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Abbreviations: YAP, yes-associated protein; TAZ, tafazzin; 
TEAD, tea domain family member; GPCR, g protein coupled receptor 

Introduction
Liver, as the central regulator of metabolism, plays numerous 

functions in human body, including regulation of glycogen storage, 
decomposition of red blood cells, plasma protein synthesis, hormone 
production, and detoxification. A variety of facts can cause the 
liver malfunction and even lead to liver injury certain drugs like 
excessive amounts of acetaminophen, alcohol abuse, hepatitis 
viruses, cirrhosis, fatty liver disease, trauma, and so on. When the 
injury is acute and in a short period of time, the liver processes the 
specific competence to return to a constant size.1‒3 This regeneration 
capability can be observed clinically after acute liver injury, as well 
as experimentally in animal models after induced acute liver injury. 
Understanding this process has great benefits in the treatment of liver 
injury and fascinated biologist for many decades. Although there 
has been great advancement in understanding of the regenerative 
mechanism, the molecular signals responsible for mediating the injury 
to cell proliferation are not very clear; neither does the signals for 
maintaining an original liver volume. The aim of this review is to 
summarize recent progress in understanding liver regeneration and 
introduce the idea of mechanosensing in organ size maintenance.

In responding to acute liver injury, the hepatocytes are the main 
cell type to proliferate and thus to restore the mass of liver. However, 
when injury is severe or when hepatocytes have lost the proliferative 
capacity, the reserved progenitor cells also called “oval” cells, are 
activated for proliferation.4 The proliferation of hepatocytes upon 
liver injury is proposed to be initiated by cytokine cascade in Kupffer 
cells, whereas in the activation of progenitor cells, multiple autocrine 
and paracrine factors have been reported in recent publications.5,6 

However, the importance of how mechanic changes may trigger the 
proliferation of hepatocytes and progenitor cells have not been clearly 
addressed. 

Signaling molecules involving mechanosensing in liver 
regeneration: Yap/TAZ

The Hippo signaling pathway is an evolutionarily conserved 
signaling module that plays critical roles in organ size control including 
liver. Yap and TAZ are key players in Hippo pathway when they are 
non-phosphorylated, Yap/TAZ localize to the nuclear and promote cell 
proliferation by regulating the activity of different transcription factors, 
including the TEA-domain-containing proteins (TEADs); when Yap/
TAZ are phosphorylated, they bind to 14-3-3, resulting cytoplasmic 
retention and loss of transcriptional activity, thus cell proliferation is 
inhibited.7,8 Over-expression of Yap/TAZ leads to hepatocytes over 
proliferation and liver enlargement, while loss of Yap/TAZ in liver 
results in spontaneous liver necrosis as early as 4weeks of age in mice, 
which is probably due to loss of the transcriptional activity of Yap/
TAZ.9,10 More interestingly, the cytoplasmic retention of Yap/TAZ by 
phosphorylation and binding with 14-3-3 are involved in cell contact 
inhibition, over expressing of non-phosphorylatable Yap/TAZ leads 
to loss of contact inhibition and tissue over growth.7 It has also been 
shown that Yap/TAZ possesses the mechanosensing property: when 
cells are cultured on surfaces with great stiffness, Yap/TAZ is nuclear 
localized with great transcriptional activity; whereas when cells grow 
on elastic surface, Yap/TAZ is mostly cytoplasmic retained with less 
transcriptional activity.11 

A more recent study led by the Piccolo group proposed that when 
cells grow with small attaching area, they experience low mechanical 
stresses, as they display decreased integrin-mediated focal adhesions, 
reduced actin stress fibers, and blunted cell contractility, which lead 
to Yap/TAZ inactivation.12 They found that YAP/TAZ serve as a link 
between tissue architecture and cell proliferation, and their inhibition 
also entails a remodeling of the F-actin cytoskeleton.12 Therefore there 
are two faces of Yap/TAZ’s function during liver regeneration: on one 
hand, Yap/TAZ promote cell proliferation with its transcriptional 
activity right after the acute liver injury, on the other hand the 
phosphorylated YAP/TAZ act as a switch to stop cell proliferation 
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Abstract

Liver, as the central regulator of metabolism, plays numerous functions in human 
body. When account acute injuries, the liver processes the specific competence to 
regenerate and return to a constant size. Many signaling molecules have been 
discovered for the initiation of liver regeneration. However, few mechanical changes 
have been addressed in the past in terms of liver regeneration and size control. This 
review discussed the mechanisms of mechanosensing molecules Yap/TAZ, 14-3-3 and 
their functions in liver regeneration, and how hepatocytes swelling, a physical change 
after acute liver injury, may initiate liver regeneration. 
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by mediating cell contact inhibition and mechanosensing of the 
environment stiffness. Other than Hippo pathway, WNT and GPCR 
signaling pathways have also been recognized as important regulators 
of YAP/TAZ activity.13,14

Signaling molecules involving mechanosensing in liver 
regeneration: 14-3-3

14-3-3 is a binding partner of Yap/TAZ when they are 
phosphorylated and located in the cytoplasm.8 In mammalian 
cells, there are seven isoforms (β, ε, γ, η, σ, τ/θ and ζ) of 14-3-3 
and share highly conserved homology among all eukaryotic cells. 
Functioning to bind phophoserine/phosphothreonine targets, 14-3-
3 proteins participate in phosphorylation-dependent protein-protein 
interactions.15 14-3-3 proteins play crucial roles in regulating many 
cellular processes, including the maintenance of cell cycle checkpoints 
and DNA repair, apoptosis, cell differentiation and cytoskeleton 
dynamics. Recently, 14-3-3 protein was found to maintain normal cell 
cortical tension in Dictyostelium cells and mammalian cancer cells.16,17 
When 14-3-3 protein is down regulated, cells exhibit significantly 
low surface tension and accompanied with cytokinesis failure. In 
a global proteomic survey study followed by Ingenuity Pathway 
Analysis, 14-3-3 was identified as the center of pathway networks 
at all the time points after 2/3 hepatectomy under experimental 
conditions, suggesting a central role of this protein in regulating liver 
regeneration.18 Upon mRNA expression pattern analysis of all 14-3-3 
isoforms after 2/3 partial hepatectomy in rat liver, up regulation of 
14-3-3ξ/ε and down regulation of 14-3-3σ mRNA from 0 to 6h were 
observed, which may play important roles in hepatocytes proliferation 
at the entry into S-phase.19

Physical cues involving liver regeneration: hepatocyte 
swelling

Hepatocyte swelling has been observed in many clinical scenarios 
from sepsis, hepatic resection, ischemia-reperfusion injury, and so 
on Pedersen P,20 Sadoshima J.21 Using various models of hepatocyte 
swelling, investigators have demonstrated changes in cell structure, 
such as membrane stretch, cytoskeleton remodeling, and alterations 
in cytoskeleton-membrane complexes.22 Other studies demonstrated a 
causal relationship between cell volume with the activation of many 
intracellular proliferative signals, such as MAPKs, PI3K and PKC 
pathways, NF-κΒ, STAT, and AP-1 transcription factors, and induction 
of immediate early genes of regeneration.22 Thus the physical changes 
of hepatocyte swelling were translated into chemical signals through 
mechanosensing molecules, possibly Yap/TAZ as discussed above.

Summary
Cells are susceptible to countless environmental factors, which 

includes both chemical and physical factors. In the past, numerous 
efforts have been focused on chemical cues on liver regeneration. 
This review is intended to draw more attention to physical cues on 
liver regeneration. An overall understanding of liver regeneration 
chemically and physically will not only lead to better understandings 
of other organ regeneration, it may also shed light on how cancer 
develops in various liver diseases.
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