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Abstract

Human embryonic stem cells (hESCs) can differentiate to three germ layers within biochemical and biomechanical niches.
The complicated mechanical environments in vivo could have diverse effects on the fate decision and biological functions of
hESCs. To globally screen mechanosensitive molecules, three typical types of mechanical stimuli, i.e., tensile stretch, shear
flow, and mechanical compression, were applied in respective parameter sets of loading pattern, amplitude, frequency, and/
or duration, and then, iTRAQ proteomics test was used for identifying and quantifying differentially expressed proteins in
hESCs. Bioinformatics analysis identified 37, 41, and 23 proteins under stretch pattern, frequency, and duration, 13, 18, and
41 proteins under shear pattern, amplitude, and duration, and 4, 0, and 183 proteins under compression amplitude, frequency,
and duration, respectively, where distinct parameters yielded the differentially weighted preferences under each stimulus. Ten
mechanosensitive proteins were commonly shared between two of three mechanical stimuli, together with numerous proteins
identified under single stimulus. More importantly, functional GSEA and WGCNA analyses elaborated the variations of the
screened proteins with loading parameters. Common functions in protein synthesis and modification were identified among
three stimuli, and specific functions were observed in skin development under stretch alone. In conclusion, mechanomics
analysis is indispensable to map actual mechanosensitive proteins under physiologically mimicking mechanical environment,
and sheds light on understanding the core hub proteins in mechanobiology.
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analysis
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1 Introduction

Embryonic stem cells (ESCs) are obtained from inner cell
mass of a 5-day blastocyst and are capable of self-renewal
in vitro (Dado et al. 2012). ESCs can also differentiate into
almost any cell types except umbilical cord and trophoblasts
(Leeb et al. 2011). Human embryonic stem cell (hESC) line,
first produced in 1998, is widely used as a model for study-
ing the developmental processes of embryos and primitive
gut formation and also serve as the basis of regenerative
medicine (Thomson et al. 1998). These specialized stem
cells are surrounded by matrices, cells, and tissues in vivo
(so-called the niche), in which the biomechanical properties
of the niche can affect their phenotypes (Conway and Schaf-
fer 2012). Evidently, these mechanical environments play an
important role in morphogenesis and organogenesis by regu-
lating stem cell proliferation and differentiation (Heisenberg
and Bellaiche 2013; Patwari and Lee 2008).

Embryo development starts from the fertilized egg and
continues to differentiate into the specialized structures
through persistent cell division and tissue remodeling, dur-
ing which mechanical forces are always present. Oocyte
is maturated along with enhanced osmotic pressure and
activated intracellular calcium signals when moving from
ovary to uterus (Horner and Wolfner 2008). Sperm acro-
some exerts compression on oocyte to penetrate its physical
barrier and then to accomplish the fertilization, followed by
the consequent cell division and differentiation into distinct
germ layers (Sanders et al. 1996; Shin et al. 2007). When
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the primitive gut has formed, myosin in sectional cells is
repositioned on the outer surface and then contracts the cells
to generate the tension and to drive the ectocyst (Patwari and
Lee 2008), resulting in the spreading of the enveloping cell
layer (EVL) over the yolk cell (Behrndt et al. 2012). Fluid
flow is required for blood vessel remodeling in embryonic
angiogenesis. Prior to the appearance of the flow, mesoderm
cells are first formed into a "blood island," and after the
heart tube gains the functions, the flow appears and rap-
idly reconstitutes the blood vessels into arterial and venous
branches (Patwari and Lee 2008). Mechanical stretch is also
a key regulator in tissue morphogenesis. In implantation,
the tension is induced by continuous cyclic extension of
blastocyst when it escapes from the zona pellucida (Cole
1967) and then determines the polarity of embryo (Motosugi
et al. 2005). These cues imply that mechanical stimuli are
indispensable in ESCs’ stemness maintenance and organo-
genesis. More importantly, different types of physiological
mechanical stimuli (e.g., shear, stretch, or compression) are
usually coupled with distinct patterns (e.g., steady, pulsatile,
or oscillatory loading) and various parameters (e.g., ampli-
tude, frequency, or duration), which forms one-to-more or
more-to-one pattern between mechanical stimuli and bio-
logical responses (Wang et al. 2014).

ESCs have higher pluripotency and potentiate broader
differentiation directions than adult stem cells. For instance,
mechanical compression induces chondrogenic differen-
tiation of mouse ESCs (mESCs) in 3-D PDMS scaffolds,
accompanied by up-regulation of RhoA and YAP genes
(McKee et al. 2017). mESCs placed on collagen type IV
without LIF (leukemia inhibitory factor) and exposed to
long-durations shear flow (4 days at 5 dyne/cm?) present
nearly twofold higher expression of mesodermal marker
Brachyury than static control (Wolfe et al. 2012). A similar
observation is that mESCs exposed to 10 dyne/cm? laminar
flow for 24 h result in up-regulated expressions of meso-
dermal and cardiomyocyte markers of vascular endothelial
growth factor 2 (VEGFR-2) and myocyte enhancer factor
2¢ (Mef2c) (I1li et al. 2005). Notably, these observations
indicate the diversity of mechanical cues on regulating the
stemness and differentiation of ESCs.

To date, global understanding how stem cells response
to mechanical forces is still lacked (Ingber 2006). Cell
mechanosensation and relevant mechanotransductive path-
ways attract much attention, which are related to numerous
mechanosensitive genes, transcripts, and proteins. Moreover,
transcriptomics/proteomics are widely used in mechanobi-
ology to screen mechanosensitive molecules globally. For
example, gene and protein profiles of bone tissues (Li et al.
2011), vascular endothelial cells (Chu and Peters 2008; Qi
et al. 2011) and mesenchymal stem cells under shear stress
(Kurpinski et al. 2009), engineered tendon formation under
dynamic stretch (Jiang et al. 2011), osteoblasts cultured on
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dissimilar hydroxyapatite biomaterials (Xu et al. 2008), as
well as Drosophila (Herranz et al. 2012) and lymphoblastoid
cells (Mangala et al. 2011) under simulated microgravity
environment are extensively investigated, and novel mecha-
nosensitive and signaling molecules are then revealed (Wang
et al. 2014). While these studies are usually performed under
a single mechanical stimulus, it is noticed that there are mul-
tiple types of mechanical stimuli in the microenvironment
in which the cells reside in, with varied loading parameters
under each type. When these mechanical factors act at the
same time, the effects of each factor may be enhanced, coun-
teracted, or even cancelled out with each other. Thus, it is
critical to assess the interplay between various mechani-
cal stimuli and cellular responses systematically. However,
systematical screening of mechanosensitive molecules on
multiple mechanical stimuli that mimics in vivo mechanical
microenvironment is still lacked, especially for ESCs and in
early organogenesis. Meanwhile, it is required to elaborate
in-depth functions and mechanisms of those mechanosen-
sitive molecules under systematically-varied mechanical
stimuli.

Upon the concept of mechanomics newly proposed to
define the multiple mechanical stimuli applied on single
type of cells and elucidate the global molecular responses
that the cells encounter (Wang et al. 2014), we hypothesized
that there may exist fundamental mechanisms that are com-
mon in cell mechanobiology under combined mechanical
stimuli. Here the mechanomics analysis was first carried out
on human ESCs (hESCs) by determining proteome-level
changes in response to various sets of in vitro mechanical
combinations specifically for hESCs. Also compared were
the differences in differential protein expressions under ten-
sile stretch, shear flow, and mechanical compression with
varied loading pattern, amplitude, frequency, and duration.
The potential biological functions were also discussed from
these analyses.

2 Materials and methods
2.1 Cell culture

hESC line H1 were from WiCell Research Institute (Madi-
son, W1, https://www.wicell.org). hESCs were used to seed
on six-well plate (Thermo Fisher, MA, USA) pre-coated
with Matrigel (Corning, NY, USA) in mTeSR™ 1 medium
(Stem Cell Technologies, Vancouver, BC, Canada). Cells
were incubated at 37 °C in a humidified 5% (v/v) CO,
atmosphere. The medium was exchanged once a day, and the
cells were digested with dispase (Stem Cell Technologies)
for 8 min at 37 °C for passage. Then the cells were scraped
down with pipette tips in mTeSR™ 1 medium, resuspended

gently, and dispensed into a flow chamber plate or a new
six-well plate before mechanical loading.

2.2 Application of mechanical stimuli

The cells after digestion were re-seeded onto an in-house
built flow chamber plate or a commercialized six-well flex-
ible silicone rubber BioFlex™ plate (BF-3001U-Case, Flex-
cell International Corporation, NC, USA) pre-coated with
Matrigel. The seeded cells were incubated for 48 h prior
to exposure to shear or stretch. For cells compression, the
digested cells were collected by centrifuging at 800 rpm/
min X 3 min and then embedded into 300 pL 3% (w/v) flu-
idic low melting-gel agarose (Solarbio, Beijing, China) in
37 °C. After being gently resuspended, all the liquid was
aspirated onto the Bioflex™ plate (BF-3000C, Flexcell
International Corporation) and the piston on the platen was
screwed. Five milliliter medium was added into each well
before mechanical compression. Then shear stress, mechani-
cal strain, or contractile forces were applied, respectively,
using an in-house built parallel-plate flow chamber, a com-
mercial FX-4000™ tension unit or a FX-5000™ compres-
sion unit (FlexCell International Corporation) at given
mechanical types and patterns, where the loading param-
eters are summarized in Fig. 1. Cultured cells were kept
at 37 °C and humidified 5% (v/v) CO, atmosphere when
being sheared, stretched, or compressed and then harvested
or fixed immediately after mechanical loading at given dura-
tion indicated. For shear or stretch, the cells were digested
with 0.25% Trypsin and lysed with lysis buffer (8 M urea)
supplemented with 1 X protease inhibitor cocktail (Roche
Applied Science, Basel, Switzerland). For compression, the
agarose plugs were washed in 1 X PBS twice and immersed
in liquid nitrogen immediately. Then the agarose plugs were
carefully grinded into powders in mortar with liquid nitro-
gen and the lysis buffer was added at last. The collected
sample was centrifuged at 12,000 rpm/min for 10 min, and
the resulted supernatant was kept as protein solution. Two to
three repeats for the cells exposed to the same stimulus were
conducted, and all the proteins collected under this stimulus
were pooled together for iTRAQ test.

2.3 Preparation for frozen sectioned samples
after compression

For sample cryosectioning at the endpoint of a typical com-
pression of 20 kPa at 1 Hz for 1 h, the agarose plugs with
embedded H1 cells were washed in 1 X PBS twice, initially
fixed in 4% paraformaldehyde (PFA) (Solarbio) at room tem-
perature (RT) for 30 min, further embedded in OCT com-
pound (Sakura Fineteck, Tokyo, Japan) and snap-frozen in
liquid nitrogen, followed by trimming and sectioning the
plugs into 10-pm-thick slices at —20 °C using a CM 1950
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Fig.1 Flowchart of mechanomics profiling for hESCs under ten-
sile stretch, shear flow, or mechanical compression. a hESCs were
exposed to tensile stretch, shear flow, or mechanical compression via
in-house built parallel-plate flow chamber or commercial stretch and
compression devices (Flexcell International, USA). Eight cases were
adopted on each mechanical stimulus with varied loading patterns
(steady or pulsatile, intermittent or continuous) and parameter sets

cryoslicer (Leica Microsystems, Wetzlar, Germany) for sub-
sequent immunofluorescence staining.

2.4 Immunofluorescent staining

H1 cells were seeded on the flow chamber plate for 2 days
and then exposed to a steady flow of 1.1 Pa for 24 h. For
stretch, H1 cells were seeded on the flexible silicone for
two days and then exposed to an intermittent stretch at
0.1 Hz for 12 h. The sheared or stretched cells and those
from static controls were then washed twice in 1 X PBS and
fixed with pre-chilled methanol (Concord, Tianjin, China)

—20 °C for 10 min. The RNASelect green fluorescent cell
stain (Thermo Fisher) was diluted to a labeling solution in a
concentration of 500 nM in PBS. The labeling solution was
added into the above fixed cells, incubated for 20 min at RT
in the dark, and then washed out twice in 1 X PBS for 5 min.
Hoechst 33342 (Thermo Fisher) staining reagent was diluted
at 1:500 in 1 X PBS and then applied on the labeled cells
for 15 min at RT in the dark. After washed the cells twice
in 1 XPBS for 5 min, the confocal images were acquired
with 40 X or 63 X oil objective on LSM 710 laser confocal
microscope (Zeiss, Oberkochen, Germany). The slices under
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(amplitude, frequency, and duration). Collected samples in each case
were used for iTRAQ analysis in duplet with four mechanical groups
and the corresponding control groups in each repeat. b Summaries of
mechanical stimuli with varied loading patterns and parameter sets. ¢
Intersection summaries of all proteins obtained from iTRAQ analy-
sis under distinct mechanical stimuli. The colors denote the specific
stimuli shown in a

compression were stained using the same protocol as the one
under shear or stretch.

2.5 LC-MS/MS and data analysis

Cells after mechanical exposure were harvested and lysed
for protein collection in each case (Fig. la and Table S1).
Protein quality was confirmed using SDS-PAGE test (Fig.
S1), confirming the integrality of protein collection. Protein
concentration was determined using Bradford test, and all
the samples were labeled with iTRAQ reagents upon the
defined protocols (Fig. 1a) at given total amount of proteins
(Table S2). For iTRAQ labeling, proteins collected from
each sample were reduced with DTT (final concentration,
10 mM) at 56 °C for 1 h, and alkylated with iodoacetamide
(final concentration, 55 mM) in darkness at RT for 1 h. All
samples were precipitated with quadruple volume of pre-
chilled acetone at —20 °C and resolved with 300 pL TEAB
buffer (0.5 M tetraecthylammonium bicarbonate containing
0.1% (w/v) sodium dodecyl sulfate). After determining pro-
tein concentration, these protein solutions (totally 100 pg or
50 pg each) were subjected to tryptic hydrolysis at a ratio
of enzyme to protein of 1:30 at 37 °C for 24 h. After freeze
drying, the tryptic peptides were resolved with 30 uL. TEAB
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buffer prior to be labeled with six-channel iTRAQ reagents
(Applied Biosystems, Thermo Fisher) and evaporated to
dryness in a vacuum concentrator 5301 (Eppendorf, Ham-
burg, Germany). The peptides were fractionated by strong
cation exchange (SCX) chromatography (Phenomenex Luna
SCX, 250x4.60 mm, 100 A) on an Agilent 1000 HPLC
system (Agilent, CA, USA). All peptide samples were sepa-
rated on an online Dionex ultimate 3000 nano LC system
(Thermo Fisher) and analyzed on a Q-Exactive hybrid quad-
rupole—orbitrap mass spectrometer (MS) (Thermo Fisher).
Tandem mass spectra were screened using Proteome Dis-
cover (PD) 1.3 (Thermo Fisher) and then searched with
Mascot (version 2.3.0, Matrix Science). Peak list files were
searched against the NCBI_human for shear flow, the uni-
prot_2014_human (Wed Jan 22.2014 number of sequences
20,274) for tensile stretch, or the uniprot_20160315_human
(Tue Mar 15 2016, Number of sequences: 20,199) for
mechanical compression. Data were validated and quanti-
fied in PD using a threshold of identification of at least one
unique peptide and at least 99% probability at the protein
(peptide) level. iTRAQ ratio for each protein under various
stimuli was defined as geometric mean of the ratio compared
to technical duplicate of control samples. Relative protein
abundance was quantified using the median of iTRAQ ratio
for a given protein normalized to that of total measurable
proteins. Statistical analysis of differential relative protein
abundance was performed using three-way ANOVA test.
p <0.015 and fold change (FC)> 1.1 or < 0.9 were defined
as significantly different proteins expressed under shear or
stretch and p <0.015 and FC> 1.5 or <0.5 under compres-
sion, which will be discussed in the Results section.

2.6 Bioinformatics analysis

Unsupervised hierarchical clustering was conducted upon
complete distance method. Distances between proteins and
samples were computed using Spearman correlation coef-
ficient of protein expression matrix under each stimulus.
Clustering results and expression changes were rendered
as heatmaps within the restrictions imposed by the dendro-
gram using heatmap.2 function of R packages gplots (ver-
sion 3.0.1). Interaction network construct was performed
using STRING database (https://string-db.org) and visual-
ized with Cytoscape (version 3.3.0) (Shannon et al. 2003).
CluePediaplugin (Bindea et al. 2009) of Cytoscape was used
for proteome subcellular localization analysis. The top 20
proteins ranked by their degrees in the network were defined
as pivot proteins and used to plot the network separately with
the Cytohubba (Chin et al. 2014) of Cytoscape. The distribu-
tions of different proteins on chromosomes were elucidated
with Circos (version 0.66) (Krzywinski et al. 2009). Gene
Set Enrichment Analysis (GSEA) was performed on every
parameter of all conditions against the Gene Ontology (GO)

gene sets, and FDR <25% was set to define the enriched
GO terms (Mootha et al. 2003; Subramanian et al. 2005).
Weighted correlation network analysis was also performed
among three mechanical stimuli via WGCNA (Langfelder
and Horvath 2008; Vella et al. 2017), in which two mod-
ules that mostly correlate with the parameters of mechanical
compression were selected to perform functional enrichment
in GO term sets with clusterProfiler (Yu et al. 2012) and
ggplot2 (Wickham 2016).

2.7 Statistical analysis

No repeated three-way ANOVA test with two levels was
used to estimate the statistical significance of each loading
factor in protein expression. For comparisons of nucleus or
nucleolus features between any two groups, the unpaired
two-tailed Student’s 7 test was performed upon passing the
normality test, or Mann—Whitney rank sum tests were used
if not. P values of less than 0.05 were considered statistically
significant.

3 Results

3.1 Collecting all the proteins under distinct
mechanical stimuli

To obtain the global picture of hESCs mechanosensation, H1
cells were exposed to three types of mechanical stimuli, that
is, tensile stretch, shear flow, and mechanical compression,
with varied loading pattern, amplitude, frequency, and/or
duration, respectively (Fig. 1a). Three loading parameters
were set in each stimulus and 3 (types) X 3 (parameters)
design of experimental (DOE) were applied, as summarized
in Fig. 1b and Table S1. Here these mechanical parameters
were mainly defined upon in vivo mechanical microenvi-
ronment or in vitro biomechanical studies for tensile stretch
(Jiang et al. 2011; Rogers et al. 2012; Ward Jr et al. 2007),
shear flow (Adamo et al. 2009; Braet et al. 2004; Malone
et al. 2007; Qi et al. 2011; Sorescu et al. 2003; Stolberg
and McCloskey 2009), or mechanical compression (Bonas-
sar et al. 2001; Huang et al. 2005; Hur et al. 2011; Quinn
et al. 1998). Cells after mechanical exposure were harvested,
and collected proteins were labeled with iTRAQ reagents
and detected using LC-MS/MS system. Analyzing the col-
lected MS data presented the mechanosensitive proteins in
the current settings. Specifically, 3302 and 3276 proteins
were identified from intermittent and continuous stretch
with 2865 commonly-shared proteins, 2016 and 2069 pro-
teins from steady and pulsatile flow with 1450 shared, and
2551 and 2258 proteins form 1-h and 24-h compression with
1974 shared. In each type of stimulus, 76.7%, 55.0%, and
69.6% shared proteins were found in total proteins between
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two patterns or durations of stretch, flow, and compression,
respectively, implying that flow pattern may have signifi-
cant impacts on mechanosensation of hESCs. Spanning over
distinct types of stimuli, 1262, 894, and 1565 proteins were
commonly shared between stretch and shear, shear and com-
pression, or stretch and compression, respectively, and 856
among all the three stimuli (Fig. 1¢). These results indicated
that mechanical stimuli resulted in a large amount of com-
monly shared proteins, and those proteins not shared may
be attributed to distinct mechanical stimuli or experimental
batches.

To confirm iTRAQ test’s reliability, linear regression
analyses of protein spectrum matches (PSMs), unique
peptides, and coverage were conducted for each protein
identified from two independent iTRAQ tests. The slope
of fitted line is 0.82-0.98 with correlation coefficient
R*=0.851-0.988 under each stimulus (Fig. S2a—i), suggest-
ing the high repeatability and accuracy of protein identifica-
tion from technical duplicates. Fold change (FC) of protein
expression between mechanical loading group and no-load-
ing control was normally distributed in all the eight cases
under same stimulus, as exhibited by the distribution curves
or theoretical quantile-sample quantile (Q-Q) plots (Fig.
S3a—f), except one case of pulsatile flow at 0.5 Pa for 1 h
(Fig. S3e), which was thus excluded from further analyses.

3.2 Screening differential proteins under distinct
mechanical stimuli

To map those mechanically differential proteins, clustering
analysis was done from the above twenty-three cases collec-
tively. Cluster dendrogram (Fig. 2a) showed that three major
clusters exist where each cluster is primarily composed of
those proteins from single type of mechanical stimuli, sug-
gesting that the loading type is dominant in the mechano-
sensitive responses of hESCs. Specifically, the priority of
mechanical parameter clustering ranked in duration > pat-
tern > frequency under stretch, duration > amplitude > pat-
tern under shear, and duration > amplitude > frequency under
compression. Distinct loading parameters played different
roles in mechanosensitive protein expressions in single stim-
ulus and highly prioritized parameters yielded similar clus-
tering over multiple stimuli. Moreover, principal component
analysis (PCA) using first three components indicated that
most cases were clarified into separate clusters under each
specific stimulus (separated colored circles), as the dendro-
gram did. Only one case of steady flow of 0.5 Pa for 1 h was
close to those tensile stretch cases (Fig. 2b). Collectively,
these results confirmed that the loading type is the most
prioritized parameter.

A three-way ANOVA test was further used to calculate
the p-value of all the proteins, which was integrated with
FC value to define the mechanically differential proteins.
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Considering the varied FC standard errors (SEs) from one
to another stimulus, different thresholds of the combined two
values were set under distinct stimuli, as specified in Fig. 2c.
Here 37, 41, and 23 proteins were obtained for pattern, fre-
quency, and duration under stretch, 13, 18, and 41 proteins
for pattern, amplitude, and duration under shear, and 4, 0,
and 183 proteins for amplitude, frequency, and duration
for compression, respectively. As summarized for entire
set of differential proteins in Table S4, those well-known
mechanosensitive proteins of ITGB1, CFL2, and LAMB1/
C1 were also displayed (Truong et al. 2015), partially con-
firming the availability of screening protocol. In addition,
these mechanosensitive proteins were uniformly distributed
in chromosomes (short black lines in the innermost circles in
Fig. S4a—c), indicating that they have no preferences on spe-
cific chromatins. Considering the spatial structure of chro-
matin could alter the expressions of specific genes due to
their location in the nucleus (Lemaitre and Bickmore 2015),
mechanical loading may affect their expressions through
changing chromatin arrangement directly.

3.3 Analyzing the biological functions
of mechanically differential proteins

Subcellular localization of these mechanically differen-
tial proteins was classified by GO analysis and displayed
as the axis from extracellular {1} through cell membrane
{2}, cytosol {3}, nuclear membrane {4} to nucleus {5} and
transcription factor {6} (Fig. 3). The majority of differential
proteins yielded at least two localizations, which is able to
be classified into three major categories. First is those from
extracellular to cytosol, in total 99 proteins including {1, 3},
{2,3},and {1, 2, 3}, second from cytosol to nucleus in total
53 proteins of {2, 3,5} and {3, 5}, and third directly from
extracellular to nucleus in total 110 proteins of {1, 3,5} and
{1,2,3,5} (Table S3). Together with those observations that
shear flow and tensile stretch promotes transportation from
extra- to intra-cellular regions and from cytosol to nucleus
(Chahine et al. 2012; Ji et al. 2003; Lam and Dean 2008;
Nithiananthan et al. 2016), such spatial distributions implied
that frequent mass transfer and information exchange exist
in mechanically loaded rather than no-loaded cells. While
77% mechanically differential proteins are transmembrane,
protein translocation was more likely associated with cell
membrane but not nuclear membrane, presumably due to
the distinct functions of these two membranes. In fact, syn-
thetic metabolism usually happens on the former whereas
the latter is associated with nuclear translocation of those
structural proteins through conformational changes induced
by mechanical forces (Elosegui-Artola 2017).

Network interaction analysis was also conducted by
importing the differential proteins into STRING database
and screening the first 20 pivot proteins upon their degree
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Principal component analysis (PCA) in all the cases of three mechan-
ical stimuli represents in red, blue and green respectively. X-, Y- and
Z-axes denote the first three principal components. ¢ Volcano plot
for differential protein screening upon their fold change (FC) and
p-value. A threshold is given differentially under distinct stimuli,
yielding FC>1.1 or<0.9 and p <0.015 under shear flow and tensile
stretch or FC> 1.5 or FC<0.5 and p <0.015 under mechanical com-
pression. Red and blue colors denote undifferential and differential
proteins, respectively

{3,5}, and BASP1 in {1, 2, 3, 5}. All of them yielded at
least two localizations related to transmembrane traffick-
ing, supporting that these conservative responses of hESCs
to distinct stimuli are associated with mass transfer and
signaling transduction. Moreover, the synergistic effects
of these commonly shared proteins were also presented
among distinct stimuli, when a synergistic or antagonistic
action of a protein was defined as its consistent or opposite
role under a specific parameter between two mechanical
stimuli. For example, EXOSCS5 expression was enhanced
by long-duration loading under shear stress and tensile
stretch, while GART was transiently enhanced in short
duration, followed by a decay for long duration (Table 1).
These observations indicated that common responding
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Fig.3 Subcellular distributions of differential proteins under tensile
stretch a, shear flow b, or mechanical compression c. Differential pro-
teins obtained from various mechanical parameters are classified on
each stimulus upon the orders of (1) extracellular, (2) plasma mem-
brane, (3) intra cellular, (4) nuclear membrane, (5) nucleus and (6)

mechanisms may exist in hESCs’ responses to loading
duration.

3.4 Comparing the mechanotransductive features
of related biological functions

In contrast to the screening protocol upon FC and p-value
that inevitably brings up the issue of threshold sensitivity,
the GSEA method was further applied to conduct the enrich-
ment analysis of the genes encoding mechanosensitive pro-
teins under distinct parameters. All gene expressions were
enriched upon pre-defined sets of biological process (BP),
cellular component (CC), and molecular function (MF) and
the resulted enrichment score (ES) was normalized to cal-
culate the normalized enrichment score (NES) and FDR.
Setting a threshold of FDR <25% produced the enriched
terms in each case (Fig. 5). Here the absolute value of x-axis
denoted NES, and the positive or negative symbols repre-
sented the direction of enrichment towards the respective
numerator or denominator defined in the caption. Figure 5a
presents the terms enriched in CC and BP under all three
stimuli, suggesting that the corresponding proteins are
mechanosensitive. As exemplified in CC, the term “ribo-
some” was enriched in low-frequency (0.1 Hz) stretch, in
high-amplitude (200 kPa) or high-frequency (1 Hz) com-
pression, and in high-amplitude (1.1 Pa) or steady (0 Hz)
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transcription factor and then aligned together across distinct stimuli
a—c. Each point denotes one type of up-regulated (red) or down-reg-
ulated (green) protein and the darkness of the point defines the fold
change

shear. These outcomes implied that protein synthesis tends
to be enriched along two opposite directions in loading fre-
quency between stretch and compression, but be consistent
in loading frequency between stretch and shear (low fre-
quency) or in loading amplitude between shear and compres-
sion (high amplitude) (seen in ribosome term in Fig. 5a).
Other terms associated with protein synthesis and trans-
portation in CC and BP, such as “cytosolic ribosome” and
“translational initiation,” also presented similar enriching
directions except that they were no longer enriched under
steady shear. In contrast, an additional term in CC, “endo-
plasmic reticulum lumen,” was related to protein modifica-
tion and enriched along two opposite directions in loading
frequency between stretch and compression or in loading
duration between shear and compression. These analyses
indicated that protein synthesis-related responses in hESCs
are consistently enriched along high amplitude under all the
types of stimuli but present the varied preferences in load-
ing frequency and duration under distinct types of stimuli.
In addition, those terms commonly shared by any two
of three stimuli in CC (Fig. 5b), BP (Fig. 5¢), and MF
(Fig. 5d) were also tested. Seventeen terms were enriched
in CC. Besides the terms listed above, three typical sub-
terms in CC, “large ribosomal subunit”, “cytosolic large
ribosomal subunit,” and “cytosolic small ribosomal
subunit,” were found in opposite enrichment in loading
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a Tensile stretch

¢ Mechanical compression

5

Shear flow

Fig.4 Interaction network analysis of differential proteins under ten-
sile stretch a, shear flow b, or mechanical compression ¢. Interaction
network was constructed from differential proteins observed from
STRING database under each stimulus. The first 20 pivot proteins
were then screened upon their degree ranking using Cytoscape-cyto-

frequency between stretch and compression but in consist-
ent enrichment in loading amplitude between shear and
compression. By contrast, a sub-term “small ribosomal
subunit” was enriched in high loading amplitude between
shear and compression but not responsible in loading fre-
quency between stretch and compression. These analyses
indicated that these key pathways or terms in protein syn-
thesis and transportation could be segregated into sub-
pathways or sub-terms to further identify the multiple
mechanotransductive mechanisms involved. Compared
with CC, relatively fewer terms were enriched in BP and
MF. The enriched terms in BP were similar to those among
three stimuli. Typically, one term “protein localization to
organelle” was enriched in high compression frequency
and high shear amplitude and another “ribosome biogen-
esis” enriched in high compression frequency and long

hubba plug-in, where the colors from yellow to red denote the degree
and pivot from low to high level. Note that GART and EXOSCS5 are
the hub proteins between mechanical compression and shear flow and
between tensile stretch and shear flow, respectively

shear duration. In MF, one typical term “structure specific
to DNA binding” was enriched in high amplitude between
shear and compression and another “chaperone binding”
enriched in 1-h shear and 12-h compression, both different
from those in CC and BP. Evidently, functional enrichment
between any two of three stimuli presented more abundant,
in-depth terms.

For enrichment in CC, BP, and MF under single
mechanical stimuli, plenty of terms were enriched in
various parameter settings under tensile stretch (total 26
terms), shear flow (total 58 terms), or mechanical com-
pression (total 391 terms) (Table S4). As exemplified in
Fig. S5, typical 5-7 terms under each parameter were
enriched along two opposite directions upon the definition
in S5a, presenting the functional diversity in CC (S5b), BP
(S5¢), and MF (S54d).

@ Springer



F.Zhang et al.

Table 1 Summaries of differential mechanosensitive proteins commonly shared by any two of three distinct mechanical stimuli

Types Protein Description Regular pattern
Shear flow versus tensile stretch EXOSC5 Exosome component 5 Synergistic effect (long-duration, high
expression)®
MDCI1 Mediator of DNA damage checkpoint 1 N/C (high expression under continuous
stretch and low-amplitude shear)®
ACY1 Aminoacylase-1 N/C (high expression under 1-Hz stretch
and low-amplitude shear)
STON2 Stonin 2 Synergistic effect (short duration, high
expression)
BASPI1 Brain abundant membrane attached signal N/C (high expression under 0.1-Hz stretch
protein 1 and long-duration shear)
Shear flow versus mechanical compres- MTHFD1  Methylenetetrahydrofolate dehydrogenase Synergistic effect (short duration, high
sion 1 expression)
GART Phosphoribosylglycinamide formyltrans- ~ Synergistic effect (short duration, high
ferase expression)
Tensile stretch versus mechanical com- UHRF1 Ubiquitin like with PHD and ring finger ~ Synergistic effect (short duration, high
pression domains 1 expression)
RPL35A Ribosomal protein L35a N/C (high expression under 0.1-Hz stretch
and short-duration compression)
HISTIH1IB Histone cluster 1 HI family member b N/C (high expression under 0.1-Hz stretch

and high-amplitude compression)

#Cooperative action under comparable loading parameters between the two distinct stimuli

"Not correlated (N/C) between the two distinct stimuli without comparable loading parameter

3.5 Constructing the co-expressed network
under combined mechanical stimuli

To further elucidate the potential mechanisms of molecular
interactions among three stimuli, a WGCNA analysis was
applied to construct the co-expression network and present
the functional modules (Langfelder and Horvath 2008).
Hierarchical clustering of all the genes screened under
three stimuli constructed the cluster dendragram, in which
six modules were classified to define the correlation and
clustering among these modules (Fig. 6a). Heatmap of co-
expression network or eigengene adjacency represented the
degree of gene correlation, in which the darker the color is
the higher the correlation yields between any two genes in
the entire gene set (Fig. 6b). The same colored genes yielded
high correlation and clustering among six modules (Fig. 6¢).

Correlation coefficients and p-values between the mod-
ules (y-axis) and the mechanical parameters (x-axis) are
summarized in Fig. 6d. Here red and blue boxes denoted
the positive and negative correlations, respectively, in a
darkness-dependent manner. Picking up green and blue
modules as an example to test their correlation differences
in compression amplitude, the green module was positively
correlated with 200 kPa but negatively with 20 kPa, whereas
blue module was reversed. GO analysis was then conducted
and the outcomes were compared with those obtained from
GSEA analysis. For green module genes, the enriched terms
were similar to those in high compression amplitude from
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GSEA analysis (Fig. S5b—d), such as mitochondria-related
sets in CC (Fig. S6a), cell respiration-related sets in BP (Fig.
S6b), and oxidative phosphorylation-related sets in MF (Fig.
S6c). By contrast, blue module genes enrichment defined
ficolin-1-related protein and myelin sheath component in
CC, which are in coincidence with GSEA analysis (Figs.
S6d; cf. S5b). Those enriched in BP (Fig. S6e) and MF (Fig.
S6f) are not identical to those from GSEA analysis (cf. Fig.
S5c—d). Collectively, green module genes enrichment is in
excellent agreement with GSEA in CC, BP, and MF, but
blue module genes enrichment is similar only in CC. Consid-
ering their methodological differences, the outcomes from
these analyses are comparable and reliable.

3.6 Effects of mechanical stimulation on nucleolus
phenotype

There is a possibility that the phenotype or function of
hESC was changed after application of mechanical stimuli.
Considering that nucleolar size and RNA content are well-
defined indicators for protein synthesis and cell proliferation
(Derenzini et al. 2000), the nuclear features, especially for
nucleolus, were characterized by immunostaining before and
after typical stretch, flow and compression. Under intermit-
tent stretch at 0.1 Hz for 12 h, the nucleolus became clear
with confined contour and its area was increased signifi-
cantly (Fig. 7a—c). rRNA expression was also enhanced in
the nucleolus with higher mean (MFI) or total fluorescence
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Fig.5 Enrichment analysis of GSEA commonly shared under dis-
tinct mechanical stimuli. Plotted were the commonly shared, enriched
terms for cellular component (CC) and biological process (BP) sets
under all the three stimuli a, as well as for CC b, BP ¢, and molecu-
lar function (MF) d sets between any two of three stimuli. The terms
were enriched by setting FDR <25% as the threshold after GSEA-P
analysis. Squares, triangles, and circles denote the various cases of
tensile stretch, shear flow, and mechanical compression, respec-
tively. Here the absolute value of x-axis is defined as logFDR, and

intensity (TFI) than those in static controls (Fig. 7d—e), con-
sistent with the relevant GSEA enrichment analyses in ribo-
some- and translation-related terms (Figs. 7f and S7a—c).
The same pattern was also observed under steady shear flow
at 1.1 Pa for 24 h. Here the nucleolus became significantly
larger with stronger rRNA staining than those in static con-
trols and the ribosome- and translation-related terms were
evidently enriched (Figs. 7g-1 and S7d-f). By contrast,
slightly different patterns were found under cyclic compres-
sion of 20 kPa at 1 Hz for 1 h. While no difference in the
nucleolus area was observed between compression and static
control (Fig. 7m—o), the increase of nucleolar RNA staining
was still noticeable (Fig. 7p—q), consistent with the enrich-
ment of ribosome- and translation-related terms (Figs. 7r
and S7g-1) as those under stretch or shear. These results
suggested that more rRNAs could be synthesized under dif-
ferent mechanical stimuli.

We also examined the effect of mechanical stimuli on
nucleus morphology and DNA expression (Fig. S8). No
significant differences were visualized on nuclear area,
circularity, aspect ratio, and DNA expression under stretch
compared to static control (Fig. S8a—e). Similar patterns

-sign(NES)*logFDR

the larger value depicts the higher reliability of enrichment results.
Sign (NES) in x-axis defines the direction of enrichment upon the
following definitions of FC values: For tensile stretch, pattern~1/C,
frequency ~ 1-Hz/0.1-Hz, and duration~ 1-h/12-h; for shear flow,
pattern~S/P, amplitude~ 1.1-Pa/0.5-Pa, and duration~ 1-h/24-h; for
mechanical compression, amplitude~H/L, frequency ~1-Hz/0.1-Hz,
and duration ~ 1-h/12-h (also refer to Fig S5a). Here the positive and
negative values represent the enrichment towards the directions repre-
sented by numerator and denominator, respectively

were observed under shear with constant nuclear circular-
ity, aspect ratio, and total DNA expression (Fig. S8g, h, j),
even though the area was enlarged (Fig. S8f) and mean DNA
expression was reduced (Fig. S81). Again, no difference were
found under compression for nucleus area and mean or total
DNA expression (Fig. S8k, n, o) whereas nucleus circular-
ity was relative increased (Fig. S81) and the aspect ratio was
slightly reduced (Fig. S8m). Collectively, various mechani-
cal stimuli tended to enhance nucleolus area and rRNA
expression while nucleus morphology and DNA expression
remained unchanged (Figs. 7 and S8).

4 Discussions

Nowadays, comprehensive understanding is obtained to
elucidate the mechanical responses of cells in vivo, since
cells usually reside in a complex and diverse microenviron-
ment where multiple types of mechanical stimuli are present.
Each type of the stimuli contains several loading parameters
such as pattern, amplitude, frequency, and duration. Thus
the relevant observations in biological functions are usually
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Fig.6 WGCNA analysis of co-expression network under distinct
mechanical stimuli. a Cluster dendrogram of commonly-shared pro-
teins under all the three stimuli, which is segregated into six expres-
sion modules. b Co-expression network heatmap. The darker the
color is the higher correlation yields. ¢ Eigengene dendrogram and
eigengene adjacency heatmap of six expression modules. d Correla-

parameter-dependent (Wang et al. 2014). Here we adopted
the global factorial settings by mimicking physiologically
like mechanical combinations for hESCs and characterized
their proteomic profiling, making the screened proteins more
reasonable and universal. The relevant bioinformatics anal-
yses implied a universal mechanism under tensile stretch,
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tion coefficients and p-values between expression modules and load-
ing parameters. Red and blue boxes inside each module define the
positive and negative correlations, respectively, and the darker the
color is the higher correlation yields. The grey row at the bottom
denoted those protein that cannot be included in the above six mod-
ules

shear flow, and mechanical compression from the viewpoint
of “mechanomics” (van Loon 2009; Wang et al. 2014). The
novel findings lie in at least three aspects. First, mechano-
sensitive proteins were highly correlated with the combina-
tion of pattern, amplitude, frequency, and duration from a
single type of mechanical stimulus used. Second, only a few
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Fig. 7 Validation of rRNA expression and the related GSEA analysis
under typical stretch a—f, shear g-i and compression m-r. Nucleolus
rRNA staining was presented under stretch a, shear g and compres-
sion m and the respective controls b, h, n and also merged with Hoe-
chst 33,342 staining for nuclei under stretch a’, shear g’ and compres-
sion m’ and the controls b’, h’, n’. Nucleolus area and mean or total
fluorescence intensity (MFI or TFI) of rRNA under stretch c—e, shear
i-k and compression 0—q were obtained from three or four inde-

mechanosensitive proteins were identified from two or three
types of mechanical stimuli combined. Third, common bio-
logical functions in protein synthesis and modification were
found among three mechanical stimuli while other functions
specific in skin development were correlated to individual
mechanical stimuli. This work is the first mechanomics study
on hESCs, highlighting the potential roles of those key pro-
teins in mechanical responses of cells.

Unlike those works under single mechanical stimulus,
mechanomics analysis implied that the mechanosensing
mechanisms of hESCs are complicated in response to the
combined stimulating types and loading parameters. In this
work, only two core hub proteins, GART and EXOSCS5, were
co-expressed across two types of mechanical stimuli (Fig. 4).
The former is found between shear and compression and

pendent repeats and presented as the mean+ SE. Total cell number
measured was 150 and for stretch, 100-110 for shear, and 47-53 for
compression. Also illustrated was the ribosome enrichment at 0.1 Hz
under stretch f, 1.1 Pa under shear i and 1 Hz under compression r
from GSEA analysis. Dotted cycles in the left two columns indicated
those typical nucleoli, respectively. Scale bar=20 pm in a, b, g, h
and scale bar=10 pm inm, n

associated with a key catalytic action in ab initio synthesis
of purines (Warren and Buchanan 1957). The latter, which
has 3'— 5’ exoribonuclease activity and is related to RNA
maturation and degradation, is presented between shear
and compression (Chen et al. 2001; Mukherjee et al. 2002).
Functions of the two mechanosensitive molecules are related
to energy metabolism, biosynthesis, and transcriptional
regulation, and GART also serves as a target candidate for
antitumor drug design from the viewpoint of mechanomedi-
cine (Costi and Ferrari 2001). Although the two proteins
were not reported for other cell types, these hub proteins are
likely cell type-specific under different mechanical stimuli.
In addition to these core hub proteins, other mechanosensi-
tive proteins are also crucial for future mechanobiological
studies (Tables 1 and S4). To emphasize their importance,
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the differentially expressed proteins were compared even
though the direct comparisons with the data of hESCs are
not available (Fig. 8). For example, stretching astrocytes at
12% and 1 Hz significantly up-regulates ANXA4 expres-
sion (Rogers et al. 2012), positively correlating to a 1.1-
fold enhancement from continuous to intermittent stretch
(Fig. 8a). Under steady laminar flow of 1-2 Pa, pl-integrin
expression in bovine aortic endothelial cells is transiently
increased up to the peak at 1 h and then decayed gradually
(Li et al. 2005), consistent with current data that 1-h expres-
sion is 1.15-fold higher than 24-h expression (Fig. 8b). Static
compression on chondrocytes at 30 MPa for 6 h results in
dramatic increase of HSP70 expression (Li et al. 2011), in
agreement with a 1.3-fold enhancement in HSPA2 (one
member in HSP70 family) from 1-h to 12-h loading, and
1.23- and 1.28-fold enhancement in respective HSPA1A and
HSPA4 (two members in HSP70 family) from 20- to 200-
kPa loading (Fig. 8c). While these comparisons supported
our mechanomics analyses typically case-by-case, they also
indicated that mechanomics-based screening of mechano-
sensitive molecules helps to identify the target molecules
under physiologically-like mechanical environment.

The universal mechanotransductive mechanisms under
distinct stimuli proposed here have potential significances
in regulating the stemness and differentiation of embry-
onic stem cells. In mechanically induced mESC differen-
tiation (Dado et al. 2012), those related findings seem to
be quite complicated. For example, stretch could induce
mESC (Dado-Rosenfeld et al. 2015) or derived EBs (Du

et al. 2017) into mesoderm while long- or short- stretch
duration results in respective upregulation and downregula-
tion of stemness marker NANOG in mESCs (Horiuchi et al.
2012) and hESCs (Saha et al. 2008). Shear stress also has
similar outcomes. Stirring shear and laminar flow can pro-
mote the differentiation of hESCs ES03 (HES-3) (Leung
et al. 2011) or mESCs (Illi et al. 2005; Nsiah et al. 2014;
Sargent et al. 2010; Wolfe and Ahsan 2013). Oppositely,
shear stress is somewhat favorable for pluripotency mainte-
nance of mESCs after the withdrawal of LIF (Cormier et al.
2006; Fernandes et al. 2007; Fok and Zandstra 2005; Shafa
etal. 2011). In addition to these type- or pattern-dependent
biological variations, the complicated mechanical param-
eter sets are also responsible for these controversies. For
example, tensile frequency is a key parameter to induce
the diverse differentiation of hESC-derived cardiomyocyte
(hESC-CM), where applying 1 and 3 Hz results in a sig-
nificant decrease and increase, respectively, in cardiogenic
gene expression (Shimko and Claycomb 2008). mESCs also
respond to flow parameters in different ways, that is, the
exposure to high and low shear stress results in the increased
ectodermal genes and the decreased mesodermal genes,
respectively, and loading in long shear duration promotes
mesodermal genes (T-BRACHY) and suppresses endoderm
genes (AFP), but, in short duration, promotes ectodermal
genes (Wolfe et al. 2012). Therefore, the type, pattern, and
parameter set are all crucial when elucidating the impacts of
specific mechanical stimuli on ESCs. Mechanomics analysis
is able to evaluate the potential biological functions under
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Fig.8 Typical comparisons of mechanosensitive proteins between
current mechanomics analysis and those mechanobiological meas-
urements in the literatures. a—¢ Mechanosensitive proteins screened
in tensile stretch (a; Rogers et al. 2012), shear flow (b; Li et al.
2005), and mechanical compression (c; Li et al. 2011), respectively,
were adopted from the literatures and re-plotted as the upper curves
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together with the lower tables. The dotted box between the curve and
the table in each panel denotes the typical protein screened from the
current mechanomics analysis. d Comparison of GSEA functional
enrichment analysis from the current work with those typical func-
tional tests in the literatures (Tannaz et al. 2014)
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combined types or parameters of mechanical stimuli. As an
example, mESCs exposed to a mechanical strain of 1 Hz,
8% elongation for 24 h could be differentiated into skeletal
muscle lineage (Fig. 8d) (Tannaz et al. 2014). Meanwhile,
a tensile stretch for 12 h potentiated hESCs differentiating
into muscle cells (as seen in enriched “sarcolemma” terms
in long stretch duration in Fig. 5b), while none of similar
enrichment terms was observed upon stretch pattern and
frequency (Figs. 5a and SS5). Thus, the different mechanical
cues responsible for the special biological processes can be
isolated readily (Figs. 5 and S5).

The link among stretch, shear and compression is highly
complicated, yielding both similarities and differences when
cells perceive different mechanical stimuli. On the one hand,
differentially expressed proteins derived from distinct stim-
uli were overlapped with each other and consistent regula-
tions of these proteins were also observed on specialized
loading parameters from varied stimuli (Table 1), as seen in
those similar biological functions enriched by GSEA analy-
ses. H1 cells were consistently responsive to 12-h loading
duration between stretch and compression with an enriched
“sarcolemma” term (Fig. 5b), suggesting that the expres-
sion of shared proteins and related biological functions may
be mutually reinforced under the two stimuli. On the other
hand, protein synthesis was regulated reversely by loading
frequency between stretch and compression. Typical terms of
“oxidoreductase complex,” “mitochondrial part” and “mye-
lin sheath” were enriched differently under short-duration
(1-h) shear and long-duration (24-h) compression (Fig. 5b),
implying that those biological functions may conversely
response to varied loading types and parameters. Indeed,
shear flow does not affect hESC pluripotency, cell cycle and
cell apoptosis but consolidate the primed state by enhancing
rRNA synthesis in nucleolus (Wang et al. 2019) for function
performance and pluripotency maintenance (Eleuteri et al.
2018; Percharde et al. 2018). Our results here also indicated
that three mechanical stimuli significantly increased the
expression of rRNA in nucleolus (Fig. 7), suggesting that
mechanical stimulus could initiate phenotypic variations of
the cells even with longer or stronger loading. Although dif-
ferent types of mechanical stimuli applied synchronously is
not studied in this work, the above analyses infer that there
are mutually agonistic or antagonistic responses among ten-
sile stretch, shear flow, and mechanical compression, similar
to positive and negative feedbacks of mechanical regulations
in morphogenesis (Gilmour et al. 2017).

Technically, partial differences of functional enrichment
in CC, BP, and MF were also observed between WGCNA
and GSEA analyses (Figs. 6 and S6), which lies in two
aspects. First, different gene sets were used to construct the
co-expression networks from the two methods, that is, only
the mechanically shared sets for the former and the entire
sets in each case for the latter. Second, different rationales

on screening co-expressed proteins were applied, where
the former utilizes the expression-ranked modules for GO
enrichment and the latter takes the advantages of the total
expression matrix to screen the enriched terms. Mean-
while, loading parameters were systematically varied in a
single type of mechanical stimuli but the cross-talk effect
of distinct types of the stimuli is still not fully defined due
to the technical difficulties of simultaneous loading of all
three mechanical stimuli, which is more important in vivo.
Moreover, a few mechanosensitive molecules, such as RhoA
(Reffay et al. 2014), MAPK, and YAP (Liu et al. 2016),
are potentially activated by phosphorylation, which are dif-
ficult to uncover from conventional proteomics analysis.
Thus, phosphorylation proteomics analysis is also required
to elaborate those precise changes in the future.
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