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Abstract Ezrin acts as a dynamic linkage between plasma
membrane and cytoskeleton, and thus involved in many fun-
damental cellular functions. Yet, its potential role in human
skin is virtually unknown. Here we investigate the role of
Ezrin in primary skin fibroblasts, the major cells responsible
extracellular matrix (ECM) production. We report that Ezrin
play an important role in the maintenance of skin fibroblast
size/mechanical properties and proliferation. siRNA-mediated
Ezrin knockdown decreased fibroblast size and mechanical
properties, and thus impaired the nuclear translocation of
YAP, a protein commonly response to cell size and mechanical
force. Functionally, depletion of Ezrin significantly inhibited
YAP target gene expression and fibroblast proliferation.
Conversely, restoration of YAP nuclear translocation by over-
expression of constitutively active YAP reversed YAP target
genes expression and rescued proliferation in Ezrin
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knockdown cells. These data reveal a novel role for Ezrin in
maintenance of fibroblast size/mechanical force and regulat-
ing YAP-mediated proliferation.
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CCNI1 Cysteine-rich protein 61

CCN2  Connective tissue growth factor
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YAP Yes-associated protein
Introduction

Ezrin is a member of the ERM (Ezrin/radixin/moesin) family
of proteins whose primary function is to organize the interface
between the plasma membrane and the cytoskeleton (Sato
et al., 1992; Fehon et al., 2010). In doing so, ERM proteins
provide a linkage from filamentous actin in the cortex to mem-
brane proteins on the surface of cells. By creating such a
linkage, ERM proteins can perform both structural and regu-
latory functions in cells (Bretscher et al., 2002; Fehon et al.,
2010). Like the other ERM family members, Ezrin considers a
cytoskeletal linker based on their ability to interact with both
the plasma membrane and filamentous actin (Arpin et al.,
2011). Ezrin N-terminal region (FERM domain) binds to plas-
ma membrane lipids and cytoplasmic tails of transmembrane
proteins, while the C-terminal region binds to F-actin (Fehon
et al., 2010; Neisch and Fehon, 2011). As membrane-
cytoskeleton interaction is essential fundamental processes
of cells, it is not surprising that Ezrin protein has been impli-
cated in many diverse cellular functions including modulating
cell morphogenesis and integrity. Under normal physiological
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condition, Ezrin is involved in many cellular processes, such
as cell adhesion (Takeuchi et al., 1994; Pujuguet et al., 2003),
migration (Crepaldi et al., 1997; Ng et al., 2001; Naba et al.,
2008), determination of cell shape, cell proliferation, and mor-
phogenesis (Crepaldi et al., 1997; Gautreau et al., 2000;
Bretscher et al., 2002; Hsu et al., 2012) in response to extra-
cellular cues. Aberrant expression of Ezrin has been shown in
a variety of cancers associated with poor prognosis and me-
tastasis; yet, the molecular mechanisms in which Ezrin partic-
ipates in tumorigenesis still remain ill-defined (Clucas and
Valderrama, 2014). A correlation between high expression
of Ezrin and aggressive cancer behavior has been recently
reported from a wide variety of cancers (Kong et al., 2013;
Jin et al., 2014; Piao et al., 2015). For example, elevated Ezrin
expression is common in malignant gastric tissue and is close-
ly associated with a poor clinical outcome(Jin et al., 2012; Li
et al., 2012). As such, Ezrin can be used as a biomarker of
malignant conversion in gastric tissue. Although the function-
al details of Ezrin have been fairly well studied, we know very
little about its potential role in skin biology.

Human skin is primarily composed of collagen rich extra-
cellular matrix (ECM), which is produced by skin fibroblasts.
In healthy skin, dermal fibroblasts interact with intact collagen
fibrils, through integrin collagen receptors, to achieve and
maintain stretched morphology. However, during aging colla-
gen fibrils become fragmented, less dense, and disorganized
(Varani et al., 2004; Fisher et al., 2009). These alterations
disrupt fibroblast interactions with extracellular collagen fi-
brils, resulting in reduced spreading and cells size (Varani
et al., 2004; Fisher et al., 2008; Fisher et al., 2009; Quan
et al., 2013a; Qin et al., 2014). We have previously reported
that age-related reduction of dermal fibroblast size is a prom-
inent feature of aged human skin in vivo, and has significant
impact on human skin aging (Varani et al., 2004; Fisher et al.,
2009; Qin et al., 2014; Quan et al., 2015; Fisher et al., 2016).
The Ezrin protein is of particular interest in this regard as it
plays role in regulating cell morphology through its interac-
tion with membrane and actin cytoskeleton. Here we report
that depletion of Ezrin decreases fibroblast size/mechanical
tension and impairs YAP nuclear translocation. Further inves-
tigation reveals that Ezrin depletion impairs skin fibroblast
proliferation through interfering YAP nuclear translocation, a
dominant regulator of cell proliferation.

Materials and methods

Materials

Dulbecco’s Modified Eagle’s Media (DMEM), trypsin solu-
tion, and penicillin/streptomycin were purchased from Life

Technology (Rockville, MD, USA). Ezrin, CCN1, CCN2,
and YAP antibodies were purchased from Santa Cruz
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Biotechnology (Santa Cruz, CA, UAS). Phospho-YAP
(Ser127) Antibody was purchased from Cell Signaling
(Danvers, MA). (3-actin antibody was purchased from Sigma
Chemical Company (St. Louis, MO, USA). CellTracker®
fluorescent dye was purchased from Molecular Probes
(Eugene, OR, USA) RNeasy Mini Kit was purchased from
Qiagen (Chatsworth, CA, UAS). Reagents for real-time PCR
were purchased from Applied Biosystems (Foster City, CA,
USA). Protein Assay Kit was purchased from Bio-Rad
Laboratories (Hercules, CA). All other reagents were pur-
chased from Sigma Chemical Company (St. Louis, MO,
USA).

Cell culture

Normal adult human skin primary fibroblasts (PCS-201-012)
and foreskin fibroblasts (CRL-2522) were purchased from
American Type Culture Collection (Manassas, VA, USA).
Cells were cultivated in DMEM at 37 °C and 5% CO, sup-
plemented with 10% Fetal Bovine Serum (Invitrogen,
Carlsbad, CA, USA). Cells were passaged no more than nine
times. Cells were plated at 70-80% confluence, and used one
day after plating.

Immunofluorescence staining

Immunostaining was performed as described previously
(Kong et al., 2016). Briefly, human skin fibroblasts were fixed
in 2% paraformaldehyde for 30 min and then permeabilized
with permeabilization buffer (0.5% Triton X-100). Cells were
then pre-incubated with protein block (Biogenex
Laboratories, San Ramon, CA, UAS) for 1 h at room temper-
ature. Subsequently the cells were incubated for overnight at
4 °C with Ezrin and YAP antibodies (Santa Cruz, CA, UAS).
Cells were then incubated with biotinylated antibody for
30 min, followed by incubation with avidin-labeled fluores-
cence dye (Invitrogen, Carlsbad, CA, USA) for 30 min.
Nuclei were stained with DAPI. Specificity of staining was
determined by substituting isotype-control immunoglobulin
(mouse IgG2a) for the primary antibodies. No detectable
staining was observed with isotype-controls (data not shown).

RNA isolation and quantitative real-time RT-PCR

Total RNA was prepared by RNeasy Mini Kit (Qiagen,
Chatsworth, CA, USA) according to the manufacturer’s pro-
tocol. Total RNA (200 ng) was reverse transcribed using a
Tagman reverse transcription kit (Applied Biosystems,
Foster City, CA, USA). Quantitative real-time PCR was per-
formed on a 7300 Sequence Detector (Applied Biosystems,
Carlsbad, CA, USA) using Tagman Universal PCR Master
Mix Reagents (Applied Biosystems, Carlsbad, CA, USA).
All real-time PCR primers were purchased from
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RealTimePrimers.com (Elkins Park, PA, USA). Target gene
mRNA expression levels were normalized to the
housekeeping gene 36B4 (acidic ribosomal phosphoprotein
P0)(Akamine et al., 2007) as an internal control for
quantification.

Western analysis

Human skin fibroblasts were lysed with WCE buffer (25 mM
HEPES (pH 7.2), 75 mM NaCl, 2.5 mM MgCI2, 0.2 mM
EDTA, 0.1% Triton X-100, 0.5 mM DTT, 20 mM {3-glycero-
phosphate, 0.1 mM Na3VO4, 2 pug/ml leupeptin, and 100 pg/
ml PMSF). The cells were frozen/thawed/vortexed three
times, and cellular proteins were collected by centrifugation
at 15,000xg for 15 min. Equal amounts of proteins were re-
solved on 12% SDS-polyacrylamide gel (Invitrogen,
Carlsbad, CA, USA) and transferred to PVDF membrane
(Millipore, Bedford, MA, USA) for 4-6 h. The membranes
were then blocked with 5% milk in PBST (0.1% Tween 20 in
PBS) for one hour, followed by incubation with primary anti-
bodies in PBST solution (1:200) for one hour at room temper-
ature. The membranes were washed three times with PBST
solution and incubated with appropriate secondary antibody
for one hour at room temperature. After washing three times
with PBST, the membranes were developed with ECF (Vistra
ECF Western Blotting System, Amersham Pharmacia
Biotech, Piscataway, NJ, USA) following the manufacturer’s
protocol. The intensities of each band were scanned by
STORM Phosphorlmager (Molecular Dynamics, Sunnyvale,
CA, USA). The intensities of each band were quantified using
ImageQuant (GE HealthCare, Piscataway, NJ, USA) and nor-
malized using (3-actin as a loading control.

Transient transfection

Human skin fibroblasts were transiently transfected by elec-
troporation (Amaxa, Koeln, Germany) using Human Dermal
Fibroblast Nucleofector® Kit. Cells were transfected with
program U-023. Transfection of Emerald Green Fluorescent
Protein (EmGFP, The Vivid Colors™ ThermoFisher
Waltham, MA) indicated that the transfection efficiency can
be up to 80% in human primary skin fibroblasts by
electroporation. Ezrin #1 siRNA was purchased from Santa
Cruz Biotechnology (SC535349, Santa Cruz, CA, UAS).
Ezrin #2 siRNA was purchased from Dharmacon (7430
Ezrin siRNA SMARTpool, Lafayette, CO, USA). Control
siRNA (AATTGTCCGAACGTGTCACGT) were purchased
from Qiagen (Chatsworth, CA, USA). Constitutively active
YAP (FLAG-YAP-S127A) was kindly provided from Dr.
Chen (Institute of Molecular and Cell Biology, Singapore)
(Chan et al., 2011). After transfection (48 h), immunostaining
was performed as described above. Total RNA and cellular
protein were extracted and mRNA and protein levels were

determined by real-time RT-PCR and Western analysis, re-
spectively, as described above.

Three-dimensional (3D) collagen matrices cultures

Three-dimensional (3D) collagen gels were made following a
previous publication with minor modification (Fisher et al.,
2016). Briefly, early passage (<9 passages) skin fibroblasts
(0.5 x 10°) were mixed in 2 ml calf skin type I collagen
(6 mg/ml, Elastin Products Company, Owensville, MO) and
medium (pH 7.2, DMEM, 44 mM NaHCO3, 4 mM L-gluta-
mine, 9 mM folic acid, and 1 N NaOH). The cell-collagen gel
mix then plated in 35 mm bacterial culture dishes. After col-
lagen polymerization, collagen gels were incubated with 2 ml
media (DMEM, 10% FBS) at 37 °C, 5% CO,,

Crystal violet assay

The relative density of cells was determined by crystal violet
assay. Briefly, the culture medium was removed from tissue
culture plate, and washed gently with PBS three times, follow-
ed by adding crystal violet solution. The plate was incubated
for 10 min at room temperature and washed with tap water
three times by immersion in a large beaker. The plate was
drained by upside down on paper towels, then added 1%
SDS to solubilize the stain. The pate then agitated on orbital
shaker until color is uniform with no areas of dense coloration
in bottom of wells. Upon solubilization, the amount of dye
taken up by the cells was quantitated in a spectrophotometer
by reading absorbance of each well at 570 nm.

Atomic force microscopy (AFM) imaging

The mechanical properties of the cells were measured by
AFM using previously established techniques in our laborato-
ry with minor modifications (Quan et al., 2012). Briefly, cells
were embedded in 3D type I collagen gel as described above.
Cellular mechanical properties were measured in wet condi-
tion by Dimension Icon AFM system (Bruker-AXS, Santa
Barbara, CA, USA). AFM was performed using PeakForce
Quantitative NanoMechanics mode with a silicon AFM probe
(NSC15/AIBS, MikroMasch, San Jose, CA). AFM was con-
ducted at the Electron Microbeam Analysis Laboratory
(EMAL), University of Michigan College of Engineering,
and analyzed using Nanoscope Analysis software
(Nanoscope Analysis v120R1sr3, Bruker-AXS, Santa
Barbara, CA, USA).

Statistical analysis
Comparisons among treatment groups were made with the

paired t-test (two groups) or the repeated measures of
ANOVA (more than two groups). Multiple pair-wise
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comparisons were made with the Tukey Studentized Range
test. All p values are two-tailed, and considered significant
when <0.05.

Results
Ezrin knockdown decreases skin fibroblast size

To explore the potential role of Ezrin in skin fibroblasts, Ezrin
expression was depleted by siRNA-mediated knockdown
(Fig. 1a, and b). Interestingly, Ezrin knockdown substantially
decreased skin fibroblast size (Fig. 1¢ and Supplementary Fig.
la right panels). Staining cells with cytotracker® fluorescence
dye further confirmed reduced cell area (Fig. 1d and
Supplementary Fig. 1A upper right panels). Fibroblast area
was reduced approximately 60% (Fig. 1d and
Supplementary Fig. 1A). Next, skin fibroblasts were cultured
in a three dimensional collagen environment, which mimic
collagen-rich skin dermis. Consistent with Fig. 1d, cells
shrank and decreased in size by Ezrin knockdown (Fig. le
lower right panel). In contrast, fibroblasts in control si RNA
displayed elongated and spread morphology (Fig. le lower
left). Importantly, Ezrin knockdown significantly reduced col-
lagen gel contraction (Fig. 1f), a reliable indicator of cell-
collagen interaction. These data suggest that Ezrin regulates
skin fibroblast size and mediates cell-ECM interaction.

Ezrin knockdown decreases skin fibroblast mechanical
properties

We next employed atomic force microscopy (AFM) to deter-
mine changes in mechanical properties associated with re-
duced fibroblast size. The AFM probe tip was placed directly
on the surface of the central regions of the fibroblasts (Fig. 2a).
Key cellular mechanical properties; traction force (Fig. 2b and
Supplementary Fig. 1B) and tensile strength (Fig. 2¢ and
Supplementary Fig. 1C) were reduced approximately 50%,
while deformation was increased approximately 1.5-fold
(Fig. 2d and Supplementary Fig. 1D), in Ezrin knockdown
cells compared to cells transfected with control siRNA.
These data suggest that Ezrin knockdown reduces cellular
mechanical properties along with cell size.

Ezrin knockdown impairs YAP nuclear translocation
in skin fibroblasts

Next, we explored the impact of Ezrin-mediated cell size/
mechanical properties on YAP activity, since YAP activity is
primarily regulated by sub-cellular localization in response to
cell size (Zhao et al., 2011), and mechanical tension (Dupont
et al., 2011). Immunostaining of YAP indicate that YAP pri-
marily localized in nuclei in control cells (Fig. 3a and
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Supplementary Fig. 1E left panels). In contrast, Ezrin knock-
down significantly impaired YAP nuclear translocation (Fig.
3a and Supplementary Fig. 1E right panels). Western Blots on
both the nuclear (Fig. 3b) and cytosolic (Fig. 3c) fractions
confirmed that nuclear YAP was significantly reduced by
Ezrin knockdown (Fig. 3b). We further confirmed that Ezrin
knockdown resulted in cytoplasmic retention of phosphorylat-
ed YAP (Serl127) (Fig. 3e), which was unable to detect in
nuclear fraction (Fig3 d). These data suggest that Ezrin knock-
down impairs YAP nuclear translocation.

Ezrin knockdown inhibits YAP target gene expression
in skin fibroblasts

Next, we examined the impact of Ezrin knockdown on YAP
target gene expression. Cysteine-rich protein 61 (CCN1) and
connective tissue growth factor (CCN2) are well-known tran-
scriptional target of YAP. Indeed, Ezrin knockdown significant-
ly downregulated both CCN1 and CCN2 mRNA (Fig. 4a) and
protein (Fig. 4b and Supplementary Fig. 1F) levels. To ensure
that reduced expression of CCN1 and CCN2 was caused in-
deed by impaired YAP activity, YAP nuclear translocation was
restored by overexpression of constitutively active YAP in
Ezrin knockdown cells (Fig. 4c and Supplementary Fig. 1F).
Restoration of YAP nuclear translocation significantly reversed
CCNI1 and CCN2 expression (Fig. 4d and Supplementary Fig.
1F), suggesting YAP-dependent regulation of CCN1 and
CCN2 expression in Ezrin knockdown cells.

Ezrin knockdown inhibits fibroblasts proliferation via
impaired YAP activity

Next, we explored the impact of Ezrin knockdown on skin
fibroblast proliferation. We confirmed that Ezrin knockdown
significantly reduced the density of cells confirmed by crystal
violet assay (Fig. 5a middle panel and Fig. 5b middle bar).
Next, we asked whether impaired YAP activity mediates
Ezrin knockdown-mediated inhibition of cell proliferation.
Indeed, restoration of YAP nuclear translocation reversed the
density of cells (Fig. 5a right panel and Fig. 5b right bar).
Consistently, Ezrin knockdown resulted in significant loss of
cell proliferation, determined by cell number, and that near
completely reversed by overexpression of constitutively active
YAP (Fig. 5c and Supplementary Fig. 1G). These data indicate
that Ezrin depletion is detrimental to fibroblast proliferation,
that is mediated by impaired YAP nuclear translocation.

Ezrin regulates cell size/mechanical properties
and YAP-dependent proliferation in neonatal foreskin
human fibroblasts

Next, we employed neonatal foreskin dermal fibroblasts to
confirm above observations, which were generated using
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Fig. 1 Ezrin knockdown decreases skin fibroblast size. Primary skin
fibroblasts were transfected with non-specific control siRNA or Ezrin
siRNAs (20 nM) for 48 h. a Ezrin mRNA levels. N = 4. b Ezrin protein
levels. N = 3. ¢ Ezrin immunostaining. Images represent four independent
experiments. Bar = 100 pm. Enlargement of the boxed region is shown to
the bottom (bars = 50 pum). d Cells were stained with CellTracker®
fluorescent dye. Red fluorescence delineates cell cytoplasm; blue fluores-
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Fig. 2 Ezrin knockdown
decreases skin fibroblast
mechanical properties. Primary
skin fibroblasts were transfected
with non-specific control siRNA
or Ezrin siRNAs (20 nM). Cells
were then cultured in 3D type I
collagen gels for 48 h as described
in Methods. Mechanical proper-
ties were determined by atomic
force microscopy (AFM)
PeakForce Quantitative
NanoMechanics mode and ana-
lyzed by Nanoscope Analysis
software. a Representative
bottom-view bright field image of
AFM. AFM cantilever positioned
on the cells are shown (black
circle). Arrow heads indicate
cells. b Cell traction force (nN).
Representative images of traction
force (left). Horizontal bars indi-
cate traction forces scales (nN).
N = 4. ¢ Tensile strength (Pa).
Representative images of traction
force (left). Horizontal bars indi-
cate tensile strength scales (Pa).
N = 4. d Deformation (nm).
Representative images of defor-
mation (left). Horizontal bars in-
dicate deformation scales (nm).
N =4.Data are expressed as mean
+SEM, *p < 0.05 vs control si

CTRL si

d

CTRL si

adult dermal fibroblasts. Ezrin knockdown (Fig. 6a and b) in
neonatal foreskin dermal fibroblasts resulted in substantial
reduction of cell size (Fig. 6¢), reduced mechanical properties
(Fig. 6d and Fig. 6e), impaired YAP nuclear translocation
(Fig. 6f), reduced YAP target gene expression (Fig. 6g).
Importantly, reduced YAP target gene expression (Fig. 6g)
and proliferation (Fig. 6h) were significantly restored
by expression of constitutively active YAP. These data
demonstrate that Ezrin regulates cell size/mechanical
properties and YAP-dependent proliferation in neonatal
foreskin human fibroblasts, as observed in adult dermal
fibroblasts.
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Discussion

Emerging evidence indicates that cell size and mechanical
force, which derive from plasma membrane-actin cytoskeleton
assembly, play critical roles in diverse cellular biological pro-
cesses, such as proliferation, differentiation, signal transduc-
tion, and gene expression (Butcher et al., 2009; Mammoto
and Ingber, 2009; Mammoto et al., 2012). The impact of fibro-
blast, the major ECM producing cells in skin, size and mechan-
ical force on skin biology is relatively unexplored. Here we
investigated the importance of Ezrin, an actin-cytoskeleton
linker protein, in regulation of skin fibroblast size/mechanical
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Fig. 3 Ezrin knockdown impairs
YAP nuclear translocation in skin
fibroblasts. Primary skin
fibroblasts were transfected with
non-specific control siRNA or
Ezrin siRNAs (20 nM) for48 h. a
YAP immunostaining. Images
represent five independent exper-
iments. Bar = 100 um.
Enlargement of the boxed region
is shown to the bottom

(bar = 50 um). b YAP protein
levels in nucleus. ¢ YAP protein
levels in cytosols. d
Phosphorylated YAP (Ser127)
protein levels in nucleus. e
Phosphorylated YAP (Ser127)
protein levels in cytosols. YAP
nuclear protein levels were nor-
malized by lamin A/C as a load-
ing control. YAP cytosol protein
levels were normalized by SOD
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properties and function by manipulating levels of Ezrin. Our  functions as an important protein in maintenance of fibroblast
results indicate that Ezrin depletion profoundly impairs fibro-  size/mechanical force and proliferation.

blast size/mechanical force, which leads to YAP-dependent im- Regulation of cellular size and force is a highly complex
pairment of proliferation (Fig. 5d). As the role of Ezrin in hu-  process involving the coordinated assembly of a large number
man skin is largely unknown, our data suggest that Ezrin  of cytoskeletal proteins and plasma membrane. There many
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Fig. 4 Ezrin knockdown inhibits a
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types of interactions between the cytoskeleton and the plasma
membrane. Such membrane-cytoskeleton interactions are me-
diated and modulated by cytoskeleton linker proteins, which
intimately bind to plasma membrane and actin cytoskeleton.
Now it is well established that Ezrin functions as a molecular
connection between the plasma membrane and the underlying
actin-cytoskeleton. These data suggest that Ezrin may play
role in maintenance of cell shape and morphological integrity
by organizing actin filaments and regulating cortical stiffness.
Our data are in agreement with and complementary to the
previous reports demonstrating that Ezrin acts as a cross-
linker of the membrane-cytoskeleton interface, and thus its
disruption alters cell size and mechanical force. In addition
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to their role in binding filamentous actin, Ezrin performs reg-
ulatory function through its ability to bind transmembrane
proteins and link them to downstream signaling components.
It is becoming increasingly apparent that Ezrin protein is able
to bind to many receptors at the plasma membrane, such as
CD44, EGFR, and HGFR (Bretscher et al., 2002; Fehon et al.,
2010; Clucas and Valderrama, 2014). There is also evidence
that the Ezrin protein plays an important role in cell-cell and
cell-matrix interaction through interactions with cadherin
complexes and integrins (Hiscox and Jiang, 1999; Pujuguet
et al., 2003; Jung and McCarty, 2012). Ezrin interaction with
integrins is of particular interest, as integrins play a pivotal
role in maintaining cell size and mechanical force through
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its interaction with ECM and intracellular actin cytoskeleton.
Cells maintain normal cell size and mechanical force through
interaction with surrounding ECM via cell surface integrin
receptors, which function as a physical link between ECM
microenvironment and intracellular actin cytoskeleton, there-
by functioning as mechanoreceptors for maintaining normal
cell size and mechanical force.

From a biomechanical perspective, Ezrin has been show to
modulate the plasma membrane tension though direct linkage
between the plasma membrane and the actin cytoskeleton
(Larson et al., 2010; Rouven Bruckner et al., 2015).
Overexpression of an active Ezrin mutant increases membrane
tension (Liu et al., 2012), and conversely overexpressing a dom-
inant negative form of Ezrin to disrupt Ezrin decreases mem-
brane tension (Krieg et al., 2008). Accumulating evidence indi-
cates that cellular mechanical force regulate essential cell func-
tions (Butcher et al., 2009; Mammoto and Ingber, 2009;
Mammoto et al., 2012). Cellular mechanical force largely relies
on interactions of cellular actin cytoskeleton cells with surround-
ing ECM through integrins. Our data demonstrate that depletion
of Ezrin significantly reduces cellular mechanical properties in
conjunction with reduced cell size, suggesting an essential role
of Ezrin in maintenance of normal mechanical force. Ezrin
might serves as a critical nexus between the extracellular

environment/cell membrane and the underlying cytoskeleton
and cytoplasm. Further study related Ezrin regulation of the
mechanical properties is likely to reveal more diverse functions
for Ezrin and may provide insight into the novel role of Ezrin in
organization and control cell shape and morphology.

Our data indicate that depletion of Ezrin impairs skin fibro-
blast proliferation through inhibition of YAP nuclear translo-
cation, indicating that Ezrin is involved in modulating the
YAP pathway. YAP nuclear translocation is primarily regulat-
ed by sub-cellular localization. Hitherto, to our knowledge, no
study tried to elucidate the connection between Ezrin and YAP
in regulating cell proliferation. YAP pathway has been shown
to be one of the most intriguing signaling pathways that plays
a pivotal role in regulating multiple cellular functions includ-
ing proliferation, apoptosis, regeneration and organ size con-
trol (Harvey and Hariharan, 2012; Moroishi et al., 2015;
Plouffe et al., 2015). Meantime, the complexity of YAP nu-
clear translocation has expanded considerably in recent years,
as it is regulated by non-canonical hippo pathway, such as
mechanical force. It is unknown how Ezrin regulates YAP
nuclear translocation, as observed in current study. It is con-
ceivable that Ezrin-mediated alteration of cell size and me-
chanical force might have a significant impact on YAP activ-
ity, since YAP activity is largely regulated by cell size and
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mechanical force through undefined mechanism. Integration
of this information into a comprehensive role of Ezrin will
increase our understanding that Ezrin is not only involved in
cytoskeletal organization but also participate in signal-
transduction pathways. Clearly, further studies are needed to
elucidate the molecular details in which Ezrin is involved in
diverse signal-transduction pathways.

@ Springer

In human skin dermis, fibroblasts are surrounded by a
collagen-rich ECM microenvironment. During aging collagen
fibrils become fragmented, less dense, and disorganized
(Varani et al., 2004; Fisher et al., 2008; Fisher et al., 2009;
Qin et al., 2014). These alterations not only disrupt fibroblast
interaction with extracellular collagen fibrils, but also intracel-
lular organization of actin cytoskeleton, resulting in reduced
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<« Fig. 6 Ezrin regulates cell size/mechanical properties and YAP-
dependent proliferation in neonatal foreskin human fibroblasts.
Neonatal foreskin human fibroblasts were transfected with non-specific
control siRNA or Ezrin siRNAs (20 nM) for 48 h. a Ezrin mRNA levels
were reduced by Ezrin siRNAs. N = 4. b Ezrin protein levels were re-
duced by Ezrin siRNAs. N = 3. ¢ Cell size was reduced by Ezrin siRNAs.
Cells were stained with CellTracker® fluorescent dye. Red fluorescence
delineates cell cytoplasm; blue fluorescence delineates nuclei. The rela-
tive cell surface areas were quantified by ImagelJ. Bars =50 pum. N=3.d
Cell traction force (nN) was reduced by Ezrin siRNAs. N = 4. e Cell
tensile strength (Pa) was reduced by Ezrin siRNAs. N = 4. Mechanical
properties were determined by atomic force microscopy (AFM)
PeakForce Quantitative NanoMechanics mode and analyzed by
Nanoscope Analysis software. f Impaired YAP nuclear translocation
was determined by immunostaining. Images represent three independent
experiments. Blue fluorescence delineates nuclei. Bar = 50 pm. g
Restoration of YAP nuclear translocation reversed YAP target gene ex-
pression. Cells were transfected with non-specific control siRNA or Ezrin
siRNAs or Ezrin siRNAs plus constitutively active YAP for 48 h. CCNI1
and CCN2 protein levels were determined by Western blots. Protein
levels were normalized by (3-actin as a loading control. Insets show rep-
resentative Western blots. N = 3. h Ezrin knockdown inhibits fibroblasts
proliferation via impaired YAP activity. Cells were transfected with non-
specific control siRNA or Ezrin siRNAs or Ezrin siRNAs plus constitu-
tively active YAP for two days. Cells were harvested two days after
transfection and 2.5 x 10> cells were cultured in 60 mm plates for six
days. Cells were than harvested and counted. All data are expressed as
mean+SEM, *p < 0.05 vs control. i Scheme summarizing the role of Ezrin
in regulation of skin fibroblast size/mechanical properties and YAP-
mediated proliferation (see Discussion for details)

spreading and cells size (Fisher et al., 2008; Fisher et al., 2009;
Quan et al., 2013a; Qin et al., 2014). We have previously
reported that age-related reduction of skin fibroblast size is a
prominent feature of aged human skin in vivo, and has signif-
icant impact on human skin aging (Varani et al., 2004; Fisher
et al., 2008; Quan et al., 2015). For example, reduced skin
fibroblast size impairs TGF-f3 signaling, which contributes
to reduced collagen biosynthesis (Quan and Fisher, 2015;
Fisher et al., 2016); increases multiple matrix metalloprotein-
ases (MMPs), which contribute to collagen fibrils fragmenta-
tion. (Fisher et al., 2009; Quan et al., 2013a; Qin et al., 2014).
In this regard, it is of interest to investigate the role of Ezrin in
skin connective tissue aging with respect to its interaction with
collagen binding integrins.

We recently reported that enhancing cell size and mechan-
ical properties are able to activate aged quiescent fibroblasts to
a more “youthful” state in aged human skin in vivo (Wang
et al., 2007; Quan et al., 2013b). Injection of dermal filler
(cross-linked hyaluronic acid) into the skin of individuals over
70 years of age stimulates fibroblast proliferation, expands
vasculature, and increases epidermal thickness. This stimula-
tion is associated with localized increase of cell size and me-
chanical forces. Thus, fibroblasts in aged human skin retain
their capacity for functional activation, which can be restored
by enhancing size and mechanical support. These findings
attract our attention that Ezrin might function as an important

linker protein in mediating cell size and mechanical force in
activation of quiescent fibroblasts in aged human skin.

In summary, depletion of Ezrin decreases fibroblast size/
mechanical tension and impairs YAP-dependent proliferation.
Our data reveal that Ezrin is an important protein that main-
tains fibroblast size/mechanical force and proliferation
through YAP pathway.
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