrd incorporation considering the time
points between 15 and 45 min (GraphPad Prism 8).

Cofilin-1 Gene Silencing
To knockdown Cofilin-1, hUCM-MSCs were transfected at
P2 according to the manufacturer’s instructions on TCPS or
custom-made 40:1 PDMS using lipofectamine 3000 (Thermo
Fisher Scientific) with 150 nM of SignalSilence R© Cofilin siRNA
I or SignalSilence R© Control siRNA as control (Cell Signalling
Technology). 5-FUrd incorporation experiments were performed
72 h after transfection.

Fluorescence Loss in Photobleaching
(FLIP) and Image Analysis
Fluorescence Loss in Photobleaching (FLIP) was performed using
a Zeiss LSM 710 confocal microscope with stage heated at
37.5◦C and the Zen software was used for image acquisition
(Zeiss). For this experiment MRC-5 cells were seeded at
15,000 cells/cm2 on 1.5 kPa PDMS or µ-slide well glass
(both from IBIDI) and maintained in culture for 3 days.
The experiment was performed according to Das Neves et al.
(2010), Lima et al. (2018), and Steurer et al. (2018). Briefly,
to photobleach GFP-RNA POL II in MRC-5 cells, rectangles
covering approximately half of each nucleus were selected
and 100% laser power was applied to bleach all fluorescent
molecules in these areas. The bleaching acquisition cycles
were run in a continuous mode during 1,800 s. A set of
images were taken and the fluorescence intensity of GFP in
the nucleus was quantified at the unbleached area using Fiji
software. The fluorescence decay was plotted against the time of
photobleaching, fitting data in a three-phase exponential decay
curve to obtain half-life values attributed to the elongation time
(GraphPad Prism 8).

Statistical Analysis
Proteomics data were presented as the mean fold change of
40:1 PDMS over the respective TCPS sample for three biological
replicates (umbilical cord samples from three different donors).
Statistical analysis was performed using the SPSS R© Statistics V22
(IBM) for all proteins that presented PDMS/TCPS ratio with
coefficient of variation (CV) below 30%. Data normality was
assessed by Shapiro–Wilk test performed in infernoRDN and the
One-Sample t-student test against a theoretical value of 1 was
used to test the variations. Statistical significance was considered
for p < 0.05.

Statistical analysis of the remaining data was performed
using GraphPad Prism 8 software. Values are expressed as
mean ± standard error of the mean (SEM) or median with
range (as indicated) for at least three independent experiments.
Differences between two groups were tested using Student’s
t-test, One-Sample t-test (theoretical mean of 1) or the non-
parametric Mann–Whitney test. Parametric analysis of variance
(ANOVA) followed by Dunnett’s multiple comparisons test was

used to compare more than two groups. For all statistical analysis,
differences were considered significant for p < 0.05.

RESULTS

Characterisation of Human Umbilical
Cord Mesenchymal Stem/Stromal Cells
(hUCM-MSCs) and 40:1 PDMS
Substrates
MSCs are plastic-adherent cells that proliferate readily in vitro
when maintained in standard culture conditions, being positive
for CD105, CD73 and CD90 and negative for CD45, CD34,
HLA-DR, CD14 or CD11B, CD79α or CD19 surface markers,
as described by the International Society for Cellular Therapy
(Dominici et al., 2006). For this study, we isolated hUCM-
MSCs as previously described (Leite et al., 2014). The
immunophenotypic characterisation of the cells in P4 by flow
cytometry confirmed their identity, being positive for CD10,
CD13, CD90, and CD105, and negative for CD34, CD45, and
HLA-DR (Figure 1A).

For this study, polydimethylsiloxane substrates with a pre-
polymer to curing agent ratio of 40:1 (40:1 PDMS) were produced
for cell culture. The rheological analysis was performed to assess
the shear elastic (storage modulus, G′) and viscous (loss modulus,
G′′) properties of the substrates. A frequency sweep between 0.1
and 10 Hz was performed using a rheometer (Supplementary
Figure S1B). Our results indicate that the elastic properties of
the substrate are dominant, since tan δ (tan δ = G′′/G′) values
were lower than 1 and G′ and G′′ were essentially independent
of the measurement frequency (Rosales and Anseth, 2016)
(Supplementary Figures S1B,C).

The Young’s modulus (E) was determined at 1 Hz as being
2870 ± 625 Pa (∼3 kPa) (Supplementary Figure S1C). To
guarantee that the custom-made PDMS substrates reached the
minimum thickness described to prevent cells from sensing the
stiff supporting material underneath the elastomer (>100 µm)
(Buxboim et al., 2010), substrate thickness was determined to be
315.5 ± 4.6 µm (Supplementary Figure S1), sufficient to allow
the cells to sense only the soft material.

In order to evaluate the proliferative capacity of hUCM-
MSCs when cultured on stiff (TCPS) or soft (40:1 PDMS)
substrates, the total number of cells was determined between
P2 and P6 (Figure 1B). In general, the total number of cells
obtained on TCPS was higher when compared with PDMS,
showing that cells cultured on soft substrates exhibit lower
proliferative profile in comparison with those cultured on stiff
TCPS (Figure 1B). Nevertheless, except in P2, no significant
differences were found for the total number of cells, indicating
some adaptation of the cells to the new soft environment. These
results are in agreement with previous studies reporting higher
cell proliferation on stiffer substrates (Provenzano and Keely,
2011). Additionally, population doubling, cumulative population
doubling, and generation time were evaluated between P2
and P6 (Supplementary Figure S2), indicating a trend for
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FIGURE 1 | hUCM-MSCs can proliferate on and respond to mechanical cues provided by a soft PDMS substrate. (A) Immunophenotypic characterisation of
hUCM-MSCs (average of four independent samples at P4). Cells were labelled with antibodies against the indicated antigens and analysed by flow cytometry. In
parallel, unlabelled hUCM-MSCs were also acquired in the flow cytometer as negative controls. In the histograms, y-axis represents the number of cells (density);
and x-axis represents the amount of protein expressed per cell, measured as mean fluorescence intensity (MFI). Labelled hUCM-MSCs are represented as pink lines,
whereas green lines correspond to unlabelled hUCM-MSCs (negative control). hUCM-MSCs were positive for CD10, CD13, CD90, and CD105, and negative for
CD34, CD45 and HLA-DR. (B) Total number of cells calculated for hUCM-MSCs on each passage (P2–P6) in culture on TCPS or 40:1 PDMS (as indicated). Bars
represent mean ± SEM of at least three independent experiments using cells obtained from different donors. Statistical analysis was performed using the
non-parametric Mann–Whitney test with significant differences indicated as *p < 0.05. (C) Representative fluorescence microscopy images and (D), respective MFI
of F-actin of hUCM-MSCs cultured on stiff or soft 40:1 PDMS substrates from P2 to P4 (as indicated). At each of the indicated passages, cells were seeded on stiff
glass coverslips or soft 40:1 PDMS substrates for 48 h and then fixed and stained with TRITC-Phalloidin (to stain F-actin, in red) and DAPI (to counterstain nuclei, in
blue). Bars represent mean ± SEM of three independent experiments. Statistical analysis was performed using a two-tailed Student’s t-test with significant
differences indicated as **p < 0.01 and ****p < 0.0001.
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slower proliferation kinetics of hUCM-MSCs on PDMS, but no
significant differences were found.

To confirm that hUCM-MSCs respond to the distinct degrees
of stiffness, P1 cells were seeded in parallel on glass coverslips
(stiff) and 40:1 PDMS substrates (soft). After reaching P2, P3,
or P4 on each substrate, F-actin levels were assessed to evaluate
intracellular contractility, which is known to scale with the
stiffness of the environment in mechanosensitive cells (Engler
et al., 2006; Fu et al., 2010; Gerardo et al., 2019). As expected,
F-actin levels were significantly lower in cells cultured on soft
PDMS substrates when compared with cells maintained on stiff
glass coverslips in all passages tested (Figures 1C,D).

Substrate Stiffness Modulates the
Proteome of hUCM-MSCs
To explore the influence of mechanical cues, and in particular
the effect of substrate stiffness on the proteome of hUCM-MSCs,
a SWATH-MS/MS proteomics analysis was performed using
cells maintained on stiff TCPS or soft 40:1 PDMS substrates
from P2 until P4 (workflow in Figure 2A). To obtain samples
with less complexity (and to achieve a more comprehensive
protein coverage), the intracellular contents were fractionated
into soluble and membrane-enriched fractions. 796 proteins were
identified in the soluble fraction, 558 of which were detected
in cells cultured on both substrates (TCPS and 40:1 PDMS),
representing 70% of the total number of proteins identified. On
the other hand, 173 and 65 proteins were exclusively detected
in the proteome of cells cultured on soft or stiff substrates
(Figure 2B). Similarly, in the membrane-enriched fraction, 1125
proteins were identified, being 744 common for cells on TCPS
and PDMS, representing 66% of the total proteins identified
in that fraction. Hundred and thirty seven and 244 proteins
were exclusively identified in the proteome of cells cultured
on soft or stiff substrates (Figure 2B). To further characterize
the differences between the cells cultured on the two systems,
protein quantification was attempted to all the proteins identified
(Figure 2C). Through SWATH-MS/MS analysis, 633 proteins
were quantified in the soluble fraction obtained from cells
cultured on both substrates, and among those 33 showed
lower abundance, while 27 displayed higher expression in cells
cultured in PDMS in comparison with TCPS (Figure 2C). In the
membrane fraction, 624 proteins were quantified, with 43 and
19 proteins showing lower and higher expression, respectively, in
cells maintained on the soft versus stiff substrate (Figure 2C).

Next, we analysed the twenty most statistically significant
proteins more abundantly expressed in cells cultured on PDMS
when compared with TCPS and vice versa (among both
fractions). Data show that several of the identified proteins are
involved in the regulation of actin cytoskeleton, hence putative
modulators of mechanotransduction (Figures 2D,E). Within
this category, Filamin-A/B, Lamin-A/C and Actin were more
abundant in TCPS in comparison with PDMS, while subunit 4
of the Arp2/3 complex and Cofilin-1 were more expressed in
cells in 40:1 PDMS when compared with TCPS (Figures 2D,E).
Cofilin-1 presented good p-value and increased expression
of approximately 1.3-fold (PDMS vs. TCPS; Supplementary

Table S3) in the membrane fraction, being one of the most
differentially expressed proteins in the proteome of hUCM-MSCs
cultured on the soft when compared with the stiff substrate.
Additionally, Cofilin-1 is a pivotal regulator of actin dynamics
(Bamburg and Bernstein, 2010; Ohashi, 2015) and in turn
the actin cytoskeleton is one the most important players in
mechanotransduction (Harris et al., 2018). Hence, Cofilin-1
seemed to be a promising protein to focus on and to characterise
further in the context of mechanotransduction and attempt
to find implications in other important biological processes
regulated by the protein such as transcription (Obrdlik and
Percipalle, 2011; Percipalle, 2013).

Cofilin-1 Is More Abundantly Present in
Cells Cultured on Soft Versus Stiff
Substrates
In order to validate and further explore the results obtained
by mass spectrometry regarding Cofilin-1, western blot (WB)
analysis was performed to measure the protein’s level in whole-
cell extracts prepared from cells cultured on stiff (TCPS) or soft
(40:1 PDMS) substrates until P2, P3, and P4. The results show
that Cofilin-1 levels became gradually higher in cells cultured
from P2 to P4 on the soft substrate when compared to those
maintained on the stiffer one, achieving statistical significance
in P4 (Figure 3A). This is consistent with the proteomics
data regarding the increased presence of Cofilin-1 on the soft
substrate in P4 (Figures 2D,E). As a control, we further analysed
vinculin (Supplementary Figure S3), another protein related
to mechanotransduction (Carisey et al., 2013) whose expression
levels did not significantly change in the proteomics analysis
(Supplementary Table S3). As expected, WB analysis confirmed
the SWATH-MS/MS results.

To gain further insight into the regulation of the protein,
the levels of Cofilin-1 were also assessed specifically in the
nucleus and in the cytoplasm of cells cultured on soft
and stiff (glass coverslips) substrates until P2, P3, and P4
by immunofluorescence microscopy. Data show a significant
increase of the MFI of Cofilin-1 in both subcellular spaces
(nucleus and cytoplasm) for all passages tested (Figures 3B,C).
Taken together, these results strongly indicate that Cofilin-1
levels are higher in cells cultured on soft when compared with
stiff substrates.

Substrate Stiffness and Soluble
Modulators of Actomyosin Influence
Cofilin-1 Subcellular Localisation and
Phosphorylation State
The immunofluorescence images of Cofilin-1 in hUCM-MSCs
immediately suggested that the protein’s subcellular localisation
might be influenced by substrate stiffness (Figure 3B). Image
quantification revealed that the ratio of nuclear/cytoplasmic
Cofilin-1 increased significantly in cells cultured on the soft
substrates when compared with those on stiff glass coverslips
(Figure 3D and Supplementary Figure S4). Cofilin-1 activity
and subcellular localisation (Nebl et al., 1996) were reported
to be largely regulated by phosphorylation on Serine 3 by its
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FIGURE 2 | Substrate stiffness influences the proteome of hUCM-MSCs. (A) Experimental workflow. hUCM-MSCs were isolated from umbilical cord explants
obtained from three distinct donors on TCPS plates and passaged (into P1) when the colonies were well developed. Cells were then maintained in parallel in culture
from P2 until P4 on stiff TCPS and soft 40:1 PDMS substrates. Cells were lysed and then the membrane- and soluble-enriched fractions were obtained by
ultra-centrifugation. The proteins from the two fractions were precipitated and/or solubilised, resolved by SDS-PAGE and analysed by mass spectrometry. (B) Venn
diagrams illustrating the total number of proteins and the number of exclusive and common proteins identified in cells cultured on TCPS or 40:1 PDMS present in the
soluble (left) or membrane (right) enriched fractions. (C) Volcano plots representing proteins with statistically significant differences (p < 0.05, blue dots) or
non-significant differences (p > 0.05, green dots) between proteins found in the proteome of soluble (left) and membrane (right) fractions obtained from cells cultured
on soft PDMS substrates relative to stiff TCPS. The blue and magenta areas surround the proteins with statistically significant lower or higher expression in cells
cultured on soft PDMS versus stiff TCPS, respectively. Black circle and arrows pinpoint Cofilin-1 found in soluble (left) and membrane (right) fractions of cells cultured
on soft PDMS versus stiff TCPS. Statistical analysis was performed using One-Sample t-test (theoretical mean of 1.0). (D) Bar chart representing the top 20 most
significant (p < 0.05) and (E) differentially abundant proteins (fold change) present in soluble and membrane fractions obtained from cells cultured on 40:1 PDMS
versus TCPS substrates. (*) marks proteins involved in mechanotransduction or actin cytoskeleton regulation. Bars represent –log10 of the p-value (D) or log10 of
the fold change (E). All data were collected from three independent experiments using cells obtained from three distinct donors.
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FIGURE 3 | Cofilin-1 is highly present in cells cultured on soft versus stiff substrates. (A) Western blot analysis (top) of Cofilin-1 present in whole-cell protein extracts
(separated by SDS-PAGE) obtained from hUCM-MSCs isolated and cultured on TCPS until P1 and then cultured on stiff TCPS or soft 40:1 PDMS until P2, P3, or P4
(as indicated). For quantification analysis (bottom), Cofilin-1 expression was normalised using the respective total protein level assessed by staining the WB
membrane using SERVA purple (top). Bars (bottom) represent mean ± SEM of three independent experiments. Statistical analysis was performed using One-Sample
t-test (theoretical mean of 1.0) with significant differences indicated as *p < 0.05; ns, non-significant. (B) Representative fluorescence microscopy images and (C)
respective MFI quantification of Cofilin-1 in the nucleus or cytoplasm of cells cultured on glass coverslips or 40:1 PDMS until P2, P3, or P4 (as indicated). (D) MFI
quantification of Cofilin-1 ratio (nucleus/cytoplasm) present in cells cultured as in (C). Cells were fixed and stained with an anti-Cofilin-1 antibody (green) and DAPI for
nuclear counterstaining (blue). In (C,D) bars represent mean ± SEM of cells analysed from three independent experiments. Statistical analysis was performed using
a two-tailed Student’s t-test, with significant differences indicated as *p < 0.05, ***p < 0.001, and ****p < 0.0001.
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cognate kinase LIMK1 (Yang et al., 1998). Our results showed
that after incubating cells with a pharmacological inhibitor
of LIMK (LIMKi-3), the phosphorylation levels of Cofilin-1
on Ser3 drastically decreased in a dose-dependent manner
(Supplementary Figure S5).

It is also described that phospho-Cofilin-1 (p-Cofilin-1) is
inactive and remains in the cytosol. When dephosphorylated,
Cofilin-1 is active and hence able to severe and depolymerise actin
filaments into globular actin, subsequently remaining bound to
G-actin (Percipalle, 2013). Then, still bound to G-actin, Cofilin-1
translocates into the nucleus through a mechanism mediated by
importin 9 (Dopie et al., 2012; Percipalle, 2013). To assess if
the changes in subcellular localisation of Cofilin-1 in response
to substrate stiffness correlated with the phosphorylation state
of the protein, we measured the levels of p-Cofilin-1 on Ser3
and total Cofilin-1 (by western blot analysis) in cells cultured
on TCPS and 40:1 PDMS. We observed a significant decrease
in the ratio of Cofilin-1 (pSer3)/total Cofilin-1 (Figure 4A) in
cells cultured on the soft in comparison with those on the
stiff substrate. The phosphorylation of Cofilin-1 on Ser3 was
also detected by proteomics analysis. The ratio of Cofilin-1
(pSer3)/total Cofilin-1 measured in cells cultured on soft (PDMS)
was only about 40% of the value found in cells maintained on
stiff (TCPS) until P4 (Supplementary Figure S6). Hence, data
indicate that the expected correlation between the subcellular
localisation and phosphorylation state of Cofilin-1 reported in the
abovementioned literature holds true when these changes occur
in response to substrate stiffness.

To further understand the response of Cofilin-1 to mechanical
stimuli in terms of subcellular localisation and phosphorylation
state, we devised an experiment to mimic stiff conditions while
cells were cultured on a soft substrate and vice versa. To
that end, cells were seeded on stiff glass coverslips or soft
40:1 PDMS substrates and then incubated with Blebbistatin
or LPA, respectively. Blebbistatin is a NMM-II inhibitor,
causing relaxation of the cellular actin network (typical of cells
cultured on a soft condition) (Engler et al., 2006; Lourenco
et al., 2016) and LPA leads to activation of RhoA, inducing
actomyosin contractility (typical of cells on stiff substrates)
(Sun et al., 2014), hence mimicking a soft condition on
stiff substrates and vice versa. When cells on glass coverslips
were incubated with Blebbistatin, the ratio of nuclear/cytosolic
Cofilin-1 increased significantly compared to untreated cells.
Conversely, cells incubated with LPA cultured on soft PDMS
showed a significant decrease in the nuclear/cytosolic ratio of the
protein when compared to the respective control (Figures 4B,C).
Additionally, we analysed the levels of F-actin upon incubation
with Blebbistatin or LPA using TRITC-phalloidin. As expected,
a significant decrease or increase of F-actin was observed in cells
incubated with Blebbistatin or with LPA (respectively) comparing
with their respective controls (Figures 4B,C), indicating that
the treatments with the actomyosin-modulating soluble-factors
tested were indeed effective.

To assess the phosphorylation state of Cofilin-1 in cells
incubated with Blebbistatin or LPA, WB analysis was performed.
After incubation with Blebbistatin, the ratio of Cofilin-
1(pSer3)/total Cofilin-1 in cells cultured on a stiff substrate

decreased significantly. Conversely, in cells incubated with LPA
while cultured on a soft substrate, this ratio was significantly
higher than in control cells (Figure 4D).

These results indicate that cells cultured on stiff substrates (or
on soft but in the presence of LPA) display high intracellular
actomyosin tension (Figures 1C, 4B), which is accompanied
by a low nuclear/cytosolic ratio distribution of Cofilin-1 and
high phosphorylation of the protein on Ser3 (Figures 4A,D).
Conversely, MSCs cultured on soft substrates (or on stiff
but in the presence of Blebbistatin) present low intracellular
contractility (Figures 1C, 4B), which correlates with a high
ratio of nuclear/cytosolic distribution of Cofilin-1 and low
phosphorylation of the protein on Ser3 (Figures 4A,D).

hUCM-MSCs Respond to Soft
Substrates With Increased Overall
Transcription in a Cofilin-1-Dependent
Manner
Knowing that Cofilin-1 (in combination with G-actin) is required
for RNA polymerase II-mediated transcription elongation
(Obrdlik and Percipalle, 2011; Percipalle, 2013), we sought to
elucidate if the increased presence of Cofilin-1 in the nucleus
of hUCM-MSCs cultured on soft substrates correlated with
increased transcription. Hence, to measure global transcriptional
activity, cells (cultured on stiff glass coverslips or soft 40:1
PDMS) were subjected to a FUrd pulse-chase (Obrdlik and
Percipalle, 2011). We observed that FUrd incorporation in
cells maintained on stiff substrates occurred mostly in discrete
nucleolar foci for short incubation times, with increasing
nucleoplasmic signal with time (Figure 5A), as validated by
ICC analysis against the nucleolus-associated protein Nucleolin
(Supplementary Figure S7). On the other hand, for cells cultured
on the 40:1 PDMS substrate, data show multiple and more intense
nucleoplasmic foci (Figure 5A) in addition to the nucleolar signal
similar to that observed on the stiff condition. This strongly
suggests that the increase in FUrd incorporation observed in
cells on the soft substrate relies on RNA polymerase II- (with
nucleoplasmic localisation) and not on RNA polymerase I- (with
nucleolar localisation) mediated transcription (Szentirmay and
Sawadogo, 2000). Quantification of FUrd incorporation over
time showed that the slope of the curve within a linear range
(between 15 and 45 min of incorporation) was significantly
higher in cells cultured on the soft substrate when compared
to the stiff (Figure 5B). Since the slope is proportional to
the overall transcription, these results indicate that soft 40:1
PDMS substrates enhance hUCM-MSCs transcriptional activity
by favouring the formation of nascent transcripts.

To assess if the increase of transcriptional activity in cells
cultured on soft substrates is Cofilin-1-dependent, we performed
similar FUrd pulse-chase experiments after performing Cofilin-1
knockdown using siRNA (as confirmed by western blot and
fluorescence microscopy in Supplementary Figure S8). Data
show that in cells in which Cofilin-1 was effectively silenced,
the transcriptional activity was drastically decreased, resulting
in few to almost non-existent nucleoplasmic foci (Figure 5C).
Quantification analysis of the FUrd incorporation curve slopes
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FIGURE 4 | Substrate stiffness and soluble modulators of actomyosin influence Cofilin-1 subcellular localisation and phosphorylation state. (A) Cofilin-1 and
phospho-Cofilin-1 (pSer3) levels were evaluated by western blot analysis of whole-cell protein extracts separated by SDS-PAGE (left) obtained from cells cultured on
TCPS or 40:1 PDMS between P2 and P4. For the quantification (right) values were normalised by the respective total Cofilin-1 protein level in TCPS or PDMS for
each independent experiment. Bars represent the mean of the ratio of Cofilin-1 (pSer3)/total Cofilin-1 ± SEM of four independent experiments. Statistical analysis
was performed using One-Sample t-test (theoretical mean of 1.0) with significant differences indicated as *p < 0.05. (B) Representative fluorescence microscopy
images and (C) respective MFI quantification of Cofilin-1 nucleus/cytoplasm ratio and F-actin (TRITC-Phalloidin) for cells cultured on glass coverslips or 40:1 PDMS
after treatment or not with Blebbistatin or LPA (as indicated). Cells seeded on stiff glass coverslips (left) were cultured for 24 h and then incubated or not with

(Continued)
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FIGURE 4 | Continued
Blebbistatin (30 µM) for an additional 24 h; cells seeded on soft 40:1 PDMS (right) were cultured for 46 h and then incubated or not with LPA (25 µM) for an
additional 2 h. In both cases, cells were fixed after 48 h in culture and stained with anti-Cofilin-1 antibody (green), TRITC-Phalloidin for F-actin (red) and DAPI for
nuclear counterstaining (blue). Bars represent mean ± SEM of cells analysed from three independent experiments. Statistical analysis was performed using One-Way
ANOVA followed by Dunnett’s multiple comparisons test between all conditions (**p < 0.01; ****p < 0.0001). (D) Western blot analyses were performed to detect
Cofilin-1 and phospho-Cofilin-1 (pSer3) as described in (A), using whole-cell extracts obtained from cells cultured on stiff TCPS and treated or not with Blebbistatin
or cultured on soft 40:1 PDMS and treated or not with LPA (as indicated), with seeding and treatment regimens similar to those described in (B,C). For the
quantification (bottom) values were normalised by the respective total Cofilin-1 protein level in TCPS (left) or PDMS (right) for each independent experiment. Bars
represent the mean of the ratio of Cofilin-1 (pSer3)/total Cofilin-1 ± SEM of four independent experiments. Statistical analysis was performed using One-Sample
t-test (theoretical mean of 1.0) with significant differences indicated as *p < 0.05.

revealed that the transcriptional activity in untreated cells
cultured on soft substrates (40:1 PDMS) was not significantly
different from those treated with scrambled siRNA, but was
statistically higher than in hUCM-MSCs in which Cofilin-1 was
effectively silenced (siRNA Cofilin-1), as well as in cells left
untreated but maintained on a stiff substrate (glass), which were
used as a control (Figure 5D). Hence, data indicate that soft
substrate-induced increase of transcriptional activity observed in
hUCM-MSCs is, at least in part, dependent on Cofilin-1.

RNA Polymerase II Transcription
Elongation Is Faster in Cells Cultured on
Soft PDMS Substrates
To understand if the enhanced transcriptional activity measured
in cells cultured on soft versus stiff substrates was at least in
part due to faster RNA polymerase II transcription elongation,
the mechanism in which Cofilin-1 is described to be involved
in (reviewed by Percipalle, 2013), we performed FLIP assays.
To that end, we used human fibroblasts engineered with
GFP-RNA polymerase II (MRC-5 cells) (Steurer et al., 2018)
cultured for 3 days on stiff glass or soft 1.5 kPa PDMS. This
was the time required to verify Cofilin-1 nuclear distribution
(Supplementary Figure S9A) similar to that observed in hUCM-
MSCs on a soft substrate, hence demonstrating that MRC-5 cells
were mechanoresponsive. Additionally, similar to hUCM-MSCs,
Cofilin-1 in MRC-5 cells also responded to soluble modulators
of actomyosin contractility (Supplementary Figure S9B), with a
significant increase or decrease of the ratio of nuclear/cytosolic
Cofilin-1 in cells treated with Blebbistatin or LPA (respectively).
Regarding FLIP, data show a faster decay of fluorescence in cells
cultured on soft PDMS when compared with those cultured on
stiff conditions, indicating that the transcriptional elongation
is faster on soft substrates (Figure 6A). By quantifying the
fluorescence decay in single cells as a function of time during the
FLIP assay allowed the creation of three-phase exponential decay
curves (Figure 6B). By analysing curves parameters attributed to
the elongation phase — half-life slow (Das Neves et al., 2010;
Lima et al., 2018; Steurer et al., 2018) —, the elongation half-
life time of RNA polymerase II in cells cultured on the soft
substrate was significantly lower than that in cells maintained on
stiff conditions (Figure 6C). This indicates that RNA polymerase
II transcription elongation speed is higher in cells maintained on
soft than on stiff substrates.

The overall results indicate that the increased presence of
Cofilin-1 in the nucleus of mechanosensitive cells in response

to soft substrates facilitates transcription, through a mechanism
that is consistent with enhanced RNA polymerase II transcription
elongation speed.

DISCUSSION

This study explores the effects of substrate stiffness in the
proteome of proliferating undifferentiated hUCM-MSCs. In vitro
expansion of MSCs has been associated with the loss of cell
potency due to extensive proliferation, which is required for
example, to obtain a clinically relevant number of cells for
therapeutic purposes (reviewed in Hoch and Leach, 2014; Müller
et al., 2015; Galipeau et al., 2016). Recently, there is growing
evidence suggesting that such loss of potency may at least in
part be related to the mechanical properties of standard cell-
culture substrates (Lee et al., 2014; Yang et al., 2014; Kusuma
et al., 2017), like TCPS, much stiffer than most tissues present in
biological systems.

MSCs are well known for being highly mechanosensitive cells,
scaling intracellular contractility according to the stiffness of the
surrounding environment (Fu et al., 2010; Swift et al., 2013;
Gerardo et al., 2019), which greatly affects their differentiation
potential toward distinct lineages (Engler et al., 2006; Fu et al.,
2010; Gao et al., 2010), as well as reprogramming into iPSCs
(as previously shown by our laboratory (Gerardo et al., 2019).
However, the impact of mechanical cues and in particular of
substrate stiffness in proliferating undifferentiated MSCs is still
largely unknown.

Our results demonstrate that the proteome of hUCM-MSCs
presents differences between cells cultured (at least between P2
and P4) on stiff TCPS (standard cell culture conditions) or on
soft PDMS substrates. A putative limitation is that the TCPS
used for the proteomics approach was not coated with the
ECM proteins used on the PDMS substrate, although the glass
coverslips used for subsequent experiments were treated in a way
similar to the elastomeric surface. In this study, we focussed our
attention on proteins that could be identified in both cell culture
conditions, but whose relative abundance was significantly
different. Among such proteins, many are involved in the
regulation and modulation of the actin cytoskeleton, hence being
putative good candidates to be involved in mechanotransduction
mechanisms. Within this group, Filamin-A/B, Lamin-A/C and
Actin were found to be more abundantly present in TCPS in
comparison with PDMS. To our knowledge, Filamin-A/B and
Actin were not previously reported to change their levels in
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FIGURE 5 | Soft substrates induce overall increased transcription in hUCM-MSCs in a Cofilin-1-dependent manner. (A) Representative fluorescence microscopy
images of the nuclei of cells cultured on glass coverslips or 40:1 PDMS. After 48 h in culture, hUCM-MSCs were incubated with FUrd during 15, 30, and 45 min,
fixed and stained with an anti-BrdU antibody that recognises FUrd (green) to identify the new transcripts and nuclei were counterstained with DAPI (blue). (B) Linear
regression of FUrd nuclear incorporation (CTCF, corrected total cell fluorescence) as a function of time occurring in cells on each substrate (data represent
mean ± SEM of 6 independent experiments). Linear regression analysis (using the linear regression tools of GraphPad Prism 8) shows that the slopes of the two
curves are significantly different from each other (p = 0.0173), indicating increased transcriptional activity in cells cultured on soft PDMS substrates (blue line) when
compared with glass (red). (C) Representative fluorescence microscopy images of FUrd incorporation during 15 and 45 min in control and Cofilin-1 knock-down cells
(using siRNA). Cells were immunostained with anti-Cofilin-1 (green) and anti-BrdU/FUrd (red) antibodies and nuclei were counterstained with DAPI (blue). (D) Bars
represent the mean ± SEM of the slope values of FUrd incorporation (as determined in B) for each of the indicated conditions. Only cells effectively knocked-down
for Cofilin-1 (representative images highlighted with circles) were taken into account during corrected total cell fluorescence quantification of FUrd. Statistical analysis
was performed for 6 independent experiments using One-Way ANOVA followed by Dunnett’s multiple comparisons test comparing all conditions against 40:1 PDMS
(ns, non-significant; *p < 0.05; ***p < 0.001).
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FIGURE 6 | RNA polymerase II transcription elongation is faster in cells cultured on soft PDMS substrates. (A) Representative confocal microscopy images of
MRC-5 cells (expressing GFP-RNA polymerase II) during fluorescence loss in photobleaching (FLIP) experiments. MRC-5 cells were cultured on stiff µ-slide glass
wells or soft 1.5 kPa PDMS and after 72 h in culture cells were subjected to FLIP assay. In the zoomed images on the right panel (from the highlighted regions
indicated with the yellow rectangles on the left panel), the dashed white lines circumscribe the bleached areas and the solid yellow lines represent the fluorescence
measurement areas. (B) Representative three-phase exponential decay curves of GFP-RNA polymerase II signal of two single cells cultured on each substrate (glass
or PDMS). (C) RNA polymerase II elongation half-life time was calculated based on the half-time slow parameter of the three-phase exponential decay curves
obtained from cells cultured on stiff or soft substrates. Bars represent the median with range of at least four independent experiments. For each experiment, at least
10 cells were quantified. Statistical analysis was performed using the non-parametric Mann–Whitney test, with significant differences indicated as *p < 0.05.

response to changes in substrate stiffness. Concerning Lamin-A,
our data is in line with previous studies showing that the protein
is mechanoresponsive and that its levels scale with the stiffness
of the microenvironment (Swift et al., 2013; Swift and Discher,
2014; Toh et al., 2015). Similar to subunit 4 of the Arp2/3 complex
(involved in the regulation of actin cytoskeleton (May, 2001),
Cofilin-1 was one of the proteins whose levels increased mostly in
the proteome of hUCM-MSCs cultured on soft PDMS compared
to stiff TCPS substrates (as confirmed by western blot and ICC).
For that reason and being Cofilin-1 an important actin-regulating
protein, together with the lack of information about its role in the
context of cellular mechanobiology, our studies became focussed
on this protein.

ICC analysis revealed that Cofilin-1 present in hUCM-MSCS
cultured on soft substrates exhibited a preferential nuclear

localisation, in contrast with cells on stiff substrates, in
which Cofilin-1 presented a more widespread distribution.
Moreover, the phosphorylation state of Cofilin-1 [by its cognate
kinase LIMK1 (Yang et al., 1998)] in hUCM-MSCs cultured
in soft versus stiff substrates also changed. WB analysis
showed that the ratio of Cofilin-1 (pSer3)/total Cofilin-1 in
hUCM-MSCs cultured on soft substrates was significantly
lower than when cultured on stiff conditions (which was
also supported by the proteomics data). Our results are in
line with a report showing that mechanical force applied
to cells via integrins caused Rho/ROCK/LIMK-dependent
phosphorylation of Cofilin-1 (Zhao et al., 2007). Moreover, as
it was previously shown using Cofilin-1 Ser3 phosphorylation
mutants, the non-phosphorylated mimetic (Ser3→Ala) tends
to accumulate in the nucleus, while the WT is consistent
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with a predominantly cytosolic localisation (Nebl et al., 1996).
Taken together, our results strongly indicate that Cofilin-
1 nuclear localisation increases when cells are cultured on
soft substrates, and in these conditions Cofilin-1 is less
phosphorylated. On the other hand, on stiff substrates, the
protein presents a widespread localisation and is highly
phosphorylated on Ser3 by LIMK1. Additionally, Cofilin-1 and
other cytoskeletal proteins were recently identified as novel
neddylation substrates, suggesting that this post-translational
modification could generally modulate cytoskeletal proteins
(Vogl et al., 2020). Specifically, Cofilin-1 activity seems to increase
when neddylation is inhibited, at least in neurons. Interestingly,
NEDD8-conjugating enzyme Ubc12, one of the pivotal proteins
for neddylation, was found more abundantly present in the
proteome of hUCM-MSCs cultured on the soft 40:1 PDMS
substrate (as shown in the proteomics data). This observation
prompts us to speculate that regulation of the cytoskeleton by
mechanotransduction may involve neddylation of cytoskeletal
proteins, and Cofilin-1 in particular, which should be explored
in future studies.

The Cofilin-1 localisation data is also consistent with literature
indicating that Cofilin-1 is not able to bind to actin filaments
which are under tension and/or populated by myosin (Ngo et al.,
2016), which would be expected to occur in cells cultured on stiff
substrates. We can speculate that, if Cofilin-1 is not able to bind
to and depolymerise F-actin filaments into G-actin, the protein
should not be able to migrate to the nucleus, since both Cofilin-1
and G-actin seem to migrate together with importin-9 (Pendleton
et al., 2003; Dopie et al., 2012).

Knowing that Blebbistatin inhibits NMM-II, promoting
the relaxation of the actin cytoskeleton (Engler et al., 2006;
Lourenco et al., 2016), and that LPA induces intracellular
contractility by activating RhoA and consequently favouring
NMM-II activity (Sun et al., 2014), we sought to promote
changes in the intracellular tension of hUCM-MSCs to
further study the role of Cofilin-1 in mechanotransduction.
Hence, by mimicking soft conditions on stiff substrates,
and vice versa, using an inhibitor or a stimulator of
actomyosin contractility (Blebbistatin or LPA, respectively),
we confirmed that hUCM-MSCs respond to these modulators
with a significant increase of the nuclear/cytosolic ratio
of Cofilin-1 in response to Blebbistatin and a significant
decrease in cells incubated with LPA. Moreover, the
phosphorylation of Cofilin-1 on Ser3 decreased upon
incubation with Blebbistatin and increased in response
to LPA. Hence, Cofilin-1 seems to change in terms of
intracellular localisation and phosphorylation state in response
to low (Blebbistatin or soft substrates) or high (LPA or stiff
matrices) intracellular contractility, reinforcing its role as a
mechanotransduction player.

It has been reported that Cofilin-1 dephosphorylated on Ser3
is the active form of the protein, becoming capable to severe and
depolymerise F-actin (Wioland et al., 2017). As a consequence of
F-actin severing or depolymerisation activity, Cofilin-1 remains
bound to G-actin, forming a complex that is imported into
the nucleus (Dopie et al., 2012; Percipalle, 2013). Hence, our
results regarding the increased nuclear presence of Cofilin-1

and its lower phosphorylation on Ser3 (in cells cultured on soft
substrates or treated with Blebbistatin) are consistent with the
abovementioned literature.

Moreover, our results indicate that soft substrates
induce an increase of hUCM-MSCs overall transcriptional
activity. In the nucleus, Cofilin-1 (in association with
G-actin) was reported to be required for RNA polymerase
II transcription elongation (Obrdlik and Percipalle, 2011;
Percipalle, 2013). In fact, as a consequence of Cofilin-1 gene
silencing, we observed a global decrease of transcription in
cells cultured on soft substrates with few to almost non-
existent nucleoplasmic foci (which are associated with RNA
polymerase II activity) (Szentirmay and Sawadogo, 2000).
By performing FLIP assays, we observed that the half-life
elongation time of RNA polymerase II was significantly lower
in mechanoresponsive fibroblasts (MRC-5 cells expressing
GFP-RNA polymerase II) cultured on soft when compared
with those cultured on a stiff substrate. This result indicates
a higher RNA polymerase II transcription elongation speed
in cells cultured on soft comparing to stiff substrates.
Therefore, our findings strongly suggest that in soft conditions
Cofilin-1 localises preferentially in the nucleus, facilitating
transcription through the enhancement of RNA polymerase II
transcription elongation.

Overall, our data indicate that Cofilin-1 is a central player
of a newly identified mechanism coupling mechanotransduction
and regulation of transcription, opening a new avenue for
future studies in this field. Other mechanisms involved in the
regulation of transcription in response to mechanotransduction
stimuli have been reported. Some involve mechanosensitive
transcription factors (Mammoto et al., 2012), like YAP/TAZ
(Dupont et al., 2011; Morgan et al., 2013), Runx2 (Kanno
et al., 2007) or NKX2.5 (Dingal et al., 2015). In fact, the
LIMK/Cofilin-1 pathway was shown to modulate the activity
of YAP/TAZ by regulating the formation of F-actin and
stress fibres. Cofilin-1 depletion leads to high F-actin content
and consequent increase in YAP/TAZ nuclear localisation,
transcriptional activity, and cell proliferation (Aragona et al.,
2013). Other involve changes in nuclear architecture and
modulation of chromosome territories. The existence of physical
links and bi-directional force transmission between the ECM
and the nucleus (namely through the protein-protein interactions
existing between integrins and focal adhesion proteins, the
cytoskeleton, the LINC complex and the nucleoskeleton)
(Jaalouk and Lammerding, 2009; Wang et al., 2009; Yu
et al., 2009) influence the nuclear architecture and in turn
modulate the genome’s organisation and gene expression (Wang
et al., 2009; Shivashankar, 2011, 2019). Another example
is a group of epigenetic changes occurring in response
to mechanical cues, which can be generically encompassed
within the concept of mechanoepigenetics (Missirlis, 2016).
Some of the best-known mechanisms concerning chromatin
epigenetic modifications in response to mechanical stimuli
involve changes in histone acetylation and/or methylation
(Downing et al., 2013; Hernandez et al., 2016; Roy et al., 2018;
Gerardo et al., 2019), although many of the detailed mechanisms
involved remain elusive.
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FIGURE 7 | Schematics illustrating the modulation of Cofilin-1 by substrates stiffness or soluble factors affecting intracellular contractility. Stiff substrates or
actomyosin tension induced by LPA favour elevated levels of F-actin, Cofilin-1 phosphorylation and Cofilin-1 adopts a mainly cytosolic localisation. On the other
hand, soft substrates or low actomyosin tension caused by treatment with Blebbistatin induce low amounts of F-actin, no Cofilin-1 phosphorylation and Cofilin-1
adopts a nuclear localisation. The presence of Cofilin-1 in the nucleus is consistent with enhanced/faster RNA polymerase II-dependent transcription.

We showed that the proteome of proliferating and
undifferentiated hUCM-MSCs changes depending on the
stiffness of the extracellular environment. As a consequence
of such finding, we identified and characterised Cofilin-1
as a new mechanotransduction player that responds
(in terms of abundance, intracellular localisation and
phosphorylation/activation state) to changes in the extracellular
stiffness and intracellular contractility, playing a significant
role in transcription mediated by RNA polymerase II
(Figure 7). This study contributes with new fundamental
knowledge in cell biology and in particular in the field of
cellular mechanobiology, further establishing hUCM-MSCs
as being highly mechanosensitive. It also shows that substrate
stiffness is a highly relevant aspect for the expansion of
this cell type in vitro, with impact in both research and
clinical settings.
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