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Abstract

Chronic liver diseases, such as fibrosis and cancer, lead to a rigid or stiff liver because of perpetual
activation of hepatic stellate cells or portal fibroblasts into matrix-producing myofibroblasts.
Mechanical forces, as determined by the mechanical properties of extracellular matrix or pressure
of circulating blood flow/shear stress, are sensed by mechanoreceptors at the plasma membrane
and transmitted into a cell to impact cell function. This process is termed as mechanotransduction.
This review includes basic knowledge regarding how external forces are sensed, amplified, and
transmitted into the interior of a cell as far as the nucleus to regulate gene transcription and
generate biological responses. It also reviews literatures to highlight the mechanisms by which
mechanical forces in a normal or diseased liver influence the phenotype of hepatocytes, hepatic
stellate cells, portal fibroblasts, and sinusoidal endothelial cells, and these cells in turn participate
in the initiation and progression of liver diseases.
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Cells in our body experience various forces, such as gravity, tension or compression,
pressure of circulating blood flow/shear stress, and static mechanical forces 1. These forces,
in the form of mechanical cues, are sensed by mechanoreceptors and transmitted into the
cell. This process is known as mechanotransduction. In addition to shear stress that
constantly regulates the phenotype of liver sinusoidal endothelial cells (LSECs) by
mechanotransduction, chronic liver diseases lead to increased deposition of extracellular
matrix (ECM), which confers forces to liver resident cells, such as hepatocytes, portal
fibroblasts, and hepatic stellate cells (HSCs). Elastic modulus (E) and shear modulus (G) are
two common measures for rigidity or stiffness, with their relation expressed by the equation
E = 3G 2. Real-time shear wave elastography and transient elastography of patients
estimated that E was 5-6 kilopascal (kPa) for fibrosis stage of FO-1 liver and 7-20 kPa for
F2-4 fibrotic liver 3. Similarly, magnetic resonance elastography demonstrated that G was <
2.5 kPa for normal liver, 2.9-5 kPa for stage F1-3, and > 5 kPa for F4 fibrotic or cirrhotic
liver 2. Although hepatocyte swelling and shrinking can affect the results of elastography,
the rigidity or stiffness of the liver increases with increased stages of fibrosis. Stiffness is not
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only a consequence of ECM accumulation and fibrosis, but also a significant contributor for
liver diseases, such as fibrosis and cancer.

Myofibroblasts transdifferentiated from HSCs are a major source of ECM production in the
liver and contribute to hepatic fibrosis 4. Interestingly, a stiff environment alone is able to
drive myofibrobastic activation of HSCs; it promotes HSC to express a-SMA and
fibronectin, markers of stellate cell activation, and induces the migratory and contractile
phenotype of HSCs by activating focal adhesion kinase (FAK), proto-oncogene tyrosine-
protein kinase Src (Src), Ras homolog gene family, member A (RhoA), and yes-associated
protein 1 (YAP1) 157, Durotaxis or directed migration toward a stiffer substrate, has been
characterized in the fibroblasts and it is mediated by FAK-YAP1 mechanosignaling 8.
Thus, liver injury or a deregulated wound healing in the liver leads to local HSC activation
and stiffness and the local stiffness creates a rigidity gradient. Through durotaxis and
chemotaxis, the surrounding HSCs move toward this area and accumulate at the wound site
so that a positive feedback loop forms to further increase fibrosis and liver stiffness 7. Tumor
nodules are generally stiffer than the normal tissues because of a fibrotic response and ECM
accumulation known as desmoplasia or tumor stiffening 2. Tumor stiffening can influence
the malignant phenotype of cancer by enhancing extracellular signal-regulated kinases
(ERK) activation, Rho/Rho-associated protein kinase (ROCK)-generated contractility, and
focal adhesions (FAs) at the downstream of integrin clustering 10. Additionally, cancer-
associated fibroblasts participate in the formation of distant metastatic sites through
comigration with cancer cells and forming tracks within the tissues, aiding in cancer cell
migration 1112, Thus, ECM mechanics and myofibroblast activity contribute to the
pathogenesis of liver fibrosis and cancer.

Mechanical forces can influence the behavior and function of liver resident cells by
mechanostransduction. The transmission of a force from the exterior to the interior of a cell
requires multiple cellular modules, including mechanosensing receptors at the plasma
membrane, associated protein complexes, and mechanotransducers such as insoluble
cytoskeleton. The mechanosensing receptors include integrins at cell-ECM junctions,
cadherins and cell adhesion molecules (CAMs) at cell-cell contacts, stretch-activated ion
channels, receptor tyrosine kinase and so on 13. These molecules detect the changes of
forces and promote sensory protein complexes for force amplification and transmission.
FAK, Src, talin, vinculin, B-catenin, and a-catenin are mechanosensitive molecules and they
are recruited to FAs or cell-cell junctions where they convert mechanical forces to
biochemical signals. The cell nucleus is coupled to the cytoskeleton by the linker of
nucleoskeleton and cytoskeleton (LINC) so it directly receive forces through the cytoskeletal
fibers 14 and respond to mechanotransduction by altering gene transcription. Below we
review how forces are sensed, amplified, transmitted into a cell, and ultimately translated
into gene transcription. We also focus on the molecular and cellular mechanisms by which
forces in a normal or diseased liver influence the phenotype of hepatocytes, HSCs, portal
fibroblasts, and endothelial cells, and these cells in turn participate in the initiation and
progression of liver diseases, such as hepatic fibrosis and cancer.
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How are forces sensed and transmitted into a cell?

Mechanosensing receptors

Integrins and FAs.—Cells are anchored to ECM through specialized spots that are called
FAs. FAs consist of integrin clusters and more than 150 proteins. Integrins are
transmembrane receptors for ECM components, such as fibronectin, vitronectin and
collagens 1516, There are more than 20 integrin heterodimers comprised of different
combinations of a subunits and  subunits. In human, there are 24 types of a subunits and 9
types of B subunits 17. Mechanical forces induce the conformation change of integrin B
subunit to permit integrin clustering and binding of integrin to talin and vinculin, which are
actin-binding proteins (Fig. 1, cell 1). Within a few minutes after integrin clustering is
induced, FAK, Src, Phosphoinositide 3-kinases (PI3K), phospholipase C and other signaling
molecules are recruited to FAs so that the forces are converted into biochemical signals.
Forces can activate ERK, Jun N-terminal kinase (JNK) or Rho-family small GTPases
signaling pathways to impact cell functions (Fig. 1, cell 1) 18. For example, FAK/Src relay
forces to RhoA/ROCK and RhoA/Diaphanous-related formin-1 (Diaphl/mDia) to modulate
actin polymerization and actomyosin contractility important for cell adhesion, spreading and
migration 19, Mice homozygous for p1-intergin knockout were embryonic lethal and died at
the stage of E6.0 20, Additionally, embryonic lethality was seen in mice null for either a4,
a5, av, or B8 and perinatal lethality in mice null for either a3, a6, a7, a8, a9, or p4 16,
supporting that the contact of cells with ECM mediated by integrin promoted a proper
supramolecular network of matrix proteins and intracellular mechanosignaling required for
the tissue development and homeostasis. Interestingly, knockout of p1-intergin by cre/loxP-
mediated gene deletion or knockdown of p1-intergin by siRNA in hepatocytes impaired
growth factor-mediated signaling and liver regeneration in mice 2, highlighting a role of
integrin-mediated mechanosignaling in the pathophysiology and homeostasis of the liver. In
addition, an integrin-independent mechanosensing involving collagen, discoidin domain
receptor 1 (DDR1) and myosin IIA has been described 22. DDR1 is a receptor of collagen
and the binding of collagen to DDR1 leads to DDR1 clustering and association of DDR1 to
the myosin I1A filaments so that the forces are transferred to the cytoskeleton filaments 22,

Adhesion receptors and cell-cell junctions.—Cadherins, selectins, and CAMs are
adhesion molecules that sense mechanical forces at the cell borders 23. E-cadherin plays a
prominent role in forming adherens junctions in epithelial cells. To initiate adherens
junctions, extracellular domains of cadherins engage in Ca2*-dependent hemophilic trans-
interaction with identical cadherin molecules on an adjacent cell, while their cytoplasmic
tails bind to p120- and B-catenin proteins 24. B-catenin interacts with a-catenin containing
an actin-binding domain, so adherens junctions are physically linked to the actin
cytoskeleton. Vinculin is phosphorylated at tyrosine 822 by Abelson tyrosine kinase in
response to the clustering of cadherin-catenin molecules and it is recruited to the cadherin
complexes as well (Figure 1, cell 2). The interaction of the cytoskeleton and adherens
junctions is regulated by RhoA and stabilization of adherens junctions is essential for the
development of contact inhibition of cell proliferation of epithelial cells. 24. E-Cadherin is
frequently lost in human epithelial cancers, restoration of E-cadherin reduced cancer cell
proliferation while disruption of E-cadherin promoted cell proliferation in a 3 dimensional
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(3D)-culture model 2°. Additionally, the loss of E-cadherin-mediated cell adhesion was a
rate-limiting step in the progression from p-cell adenoma to p-cell carcinoma in a murine
pancreatic cancer model 26,

Platelet endothelial cell adhesion molecule (PECAM-1) is the main adhesion molecule of
endothelial cells. In response to shear stress, PECAM-1, vascular endothelial cell cadherin
(VE-cadherin), and vascular endothelial growth factor receptor 2 (VEGFR2) form a
mechanosensory complex that senses and transmits fluid shear stress into endothelial cells
(Fig. 1, cell 4) 27, In this protein complex, PECAM-1 is a direct force receptor and sensor by
activating Src and binding to the type I1l intermediate filament (vimentin), whereas VE-
cadherin functions as an adaptor 27:28, Activated VEGFR2 binds to PI3K to induce its
activation, which subsequently leads to activation of integrin. Integrin activation in turn
induces the alignment of endothelial cells in laminar shear and activation of NF-xB in
endothelial cells (Fig. 1, cell 4). The endothelium of PECAM-1 knockout mice exhibited
defects in both F-actin organization and activation of the NF-xB pathway 27, demonstrating
the physiological relevance of this mechanosensory complex /n vive.

lon channels.—Mechanical stretch of the cell membrane of bacteria induced activation of
the large conductance mechanosensitive ion channel (MscL) and the small conductance
mechanosensitive ion channel (MscS) directly /n vitro, demonstrating for the first time that
this type of ion channel was sensitive to mechanical forces 2. Later, TREK-1, a mammalian
two pore domain K+ channel, was shown to be activated by mechanical stretch (Fig. 1, cell
5) 30, Similarly, stretch of the lipid bilayer induced activation of K+ channels, TRAAK and
TREK-2 3132 Cation channel Piezo1 senses shear-stress in endothelium (Fig. 1, cell 5) and
red blood cells and Piezo2 senses touch, pain and proprioception in neuronal cells 33. Both
Piezol and Piezo2 were activated by membrane tension and their activation led to electric
signals in calcium-dependent signaling pathways in endothelial cells, sensory neurons, and
other cell types 33. Together, these findings support that these ion channels are
mechanosensitive and function as mechanosensing receptors.

Force transmission by insoluble cytoskeleton and biochemical signaling

The cytoskeletal network of eukaryotic cells is mainly made up by 3 types of the
cytoskeleton filaments: actin microfilaments, microtubules and intermediate filaments. They
form a dynamic network linking the plasma membrane to the cell nucleus. The cytoskeletal
network is important for keeping the shape of a cell, stabilizing a tissue, and providing
resistance forces to cell deformation. When a FA or cell-cell junction forms, the actin
filaments are coupled to the adhesion complex by talin, vinculin, or a-catenin. Actomyosin
contractility and myosin motors are major contributors to the cytoskeletal tension that
increases in response to mechanical forces. In turn, the increased cytoskeletal tension
reinforces the adhesions. The actin and intermediate filaments also connect the adhesions to
nesprins, a component of the LINC complex, or lamins at the nuclear envelop so the external
forces can reach the nucleus 4. Three models have been proposed for force transmission
within a cell: (a) direct force transmission by the cytoskeleton, (b) biochemical signaling,
and (c) direct force transmission and signaling 14. While the direct force transmission along
the actin fibers occurs fast (on the time scales of seconds), contributing to a rapid, large and
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global cellular deformation, the biochemical signaling-mediated force transfer is slower
(minutes to hours) and mediates the effects of long-lasting mechanical stimuli. The third one
combines both, which may be used to explain how a cell senses and responds to a variety of
forces with different spatial and temporal scales 14,

Forces modulate gene transcription

Mechanostransduction can influence gene transcription. It has been shown that force-
induced deformation of a cell nucleus led to the opening of the nuclear pores and increase of
nuclear transport of proteins 34-36, For example, in response to the forces directly applied on
the top of the nucleus by atomic force microscopy, the nuclear envelope became flattened,
the nuclear pores were enlarged, and nuclear import of YAP1 was subsequently increased 6.
Additionally, stretch of the nucleus and chromatin by magnetic twisting of cell surface
resulted in gene transcription of a green fluorescent protein (GFP)-tagged transgene 37,
supporting that the cell nucleus is a mechanosensitive organelle that connects external forces
to gene transcription.

How do forces influence the phenotype of liver cells and liver diseases?

Hepatocytes.

The role of stiffness on the phenotype of hepatocytes has received ample attention because
the correlation of fibrosis to the incidence rates of hepatocellular carcinoma (HCC). It has
been shown that primary hepatocytes cultured on stiff (thin films of monomeric collagen
adsorbed to a rigid dish) or soft gels of fibrillar collagen displayed contrasting phenotypes;
hepatocytes remained differentiated and growth arrested on a soft substrate and they spread
and proliferated on a stiff substrate 38. When primary hepatocytes isolated from rats or mice
were cultured on the substrates with different stiffness, simulating non-fibrotic and fibrotic
environments, the mRNA levels of albumin were markedly reduced by stiffness 3940, These
findings suggest that a stiff substrate leads to a dedifferentiation phenotype of hepatocytes
(Fig. 1, cell 1).

How does stiffness induce a dedifferentiation phenotype of hepatocytes? Hepatocyte nuclear
factor 4 alpha (HNF4a) is a transcription factor that plays a key role in the maintenance of
hepatocyte-specific functions. Using collagen matrix with tunable stiffness, Desai, SS et al.
found that a level of stiffness, resembling the fibrotic liver, reduced HNF4a protein level and
the transcripts of the targets of HNF4a, such as Baat, F7, and Gys2, through the Rho/ROCK
signaling pathway 40. Additionally, forced expression of HNF4a in hepatocytes cultured on
a stiff matrix reduced the expression of mesenchymal genes such as Snail. However, it did
not restore the expression of hepatic functional genes such as Baat, £7, and GysZ, indicating
that stiffness had other negative effects on hepatocyte function in addition to inhibiting
HNF4a expression 40, Using RNA sequencing, Xia et al. found that thousands of genes of
hepatocytes were upregulated and downregulated by stiffness 41, For example, stiffness
increased the expression of genes encoding the cytoskeleton regulatory proteins, such as
ARP3 actin-related protein 3 homolog C (ACTR3C), tubulin tyrosine ligase-like family
member 3 (77LL3), and actin-related protein 2/3 complex, subunit 3 (ARPC3), and
expression of genes encoding proteins related to ECM-receptor interaction, such as alpha 1
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integrin (/TGA1I), fibronectin 1 (FNI), sorting nexin 15 (SAMX15), laminin, and alpha 4
(LAMA4). In addition, the expression of epithelial cell-related genes, such as claudin 12
(CLDN12), was downregulated and mesenchymal phenotype-related genes, such as CDHZ2
was upregulated by stiffness. Interestingly, Gortzen J et al. collected hepatocytes cultured on
substrates with different stiffness for real-time quantitative reverse transcription-PCR (qRT-
PCR) and found that stiffness reduced RhoA mRNA but increased Src mRNA level of
hepatocytes 39. Immunoblotting revealed that stiffness increased activating phosphorylation
level of Src (p-Src418) and decreased inactivating phosphorylation level of Src (p-Src530)
39, Using immunofluorescence, Desai SS et al. further demonstrated that in murine fibrotic
liver induced by CCly or 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC), the protein level
of fibronectin, activated p1-integrin, and phosphorylated FAK (pFAKY397) increased in the
hepatocytes adjacent to the fibrotic tracts 40, suggesting that stiffness indeed activated an
integrin-FAK/Src mechanosignaling that led to gene transcription and a new phenotype of
hepatocytes /n vivo (Fig. 1, cell 1).

Hepatocellular carcinoma (HCC).

It has been shown that stiffness promoted HCC proliferation, motility, and drug resistance to
cisplatin and Sorafenib*243, Stiffness stimulated HCC proliferation by activating the p1-
integrin/FAK signaling and Sorafenib resistance by enhancing nuclear translocation of
YAP14243 |n HCC patient samples, tumor stiffness correlated positively with the expression
of Bl-integrin and the p1-integrin expression levels correlated with Edmondson pathologic
grade, encapsulation, metastasis, and HBV infection #4. In a long-term follow-up of 1146
HCV infected patients, cumulative HCC incidence rates at 5 years were positively correlated
with liver stiffness whereas overall patient survival rates were negatively correlated with
liver stiffness 4°. However, it is unclear whether or how stiffness of a fibrotic liver induces
malignant transformation of liver cells and HCC development. We recently performed RNA
sequencing and found that stiffness promoted HSC to release a panel of paracrine factors,
including CXCL12, IL11, IL6, PDGFA and B, and VEGFA 46, which promoted colorectal
liver metastasis in mice by a paracrine mechanism. It remains to be determined if liver
fibrosis and stiffness indeed promote malignant transformation of hepatocytes in part
through the effect on HSCs and the hepatic tumor microenvironment.

HSCs and portal fibroblasts.

Liver injury or cancer invasion of the liver induces differentiation of HSCs into
myofibroblasts that contribute to fibrosis 4748, HSCs and portal fibroblasts are
mechanosensitive cells and they are two distinct cell populations that express different
protein markers. HSCs were elastin-negative and desmin-positive in culture whereas portal
fibroblasts were elastin-positive and desmin-negative 4°. When HSCs and portal fibroblasts
were plated on the polyacrylamide hydrogels with tunable stiffness, they both responded to
stiffness and demonstrated an increasingly myofibroblastic phenotype as stiffhess increased
549 It appeared that their myofibroblastic differentiation required mechanical forces, cell
adhesions, and the generation of cellular tension, and that TGFp enhanced but was not
required 49,
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How do forces promote HSC activation? Immunohisotochemistry revealed that YAP1 was in
the cytoplasm of the fibroblasts of normal livers but entered the nucleus of the activated-
HSC/myofibroblasts of fibrotic livers in murine and patient samples 9. Culturing HSCs on a
regular culture plate (stiff substrate) for 10 hours led to nuclear localization of YAP1 %0,
Additionally, YAP1 knockdown or YAP1 inhibitor verteporfin inhibited stiffness-mediated
HSC activation /n vitro and verteporfin reduced murine liver fibrosis induced by CCly or bile
duct ligation (BDL) 3051, These data suggest YAP1 as a key factor for stiffness-induced
HSC activation (Fig. 1, cell 3). Interestingly, 15 minutes after murine partial hepatectomy,
YAP1 and its transcriptional targets were upregulated in HSCs, indicating that mechanical
forces, as a result of an elevated blood flow/shear stress, led to YAP1 upregulation and HSC
activation 2. Consistent with this, Simonetto DA et al. used cyclic stretch of HSCs to show
that stretching forces applied to HSCs /n vitro stimulated HSCs to produce fibronection by
enhancing gene transcription and promoted fibril assembly by the p1-integrin/actin
dependent mechanism 33 (Fig. 1, cell 3). Furthermore, Martin K. et al. found that the loss of
B1-integrin in HSCs promoted YAP1 phosphorylation and its cytoplasmic retention, which
led to downregulation of YAP1 52, supporting a key role of the B1-integrin/YAP1
mechanosignaling in force-mediated HSC activation.

Megakaryoblastic leukemia factor-1 (MKLL1), also called myocardin related transcription
factor (MRTFA), is another transcription coactivator that undergoes nuclear translocation in
response to forces 9455 (Fig. 1, cell 3). MKL1/MRTFA bound to actin and its nuclear
translocation required force-mediated actin filament assembly 5455, MRTF activity is
elevated in cancer-associated fibroblasts and it is required for cell contractile and proinvasive
properties. Interestingly, the expression of the direct MRTF targets and expression of YAP1
targets were mutually dependent, suggesting that MRTF-mediated and YAP1-mediated
transcription pathways interacted indirectly for mechanotransduction of the fibroblasts 2. In
addition, we found that disruption of transcription coactivator p300 by cre-mediated gene
deletion, shRNA-mediated knockdown, or p300 inhibitor abolished stiffness-induced HSC
activation 46, Mechanistically, stiffness induced a RhoA-Akt mechanosignaling to induce
p300 phosphorylation and nuclear targeting so that p300 epigenetically turned on gene
transcription for HSC activation 46 (Fig. 1, cell 3). In a separate study, we showed that p300
bound to TAZ and transported TAZ into the nucleus of HSCs under TGFB1 stimulation 57.
Although we could not detect p300/YAP1 binding in HSCs, overexpression of HA-tagged
p300 and its related protein family member CREB-binding protein (CBP) promoted
acetylation of YAP1 in HEK293T cells %8, It would be interesting to investigate if YAP1 is
acetylated by CBP/p300 in HSCs and YAP1 acetylation indeed contributes to its nuclear
translocation and mechanotransduction of HSCs.

Under physiological conditions, shear stress induces mechanosignaling of LSECs and
stimulates LSEC to release paracrine factors that are termed as angiocrine factors.
Angiaocrine factors contribute to the development and growth of the liver as well as the
maintenance of the function of the liver °9. For example, using ex vivo perfusion of adult
mouse livers and 7n vitro stretch of human LSECs, Lorenz et al. found that shear stress on
LSECs activated p1-integrin and vascular endothelial growth factors receptor 3 (VEGFR3)
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that led to the release of hepatic growth factor and that this angiocrine signal triggered the
proliferation and survival of the adjacent hepatocytes 0 (Fig. 1, cell 4). This finding
highlights the role of mechanotransduction of LSECs for the growth and maintenance of the
liver, consistent with findings by others demonstrating that the endothelium itself formed
specialized vascular niches for the production of angiocrine factors important for the
induction, specification, patterning and guidance of organ development and regeneration, as
well as the maintenance of homeostasis and metabolism 5961,

Under pathological conditions, such as portal hypertension and fibrosis,
mechanotransduction of LSECs leads to angiocrine and phenotypic changes that further
promote the diseases. For example, using /n vitro cyclic stretch of LSECs and a hepatic
congestion mouse model by partial ligation of the mouse inferior vena cava, Hilscher et al.
showed that stretch activated integrin/Notch/piezol of LSECs to promote expression of
CXCL1 and that CXCL1, released from LSECs, attracted neutrophils to form neutrophil
extracellular traps and microthrombi pivotal for portal hypertension via volume-pressure
effects with the sinusoidal lumen 62 (Fig. 1, cell 5). It has been hypothesized that LSEC-
dependent angiogenesis at the early-stage of liver fibrosis may stiffen ECM and generate
forces to influence HSC activation and disease progression. To test this, Liu L et al. set up a
series of fibrotic microniches by plating LSECs on 2D substrates with defined stiffness on
the bottom and overlaying 3D collagen (type I) hydrogel embedded with HSCs on the top to
mimic LSEC/HSC interactions 3. LSECs plated on the substrates with stiffness ranging
from 140 Pa to 610 Pa formed capillary-like structures, simulating angiogenesis during the
early-stage of liver fibrosis. LSEC-dependent angiogenesis induced the condensation of
collagen fibers and the forces generated by collagen remodeling in turn promoted HSC
activation by activating the collagen-DDR2-JAK2/PI3K/AKT-myocardin mechanosignling
in HSCs 63 (Fig. 1, cell 5). Thus, under disease conditions, mechanical forces in the liver
influence the phenotype of LSECs by mechanotransduction and LESCs in turn contribute to
the disease development and progression by angiocrine- or force- dependent mechanism.

Conclusion

Chronic liver diseases lead to liver stiffness by inducing activation of HSCs and portal
fibroblasts into ECM-producing myofibroblasts. ECM-mediated forces in turn influence the
behavior and function of liver cells by mechanotransduction. Mechanotransduction is
facilitated by the mechanosensing receptors at the plasma membrane, associated protein
complexes (FAs and adheres junctions), force transmission by the mechanosensitive
molecules and insoluble cytoskeleton, and lastly, gene transcription in the nucleus. Through
mechanostransduction, external forces can reach the nucleus to modify gene transcription
and generate a variety of biological responses, such as proliferation, migration,
differentiation, polarity, or apoptosis. In addition to forces generated by ECM, shear stress is
another type of force influencing LSECs constantly. Thus, hepatocytes, HSCs, portal
fibroblasts, and LSECs are major cell types in the liver sensitive to mechanical forces. In
response to forces, these cells alter their phenotypes and participate in the initiation and
progression of liver diseases, including hepatic fibrosis and cancer.
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Our research activities tend to characterize and separate the role of mechanotransduction
from that of biochemical signaling induced by growth factors, cytokines, and chemokines.
We need to take it into consideration that both mechanotransduction and the biochemical
signaling in the liver actually interact and crosstalk to produce synergistic effects on liver
diseases. The majority of the cell-based studies we performed were done with cells grown
on cell culture plastic which was extremely rigid (stiffness > gigapascal). Because the plastic
was much stiffer than a normal or diseased liver, this practice may be inappropriate for
studying some cell behavior and function of liver cells 1. Additionally, 2D monolayer culture
may fail to provide us with the pathophysiological relevant information because cells /n vivo
were actually surrounded by other cells and ECM in a 3D microenvironment. So the
conclusions drawn from experiments with 2D-culture may be different from those drawn
from 3D-culture. For example, to test the role of YAP1 for HSC activation, Mannaert | et al.
transfected YAP1 siRNA into HSCs and cultured the cells as 3D-aggregates. After 4 days of
3D-culture, they transferred cells onto cell culture plastic to induce HSC activation 0. This
3D- to 2D-culture protocol allowed YAP1 be knocked down before YAP1 activation by
stiffness, which demonstrated that YAP1 siRNA inhibited stiffness-mediated HSC activation
50, Interestingly, we used 2D-culture to test the role of YAP1 for TGFB1-stimulated HSC
activation and found that knockdown of both YAP1 and TAZ inhibited HSC activation while
knockdown of YAP1 alone did not 57, suggesting that a stiff environment activated YAP1
and TAZ and that both contributed to HSC activation. Taken together, a right model or
system is extremely important for our experiments and more complex systems that
recapitulate /n vivo ECM/cell and cell/cell interactions are urgently needed for our research
field. Moreover, combined strategies and agents that target against both the biochemical
signaling and mechanosignaling need to be considered in the future studies aimed at
improving the clinical outcome of patients with liver diseases.
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Figure 1.
Mechanotransduction in liver resident cells.

Cell 1. ECM-mediated mechanical forces induce activation of integrin and the formation of
FAs comprised of actin-binding proteins, such as talin and vinculin, and signaling
molecules, such as FAK, Src, PI3K and so on. Through a direct force transfer to the actin
filaments and RhoA-mediated biochemical signaling, external forces are translated into
actomyaosin contractility, cytoskeleton remodeling, and gene transcription, culminating in a
new phenotype of the cell.

Cell 2. Forces on E-cadherin induce the formation of cadherin complexes, which transmit
forces into the interior of the cell by the actin filaments and signaling molecule such as
RhoA. E-cadherin-mediated signaling is essential for the development of contact inhibition
of cell proliferation of epithelial cells.

Cell 3. In HSCs, ECM-mediated forces or stretch of the plasma membrane activate integrin
and its downstream signals leading to nuclear translocation of YAP1, p300 or MRTF, which
subsequently turns on gene transcription for HSC activation. In addition, LSEC-dependent
angiogenesis at the early-stage of fibrosis leads to ECM remodeling and mechanical forces
that promote HSC activation by a collagen-DDR2/JAK2/PI13K/AKT mechanosignaling.
Cell 4. Shear stress induces the formation of a mechanosensory protein complex comprised
of PECAM-1, VE-cadherin, and VEGFR2. In this complex, VE-cadherin functions as an
adaptor and PECAM-1 activates Src and binds to the intermediate vimentin filaments for
force transmission. VEGFR2 activates PI3K, which leads to subsequent integrin activation
and the biological responses, such as cell alignment in laminar shear and activation of NF-
xB. In addition, shear stress-induced mechanosignaling leads to the release of hepatic
growth factor (HGF) that triggers the proliferation and survival of adjacent hepatocytes.
Cell 5. Mechanical stretch of the cell membrane of LSECs activates cation channels. In
addition, pulsatile forces on LSECs, as a result of hepatic congestion, activate integrin/Piezo/
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Notch to induce the release of CXCLL1 that participates in the pathogenesis of portal
hypertension.
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