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Nonalcoholic fatty liver disease (NAFLD) is estimated to affect two billion individuals worldwide, including 
25-30% of the US population [1]. NAFLD has a continuous spectrum from steatosis to steatohepatitis with 
a variable degree of liver fibrosis, associated with an increased risk of progression into cirrhosis [2]. In 
addition, a growing proportion of hepatocellular carcinoma (HCC) has been attributed to NAFLD in the past 
decades [3]. NAFLD-associated HCC is mostly diagnosed in the setting of cirrhosis, but HCC also complicates 
NAFLD in the absence of significant fibrosis [3]. The incidence of NAFLD-associated HCC in non-cirrhotic 
livers is generally less than 1 per 1000 patient-years, making cancer surveillance impractical in the absence 
of cirrhosis [4]. However, the population-attributable fraction of non-cirrhotic HCC is substantial due to the 
high overall prevalence of NAFLD [5]. To develop efficient biomarkers and novel targets for the prevention 
and treatment of NAFLD-associated HCC, we need therefore an improved understanding of the cellular and 
molecular mechanisms of hepatocarcinogenesis.

In a recent work, Hyun et al. [6] investigated the potential role of the yes-associated protein/transcriptional 
coactivator with PDZ-binding motif (YAP/TAZ) pathway in NAFLD-associated liver tumorigenesis. YAP, a 
member of the Src protein kinase family and its paralog, the TAZ, have a complex role in liver pathobiology 
including the development of liver cancer [7]. In resting cells, YAP is marked for cytoplasmic sequestration 
and degradation by upstream kinases, while dephosphorylated YAP becomes active and translocates to the 
nucleus where it promotes the transcription of genes that regulate cell growth and proliferation [8]. YAP/
TAZ have been shown to induce de-differentiation of various cell types and sustained activation of YAP/TAZ 
is now recognized as a key mechanism of oncogenesis [8].

YAP/TAZ activity is regulated by neurofibromatosis 2 (NF2) or merlin, a tumor suppressor protein 
identified in the context of neurofibromatosis [9]. NF2 acts as a scaffold protein modulating several signaling 
pathways of cell proliferation and survival. Also, dephosphorylated YAP/TAZ may induce NF2, creating 
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a negative feedback loop that terminates further YAP/TAZ activation [10]. NF2 activity is controlled in 
hepatocytes by the epithelial splicing regulatory protein-2 (ESRP2), a cell-specific RNA splicing factor, which 
generates an adult NF2 transcript that is more efficient than its fetal variant [11].

With this background knowledge, Hyun et al. [6] set out to analyze changes in the ESRP2-NF2-YAP/
TAZ pathway in response to experimental steatohepatitis induced by choline-deficient, L-amino acid defined 
high-fat diet (CDAHFD) in mice. Their aim was to find out if YAP/TAZ is dysregulated in steatohepatitis in 
a way that would link the pathway to increased risk of HCC and/or cholangiocarcinoma in their model. 
They found that expression and nuclear localization of ESRP2 was inversely associated with tumor necrosis 
factor-alpha expression and with histological features of inflammation and hepatocellular injury in CDAHFD 
mice. These changes paralleled other findings such as higher proportions of the fetal NF2 variant, YAP 
dephosphorylation, TAZ accumulation and the expression of multiple YAP/TAZ target genes, indicating the 
presence of upregulated pathways for cell proliferation and survival. Moreover, changes in NF2 splice variants 
correlated with histological improvement when experimental NAFLD was reversed [6].

Hyun et al. [6] extrapolated their findings to human NAFLD by utilizing publicly accessible liver RNA 
databases and an unrelated tissue bank for further analysis, which indicated that NAFLD livers exhibit 
significantly reduced levels of both ESRP2 and adult NF2, while HCC samples showed particular abundance of 
fetal NF2. To establish a functional relationship between ESRP2 expression, NF2 messenger RNA splicing, and 
YAP/TAZ activation in liver tumorigenesis, Hyun et al. [6] overexpressed ESRP2 in the human HCC-derived 
cell line Huh-7, which resulted in reduced levels of fetal NF2 and less activation of YAP/TAZ. In addition, the 
authors used clustered regularly interspaced short palindromic repeats (CRISPR) to enrich Huh-7 cells with 
fetal NF2, which caused increased YAP/TAZ activity and target gene expression. Finally, The Cancer Genome 
Atlas (TCGA) database analysis demonstrated that higher HCC recurrence and reduced overall survival and 
progression-free survival were significantly more likely in tumors with lower ESRP2 expression and enriched 
with the mRNA encoding fetal NF2 [6].

The work of Hyun et al. [6] identifies a novel molecular mechanism of liver tumorigenesis in NAFLD. The 
authors concluded that inflammation has a key role in ESRP2-mediated disruption of YAP/TAZ signaling in 
their model of experimental NAFLD [6]. Since the risk of cholangiocarcinoma is also increased in NAFLD [12], 
yet bile duct cells are not directly affected by ectopic lipid accumulation, the authors argued that altered 
metabolic pathways are therefore less likely to account for these changes. Association between ESRP2 splicing 
variants and fibrosis was not addressed in this work, but an earlier report from the same group described YAP 
accumulation in ductular liver cells with progenitor capabilities corresponding with the degree of fibrosis in 
human and experimentally induced NAFLD [13]. It is important to recall, however, that NAFLD-associated 
HCC has been reported in patients without histological evidence of steatohepatitis [14], supporting the notion 
that an oncogenic milieu may already exist in early NAFLD in the absence of inflammation. In fact, presence 
of large lipid droplets correlated with increased nuclear translocation of YAP in fatty acid-loaded primary 
human hepatocytes, suggesting that nuclear displacement alone may be a sufficient mechanical stimulus to 
activate the pathway [15].

YAP/TAZ has multiple upstream regulators with the Hippo signaling pathway being the foremost, albeit 
not exclusive, tumor suppressor apparatus controlling its activity [8]. Hippo was originally described in 
Drosophila where its inactivation resulted in considerable overgrowth (hence the name) due to excessive 
cellular proliferation and reduced rates of apoptosis [16]. The Hippo signaling pathway [including the 
human kinase homologs mammalian Ste20-like kinase (MST) and large tumor suppressor kinase (LATS)] 
was subsequently identified as a major regulator of organ development and regeneration [7, 17]. Partial 
hepatectomy promptly induces YAP/TAZ activation, corresponding to forceful liver cell proliferation and 
growth before it becomes inactive again as the original tissue mass is quickly regained [18]. This aspect of liver 
regeneration, marveled for precise termination as much as for initiation, has been termed ‘hepatostat’ [19]. 
It is now clear that mechanical cues from cell density, polarity and other structural properties of the cellular 
microenvironment are critically important in Hippo-dependent and Hippo-independent regulation of 
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YAP/TAZ activation, and this response may be modulated by inflammatory and metabolic changes in the 
regenerating liver [7, 8].

Mechanotransduction is the umbrella term for cellular responses to physical stimuli detected by 
mechanosensors and transmitted into biochemical signals [20]. YAP/TAZ have a fundamental role in 
mechanocrine signaling pathways, governing the interaction of various liver cells with each other and with 
the extracellular matrix (ECM) [18]. Abnormal levels of shear, stretch and compression forces stimulate 
defenestration and capillarization of liver sinusoidal endothelial cells (LSECs), worsen lipid accumulation in 
hepatocytes, and allows the transformation of hepatic stellate cells (HSCs) to myofibroblasts with increased 
rates of ECM production (Figure 1). These histological hallmarks become more prominent with the progression 
of NAFLD, leading to tissue stiffness, disruption of cell-cell adhesions, and sustained activation of key 
mechanosensors such as integrins and focal adhesion kinase (FAK), involving the cytoskeleton, intracellular 
cascades (mitogen-activated protein kinases and Rho kinases) and signaling radicals (calcium, nitric oxide 
and reactive oxygen intermediates), engaging YAP/TAZ and promoting cell growth and proliferation which 
may ultimately lead to liver cancer [7, 21]. This undesirable outcome is less probable in early stages of NAFLD 
in the absence of significant fibrosis, but—as alluded to this above—we have now ample evidence that it 
happens more often than initially thought.

How is YAP/TAZ mechanosignaling different during a powerful yet carefully orchestrated response in 
liver regeneration from when it becomes a sustained oncogenic force? While liver regeneration may or may 
not be significantly affected by steatosis as demonstrated in living-related liver transplantation [22], the 
work of Hyun et al. [6] suggests that concomitant inflammation (and plausibly fibrosis) is more likely to 
interfere with YAP/TAZ and its upstream regulation. Early events of mechanotransduction in NAFLD still 
remain incompletely understood. Pathologists warn us that some degree of lobular or portal inflammation is 
present in most NAFLD cases suggesting that ‘pure’ steatosis may not really exist [23]. Moreover, early work 
proposed that sudden increase in portal pressure following partial hepatectomy may account for shear stress 
in the liver remnant [24], tempting us to speculate that elevated portal pressure—even before significant 
fibrosis develops—could be a factor in initiating YAP/TAZ-associated mechanotransduction and contributing 
to development of HCC in early-stage NAFLD. Nuclear translocation of YAP/TAZ has been shown to predict 

Figure 1. Mechanotransduction and the regulation of YAP/TAZ in NAFLD. A. Schematic illustration of a liver sinusoid with 
blood flowing from the confluence of terminal portal venule (TPVn) and terminal hepatic arteriole (THAo) toward the central 
vein; B. LSECs are subjected to various forms of mechanical forces by the blood flow (red arrows). LSECs may respond with 
endothelial dysfunction, causing defenestration and capillarization, worsening hepatocellular steatosis, activating stellate cells that 
may contract and produce ECM, initiating angiogenesis, microthrombosis, and elevating the portal pressure (many of these are 
not shown in this scheme). These events stiffen the liver and activate mechanotransduction pathways with multiple amplification 
loops; C. schematic diagram of the YAP/TAZ pathway in a liver cell. Mechanical forces and inflammation may act synergistically 
and weaken Hippo-mediated phosphorylation and degradation of YAP/TAZ, which is then translocated to the nucleus and promotes 
cell growth and proliferation. P: phosphate; PRR: patter recognition receptor
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poor survival of HCC patients [25], but how this molecular event could be utilized as an early biomarker 
of hepatocarcinogenesis will require further studies. Furthermore, YAP/TAZ activation as a pharmaceutical 
target may prove to be challenging as it has pleiotropic effects shared by multiple upstream molecular 
cascades [26]. For now, our best strategy in NAFLD management is to prevent steatohepatitis and enhance 
disease monitoring in its presence. At least until we find a safe key to fine tune the YAP/TAZ machinery 
of mechanotransduction.
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