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Abstract

Studies of the regenerative capacity of the liver have converged on the Hippo pathway, a serine/

threonine kinase cascade discovered in Drosophila and conserved from unicellular organisms 

to mammals. Genetic studies of mouse and rat livers have revealed that the Hippo pathway is 

a key regulator of liver size, regeneration, development, metabolism, and homeostasis and that 

perturbations in the Hippo pathway can lead to the development of common liver diseases, such 

as fatty liver disease and liver cancer. In turn, pharmacological targeting of the Hippo pathway 

may be utilized to boost regeneration and to prevent the development and progression of liver 

diseases. We review current insights provided by the Hippo pathway into liver pathophysiology. 

Furthermore, we present a path forward for future studies to understand how newly identified 

components of the Hippo pathway may control liver physiology and how the Hippo pathway is 

regulated in the liver.

Keywords

Hippo pathway; YAP/TAZ; liver cancer; fatty liver disease; regeneration; metabolism

INTRODUCTION

The liver, which acts as a key checkpoint for circulation from the digestive tract, is a highly 

complex organ that serves diverse roles such as maintaining plasma glucose and ammonia 

levels, detoxifying drugs, synthesizing bile, and storing and processing key nutrients. The 

importance of the liver in whole-body homeostasis can be dramatically recognized in 

individuals with liver damage, who often exhibit diverse symptoms such as fatigue and 

lethargy, swelling and ascites, encephalopathy, and jaundice. Threats to the liver come in the 

form of alcohol, cancer, viral and other infections, drugs and toxins, obesity and metabolic 

syndrome, genetic diseases, and autoimmune conditions (1). As such, liver cirrhosis, the 
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end stage for chronically injured liver, has been estimated to account for 1 million deaths 

worldwide per year (2).

Because of its position to defend the body against toxic threats, the liver has an 

evolutionarily conserved and remarkable capacity to regenerate, an ability immortalized in 

the ancient Greek myth of the punishment of Prometheus, whose liver is said to be lost and 

regenerated every day (3). Indeed, classical experiments showed that after surgical resection 

of three of the five lobes of the liver, rats can recover the original biomass of their liver 

within two weeks (4). This amazing regenerative property in humans has been utilized for 

clinical benefit in the process of split-organ transplantation, in which one liver donor grants 

two liver allografts, and in resections due to oncological indications (5). Further inherent to 

this regenerative capacity is the tight control of the size of the liver; livers, even those from 

baboons, transplanted into humans can both grow and shrink to match the body size of the 

recipient (6, 7).

Over the past two decades, the discovery of a growth regulatory pathway in Drosophila, 

termed the Hippo pathway (Figure 1), has provided insight into a genetically encoded 

size-control and regeneration program in the liver. Elucidation of the Hippo pathway in 

the mammalian liver has unraveled how perturbations in this regenerative pathway drive 

diseases, from fatty liver disease to liver cancer (8–10). Consequently, many researchers 

have turned to the Hippo pathway as a potential therapeutic target to enhance liver 

regeneration and to prevent and cure liver disease. This review explores our common 

understanding of the Hippo pathway, with a particular emphasis on its role in the physiology 

of the liver, highlighting potential opportunities for therapy. We begin by discussing key 

molecules of the Hippo pathway in mammals and then delineate their roles in liver size, 

regeneration, homeostasis, development, metabolism, and disease.

THE MAMMALIAN HIPPO PATHWAY

The Hippo pathway was first discovered at the beginning of the twenty-first century as a 

key signaling pathway that suppresses the growth of tissues in Drosophila. From unbiased 

mutagenesis screens using genetic mosaics, four tumor suppressor genes—warts (LATS1/2 
in mammals) (11, 12), salvador (SAV1 in mammals) (13, 14), mob as tumor suppressor 
(MOB1A/B in mammals) (15), and hippo (MST1/2 in mammals) (16–20)—were identified 

on the basis of their ability to promote massive overgrowth as homozygous loss-of-function 

mutant clones. In the fly, these tumor suppressors constitute a kinase cascade (20) that 

impinges on a transcriptional coactivator, Yorkie (YAP and TAZ in mammals), which 

is the substrate of Warts (LATS1/2) (21). Yorkie was then shown to bind to Scalloped 

(TEAD1/2/3/4 in mammals), which acts as the transcription factor that binds to DNA and 

controls gene transcription (22, 23). The pathway was so named because of the newly 

identified upstream kinase and tumor suppressor hippo, and because of the role of the 

pathway in regulating tissue size. Soon after identification of the genes in Drosophila, the 

mammalian orthologs of the Hippo pathway and their functional significance were validated 

in mammalian cells (8, 24, 25). The duplication and evolutionary conservation of many of 

the core Hippo pathway proteins in mammals emphasize the critical role of the pathway in 

size control and other physiological functions.
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The canonical mammalian Hippo pathway kinase cascade consists of the MST1/2–SAV1 

complex phosphorylating and activating the LATS1/2–MOB1A/B complex, which then 

phosphorylates and inactivates YAP and TAZ (Figure 1; Table 1). MST1/2 and LATS1/2 

are the core kinases of the cascade, and SAV1 and MOB1A/B act as adaptor proteins 

to enhance the activation and phosphorylation of MST1/2 and LATS1/2 (26). The 

phosphorylation-controlled inactivation of YAP and TAZ is mediated by cytoplasmic 

sequestration of phosphorylated YAP/TAZ by 14-3-3 proteins as well as by proteasome­

mediated degradation of phosphorylated YAP/TAZ (8, 24, 25, 27, 28). Genetic deletion 

of MST1/2, SAV1, LATS1/2, or MOB1A/B thus leads to increased nuclear enrichment of 

YAP and TAZ and to their increased activity as transcriptional coactivators. Conversely, 

overexpression of MST1/2, SAV1, LATS1/2, or MOB1A/B leads to increased cytoplasmic 

localization and degradation of YAP and TAZ. Therefore, the protein level and subcellular 

localization of YAP/TAZ are often used as readouts of Hippo pathway activity.

When Hippo signaling is low, YAP and TAZ enter the nucleus and interact with the 

TEF/TEAD family of DNA-binding transcription factors, composed of TEAD1/2/3/4, to 

drive Hippo target genes, such as CTGF (29). The importance of this interaction can be 

highlighted by the co-occupancy of YAP/TAZ and TEAD genome wide at particular sites 

on chromatin (30, 31). Furthermore, a disease-causing point mutation in TEAD that affects 

its binding with YAP and TAZ underlies Sveinsson chorioretinal atrophy (32). The TEAD 

family transcription factors, when not bound to YAP and TAZ, bind to transcriptional 

corepressors such as VGLL4 to suppress Hippo target gene expression (33). Transcriptional 

activity of YAP and TAZ can then be antagonized both by Hippo pathway activity and by 

VGLL4 expression.

Many other proteins also feed into the Hippo pathway to regulate the phosphorylation 

or localization of the Hippo kinases or of YAP and TAZ. Those studied most intensely 

in the liver are the proteins neurofibromin 2 (NF2), a well-known tumor suppressor that, 

when defective, leads to the autosomal dominant disorder neurofibromatosis type II (34), 

and kidney and brain expressed protein (KIBRA). NF2 increases Hippo pathway activity 

to restrict YAP and TAZ activity (35, 36) by targeting LATS1/2 to the plasma membrane 

and increasing its activation and phosphorylation by MST1/2 (37). KIBRA also activates 

the Hippo pathway to restrain YAP and TAZ by interacting with NF2 and other tumor 

suppressors (38). Together, NF2 and KIBRA are thought to regulate Hippo signaling at cell 

junctions, particularly at the apical surface of epithelial cells (26).

In diverse contexts, the Hippo pathway is tumor suppressive, and YAP/TAZ regulate 

both cell proliferation and cell survival. Many studies have identified target genes of 

YAP/TAZ to be those that control cell proliferation, cell migration, epithelial-mesenchymal 

transition, extracellular matrix organization, and cytoskeletal organization (30, 39, 40). 

YAP/TAZ expression is both required and sufficient to confer cancer stem cell traits (41), 

and YAP/TAZ promote tumor immune evasion by regulating PD-L1 (42). Furthermore, 

YAP/TAZ can drive resistance in many different cancers to targeted therapies (43). 

Importantly, YAP/TAZ regulate many other oncogenes, most notably c-Myc, in both 

Drosophila and mammals (30, 44). YAP/TAZ and the Hippo pathway have also been 
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suggested to regulate other oncogenic pathways in particular cell types and contexts, such as 

Wnt (45, 46) and Notch (47).

THE HIPPO PATHWAY IN LIVER SIZE AND HEPATO-BILIARY 

REGENERATION

In Drosophila, the Hippo pathway was discovered to be a key regulator of tissue size, 

and manipulations of the Hippo pathway in the mouse liver resulted in a similarly striking 

phenotype. Transgenic overexpression of YAP in the liver causes massive hepatomegaly, 

producing livers up to five times their normal size (8, 48). This overgrowth is mediated 

by an increase in hepatocyte proliferation coordinated with a decrease in hepatocyte death. 

Importantly, cessation of YAP overexpression causes a reversal in this phenotype, with the 

liver rapidly returning to its normal size (8, 48). Extended overexpression of YAP results in 

the formation of hepatocellular carcinoma (HCC) (8), a topic that is discussed in the section 

titled The Hippo Pathway in Liver Cancer. Thus, YAP/TAZ act as key signaling molecules to 

control the overall size of the liver (Figure 2).

Further proving the importance of the Hippo pathway in liver pathophysiology, manipulation 

of the upstream components of the Hippo pathway that control YAP/TAZ activation results 

in similar phenotypes. Deletion of Lats1/2 (49, 50), Mst1/2 (51–53), Sav1 (51, 54), Mob1a/b 
(55), Nf2 (35), or Kibra (56) also drives the formation of hepatomegaly and cancers (Table 

1). Additional evidence that supports that YAP and TAZ act through the TEAD family 

of proteins is that expression of a dominant-negative TEAD2 can suppress YAP-induced 

hepatomegaly and cancer (57). Additionally, overexpression of Vgll4, which antagonizes 

Yap’s binding to the TEAD family of transcription factors, suppresses YAP-induced liver 

overgrowth and cancer (33).

Consistent with the functional role of the Hippo pathway in regulating liver size, YAP and 

TAZ are important mediators of the liver regenerative response (58, 59) (Figure 2). One day 

after partial hepatectomy in rats, Yap target genes are upregulated, and Yap is enriched in 

the nucleus, likely due to an observed decrease in Hippo pathway kinase activation. Further 

showing that the dynamic regulation of the Hippo pathway is critical for liver regeneration, 

Mst1/2 and Lats1/2 are again activated after a return to the normal liver–to–body weight 

ratio, and Yap activity is concurrently decreased (58). Liver-specific Albumin-Cre-mediated 

genetic deletion of Yap and Taz hampers regeneration and prevents return to the normal 

liver–to–body weight ratio after 2/3 partial hepatectomy (59). Therefore, YAP/TAZ function 

to regulate both liver size and liver regeneration.

Central to their role in liver regeneration, YAP and TAZ have been investigated for their 

response to damage and for their roles in other common liver diseases. Prominently, 

YAP/TAZ have been implicated in the development of biliary ductular reactions. Ductular 

reactions are hyperplastic biliary ducts that develop in response to liver injury, and are 

associated with both fibrogenesis and regeneration (60). Evidence for the importance of YAP 

in the response to injury and in ductular reactions comes from studies demonstrating an 

increase in YAP activity in the ductular response to injury correlated with the severity of 

nonalcoholic fatty liver disease (NAFLD) (10), in the presence of biliary atresia in neonates 
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(61), and in bile ductular reactions to primary sclerosing cholangitis and primary biliary 

cirrhosis (62). In mouse models of biliary cholestasis induced by bile duct ligation, loss 

of Yap prevented the ductular response to injury, inhibited hepatocyte proliferation, and 

increased hepatocyte death (62).

Indeed, recent studies have identified the regenerative program of chronically injured liver 

to be defined by a unique pattern of Hippo pathway activation (63, 64). Single-cell RNA­

sequencing analysis of biliary epithelial cells revealed particular cells defined by activation 

of Yap and Taz target genes. This compartment of Yap/Taz-activated cells increased after 

chronic liver injury induced by treatment with 3,5-diethoxycarbonyl-1,4-dihydrocollididine 

(DDC). In hepatocytes, activation of a Yap transcriptional program was also revealed by 

single-cell RNA sequencing after treatment with DDC, suggesting that Yap is induced in 

both hepatocytes and cholangiocytes after injury. Ablation of Yap by treatment with a 

hepatocyte-specific adenovirus abrogated the ductular response to injury. From this result, 

Pepe-Mooney et al. (63) concluded that Yap may control differentiation from hepatocytes 

to biliary epithelial cells (discussed in the section titled YAP/TAZ in Liver Development, 

Homeostasis, and Organoid Formation) and may also have non-cell autonomous effects on 

proliferating biliary epithelial cells. A concurrent study, using a CRISPR screen in biliary 

epithelial cell organoids, concluded that the Hippo pathway, but not LGR4/5-dependent 

WNT signaling, is a key mediator of biliary expansion and is required for the ductular 

response after chronic liver injury, partially by controlling biliary epithelial cell proliferation 

(64).

THE HIPPO PATHWAY IN LIVER INFLAMMATION AND FIBROSIS

Although YAP and TAZ promote regeneration in the liver, emerging evidence suggests 

that these transcriptional coactivators may also drive fibrosis and inflammation, which can 

be detrimental to the regenerating liver. In particular, YAP/TAZ are thought to regulate 

liver fibrosis via the stellate cell (65–67). Stellate cells are tissue-resident mesenchymal 

cells that, upon activation, transdifferentiate to a myofibroblastic state, in which they 

secrete factors that aid in inflammation and wound repair (68). Yap accumulates in the 

nucleus and becomes activated in hepatic stellate cells in mice after administration of the 

liver-damaging agent CCl4. YAP was also activated in hepatic stellate cells in patients 

with hepatitis C infection. Importantly, pharmacological inhibition of Yap was sufficient 

to prevent hepatic stellate cell activation and fibrogenesis. Thus, YAP activation in hepatic 

stellate cells may contribute to the architectural distortion of the liver due to chemical or 

infectious injury (65). In contrast, others have argued that activation of YAP in hepatic 

stellate cells is beneficial to liver regeneration. Pharmacological treatment of regenerating 

liver after ischemia-reperfusion injury with a YAP inhibitor reduced stellate cell proliferation 

and significantly impaired regeneration (66). Preventing hepatic stellate cell activation and 

Yap activation by manipulating Hedgehog signaling also inhibited liver regeneration and 

hepatocyte proliferation (67). Therefore, it seems that YAP activation in hepatic stellate cells 

drives beneficial non-cell-autonomous effects in the short term but detrimental effects in the 

long term.

Driskill and Pan Page 5

Annu Rev Pathol. Author manuscript; available in PMC 2021 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Although Yap activation in a hepatocyte alone is not sufficient to drive proliferation without 

inflammation (69), other researchers have identified YAP and TAZ as critical components 

of liver inflammation. TAZ is increased in the hepatocytes of individuals with nonalcoholic 

steatohepatitis (NASH), and Taz is also increased in several mouse models of NASH (70). 

Suppression of Taz in mouse models of NASH was sufficient to prevent inflammation, 

fibrosis, and cell death, and Taz expression promoted progression from steatosis to NASH. 

One potential mechanism for this phenotype is that Taz controls the expression of Ihh 
(Indian hedgehog), which leads to the non-cell-autonomous activation of stellate cells (70). 

Similarly, a transposon screen in mouse liver identified Sav1 as a critical suppressor for the 

development of NAFLD and hepatitis-B-virus-induced HCC. Kodama et al. (71) proposed 

that Sav1 may prevent NAFLD through its role in turning off Yap/Taz activation and their 

fibrogenic program.

An emerging suggestion is that TAZ and YAP may not be completely redundant and may 

have different transcriptional targets (72, 73). This distinction was observed in the liver, 

in which the expression of Taz, but not Yap, was associated with the development of 

inflammation. Taz expression in hepatocytes promotes myeloid infiltration, and mouse and 

human tumors with increased TAZ show an increase in proinflammatory cytokines (73). 

Similarly, loss of Mst1/2 leads to liver inflammation, particularly through upregulation of 

monocyte chemoattractant protein-1 (Mcp-1) (51, 74). However, in this model, suppression 

of Yap was sufficient to lead to ablation of inflammation (74). Thus, how YAP/TAZ 

coordinate or diverge to control inflammation in the liver remains unclear, but their 

dysregulation is sufficient to drive myeloid infiltration and inflammation.

YAP/TAZ IN LIVER DEVELOPMENT, HOMEOSTASIS, AND ORGANOID 

FORMATION

After discovery of its role in controlling liver size and regeneration, the Hippo pathway has 

been revealed to be a key mediator in the development of the liver. Albumin-Cre driven 

Yap deletion results in elevated serum bilirubin and alanine aminotransferase concurrent 

with hepatomegaly due to macrovesicular steatosis and progressive fibrosis. Yap deletion 

also leads to hypoplastic biliary ducts and increased hepatocyte turnover (35). Deletion of 

both Yap and Taz leads to phenotypes similar to those observed in Yap-specific depletion, 

suggesting that Yap is more important than Taz for liver development (59). Yap is also 

required during adult biliary cell homeostasis, as deletion of Yap leads to loss of bile 

duct morphology and integrity and widespread liver damage. However, Pepe-Mooney et al. 

(63) did not observe any phenotype in any other organ or cell type, including hepatocytes, 

after adult deletion of Yap, suggesting that in adult biliary epithelial cells, Yap might be 

specifically required.

Additionally, YAP has been suggested to promote biliary cell identity (47, 50, 75). Biliary 

epithelial cells express high levels of Yap and have higher expression of YAP/TAZ 

target genes (47). In vitro or in vivo depletion of Lats1/2 in hepatoblasts is sufficient 

to shift the differentiation program toward the expansion and development of bile ducts, 

potentially through suppression of the hepatocyte-specific transcription factor Hnf4α 
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(50, 75). Expression of an activated YAP (YAPS127A) or deletion of Nf2 also induced 

transdifferentiation of hepatocytes to a bile duct fate, potentially through the activation of 

Notch signaling (47). Altogether, these results suggest that Yap and Taz are required for 

liver cell specification and that Hippo signaling controls the differentiation program from 

hepatoblasts to hepatocytes to biliary epithelial cells. Thus, dysregulation of this pathway, 

even in adulthood, is sufficient to promote pathology.

Although not exclusively studied, it is also likely that YAP/TAZ and the Hippo pathway 

play a critical role in the development and maintenance of liver sinusoidal endothelial 

cells. YAP/TAZ are required for angiogenesis downstream of VEGF signaling (76, 77). 

Similarly, Yap/Taz deletion in endothelial cells results in embryonic lethality due to poor 

vascularization (76). Using retinal angiogenesis as a model, many groups have shown that 

Yap and Taz are required for angiogenic sprouting and branching and that Lats1/2 deletion 

results in an increase in sprouting and branching (78–80). In total, specific YAP/TAZ 

depletion in liver sinusoidal endothelial cells may reveal new ways in which YAP/TAZ 

control liver regeneration, development, and homeostasis.

Also, YAP/TAZ and their regulation by the Hippo pathway seem to be critical components 

for primary hepatocyte culture and organoid formation. YAP overexpression in mouse liver 

promotes the formation, after dissection, of liver organoids (47), and Yap is required for the 

formation of biliary organoids. Similarly, loss of Sav1 and Lats1 promotes biliary organoid 

formation (64). Furthermore, one of the primary limitations of primary hepatocyte culture is 

maintaining hepatocyte identity. Recent work has argued that cell spreading, which induces 

Yap activation through mechanical force, induces hepatocyte dedifferentiation. Confining 

cell spreading or pharmacologically limiting the mechanical tension is sufficient to maintain 

Yap inactivation and hepatocyte differentiation (81). Therefore, pharmacological inhibition 

of YAP activity may be a mechanism to increase the efficiency and maintenance of liver 

organoids.

THE HIPPO PATHWAY IN LIVER CANCER

YAP has long been implicated in the formation of HCC. Yap is overexpressed and 

required for progression in c-Myc and Akt1-driven HCC (82). Hepatocyte-specific YAP 

overexpression is also sufficient to drive the formation of HCC (8). Likewise, hydrodynamic 

tail injection–mediated overexpression of Yap or Taz and NRas can drive HCC formation 

(73, 83). Emphasizing the role of the Hippo pathway in restraining the development of 

liver cancer, depletion of Mst1/2 (51–53), Sav1 (54), Nf2 (35, 47),Mob1a/b (55), or Kibra 
(Wwc1/2) (56) is sufficient to lead to the development of HCC, cholangiocarcinoma (CC), 

or mixed HCC and CC. Additionally, activation of Yap was shown to be an early and 

required event in carcinogen-induced liver cancer in rats (84).

Furthermore, Yap is important in additional liver cancers. YAP is overexpressed in human 

hepatoblastomas and is required for hepatoblastoma cell line proliferation. Furthermore, 

YAP and β-catenin overexpression in adult mouse liver is sufficient to lead to the 

development of hepatoblastoma (85, 86), and withdrawal of activated YAP in established 

hepatoblastoma induces tumor regression (87). This is particularly interesting in light 
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of evidence that individuals with germline mutations in APC and familial adenomatous 

polyposis have an increased risk of hepatoblastoma (88). In studies of APC-deficient 

adenomas in the intestine, APC independently negatively regulates Yap and β-catenin 

(89). Therefore, genetic loss of APC in the liver may also result in activated YAP and 

β-catenin, increasing the likelihood of developing hepatoblastoma in individuals with 

familial adenomatous polyposis. Additionally, an endothelial cell–derived vascular tumor, 

epithet-lioid hemangioendothelioma, most commonly presents in the liver and is defined by 

chromosomal translocation-derived fusion genes, TAZ-CAMTA1 and YAP-TFE3, which are 

thought to evade Hippo-mediated suppression and to drive an activated YAP/TAZ-like gene 

program (90–93).

Activated YAP/TAZ are thought to drive expression of important TEAD-dependent targets 

that sustain growth and survival of these various liver cancers. For example, YAP/TAZ 

promote expression of the antiapoptotic gene BIRC5, which is required for the survival 

of liver cancer cells (8). Another known target of YAP in the liver is the adenosine 

monophosphate-activated kinase (AMPK) protein family member NUAK2, which is 

required for YAP-dependent liver cancer growth and sustains activation of YAP (94). 

YAP also activates expression of Notch pathway genes, such as Notch2, and activation 

of Notch is required for YAP-dependent hepatocyte reprogramming and CC development 

(43). Furthermore, a YAP/TAZ gene signature that can predict poor prognosis in patients 

has even been developed, though how many of these genes, composed of well-known 

YAP/TAZ targets such as Ctgf, may promote liver cancer development and progression 

remains unknown (95).

Despite strong genetic evidence for the role of the Hippo pathway and YAP and TAZ in the 

development of liver cancer, how the Hippo pathway becomes dysregulated to drive liver 

cancer has remained elusive. Many studies have shown that increased YAP and TAZ levels 

correlate with worse prognosis in liver cancer (94–100) and that most (62%) patients with 

HCC exhibit YAP overexpression. One study found up to 12% of patients with CC had focal 

deletions in SAV1 (101) and another study saw up to 5% of patients with NF2 loss (102). 

Others observed frequent decreases in MST1 levels and concomitant decreases in MOB1 

and YAP phosphorylation in HCC (53).

One attractive hypothesis is that more common mutations in liver cancer either directly 

or indirectly lead to Hippo pathway dysregulation and YAP and TAZ activation. ARID1A 
is mutated in 10–15% of patients with HCC and in 20% of patients with combined HCC 

and CC (103–105). A recent study has argued that Arid1a binds to and suppresses the 

transcriptional output of Yap. Additionally, in mice, loss of Arid1a dramatically promotes 

the formation of combined HCC and CC in the Nf2-deleted background, and Yap and Taz 
depletion can rescue bile duct proliferation mediated by the loss of Arid1a (106). Loss 

of p53, which is also very common in liver cancer (104, 105), may also influence YAP 

and TAZ activity by decreasing the expression of a known negative regulator of YAP and 

TAZ, PTPN14 (107). KRAS, which is frequently mutated in liver cancer and is sufficient 

to drive the formation of CC in combination with p53 mutations (108), also drives Yap 

activity that can sustain tumor progression even after removal of Kras expression (39, 109). 

Epigenetic changes that lead to changes in the expression of known YAP/TAZ or Hippo 
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pathway regulators may also be important for the activation of YAP and TAZ in liver cancer. 

The upregulation of SET1A, which is observed in many cancers, can lead to the methylation 

and increased nuclear localization and activity of YAP (110).

A newer perspective on the role of YAP/TAZ in the development of liver cancer comes 

from studies of cell competition. Overexpression of yorkie, the Drosophila homolog of YAP, 

in cell clones (the winner cell) can result in the elimination of wild-type neighboring cells 

(loser cells) (44, 111). From this perspective, recent work has shown that YAP and TAZ are 

activated in peritumoral hepatocytes in both mice and humans, and this activation actually 

works to restrain progression of the tumor, as loss of Yap and Taz in neighboring tissues 

leads to faster progression of the cancer. Furthermore, overexpression of YAP and TAZ in 

hepatocytes adjacent to tumors driven by N-AKT could prevent progression of the cancer. 

These results suggest that it is the relative level of YAP/TAZ in the tumor to the surrounding 

tissue that defines the winner and loser cells that is responsible for cancer progression (112).

YAP/TAZ AND THE HIPPO PATHWAY IN LIVER METABOLISM

As one of the key organs in regulating host metabolism, the liver is particularly susceptible 

to metabolic disorders. As YAP and TAZ are required for and promote key liver processes, 

from development to transformation, there is emerging evidence that the Hippo pathway 

regulates diverse metabolic processes. Although Hippo pathway–regulated metabolism is 

still an emerging field, it is clear that abnormalities of these metabolic processes induced 

by Hippo pathway dysregulation can drive disease. Furthermore, understanding Hippo­

regulated metabolism may reveal new therapeutic targets to inhibit tumorigenesis or to boost 

regeneration.

Glucose

Particularly important to cellular transformation is the reprogramming of glycolysis, which 

allows cells to survive in nutrient-poor environments. Furthermore, a hallmark of cancer 

cells is the Warburg effect, in which cancer cells have a high rate of glucose utilization 

(113). Therefore, it has not been particularly surprising that one function of YAP is to drive 

glycolysis. YAP drives glycolysis partially through its regulation of a direct target gene, 

the glucose transporter GLUT3, which promotes glucose uptake (114). Others showed that 

the long noncoding RNA BCAR4 is required for YAP-induced glycolysis by promoting the 

expression of hexokinase 2 and 6-phosphofructo-2 kinase. Loss of BCAR4 could suppress 

YAP-induced glycolysis and tumorigenesis (115).

Together with its critical role in driving glycolysis, YAP regulates blood levels of 

glucose by suppressing gluconeogenesis, a normal process in which the liver produces 

glucose and increases blood glucose levels in the fasted state (116). YAP activation 

can almost completely antagonize the function of glucagon, which normally stimulates 

gluconeogenesis, or the effects of the administration of dexamethasone, a glucocorticoid 

that normally stimulates gluconeogenesis in the liver. In turn, YAP suppression can enhance 

the function of glucagon. Importantly, YAP suppresses the transcription of Pgc1α, a key 

transcriptional regulator of gluconeogenesis, which lowers the expression of glucose-6­

phosphatase catalytic subunit (G6pc) and phosphoenolpyruvate carboxykinase (Pck1), two 
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enzymes directly involved in gluconeogenesis. This suppression of gluconeogenesis appears 

to be important for the development of HCC, as the expression of Pgc1α in YAP-activated 

liver cancer cells inhibited growth (116).

In addition to regulating glucose, YAP has been suggested to regulate insulin signaling, 

and the Hippo pathway may restrain the development of fatty liver and liver cancer. YAP 

activation through the genetic deletion of Sav1 cooperates with Akt in the Pten knockout 

background to drive NAFLD, NASH, and then liver cancer. YAP/TAZ activation can 

upregulate insulin receptor substrate 2 (Irs2), thereby promoting Akt activation, and the 

downregulation of Irs2 can suppress Akt and Yap-driven HCC. Indeed, YAP expression 

correlates with IRS2 expression in HCC derived from patients. Altogether, this suggests that 

YAP can reprogram insulin signaling to regulate AKT through IRS2, which results in the 

formation of fatty liver and liver cancer (117).

Cholesterol

Further demonstrating the role of the Hippo pathway in the development of fatty liver, 

deletion of Lats2 or Mst1 is sufficient to induce fatty liver disease in mice, potentially 

by inducing constitutive sterol regulatory-element binding protein (SREBP) activity and 

the accumulation of cholesterol (118, 119). Supporting the involvement of Hippo signaling 

in restraining fatty liver disease, steatosis induced by loss of Pten could be rescued by 

overexpression of Mst1 (117). Therefore, the Hippo pathway plays a key role in the 

development of fatty liver, potentially through the regulation of SREBP. It is likely that 

future studies will reveal new insights into the Hippo pathway’s control of fatty acids.

Glutamine

Particularly important to the liver, YAP plays a critical role in the reprogramming of 

glutamine metabolism, which in turn promotes growth (120). Yap1 in zebrafish liver directly 

promotes the expression of glula and glulb, the zebrafish orthologs of glutamine synthetase, 

which increases glutamine levels and leads to the production of nucleotides. Importantly, 

genetic loss of glula/glulb could suppress Yap-induced hepatomegaly, and pharmacological 

impairment of Yap or glutamine synthetase could suppress the growth of liver cancer cells. 

Therefore, Cox et al. (120) suggest that YAP-induced metabolic reprogramming grants 

YAP-activated cells a growth advantage by increasing the cellular concentration of key 

metabolites. Another mechanism of Yap-induced glutamine utilization has been proposed 

in a study of YAP and β-catenin-driven hepatoblastomas. Liu et al. (121) identified the 

amino acid transporter SLC38A1 as a direct transcriptional target of YAP that is induced in 

hepatoblastoma. Upregulation of SLC38A1 in turn led to the activation of mTORC1, which 

helped drive tumor growth.

In contrast, YAP has also been linked to the breakdown of glutamine during the process 

of regeneration and fibrosis. Importantly, glutaminolysis is a well-understood marker 

of malignancy, as it directly feeds into the TCA cycle and produces ATP and other 

metabolites (122). As discussed above, YAP plays a critical role in the activation of 

hepatic stellate cells and their transdifferentiation to myofibroblasts. It has been argued 

that this transdifferentiation process is partially controlled by glutaminolysis, and inhibition 
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of glutaminolysis prevents the formation of myofibroblasts. Correspondingly, patients with 

liver fibrosis showed activation of glutaminolysis. Yap knockdown suppressed the activation 

of hepatic stellate cells and also suppressed glutaminolysis by inhibiting the expression of 

glutaminase (123). Therefore, YAP activation likely drives glutamine breakdown in hepatic 

stellate cells to enhance their transdifferentiation to myofibroblasts. Indeed, studies of breast 

cancer discovered that YAP increases transcription of glutamine-converting enzymes and 

that these enzymes are required for cancer cell survival (124).

Thus, YAP/TAZ and the Hippo pathway are fundamental transcription factors that regulate 

glycolysis, gluconeogenesis, amino acid metabolism, and fatty acid accumulation in the 

liver. Dys-regulation of the Hippo pathway is sufficient to drive the formation of fatty liver 

and the progression to liver cancer. Taken together, regulation of the Hippo pathway may be 

utilized for clinical benefit in patients to prevent or treat the development of liver diseases.

REGULATION OF HIPPO PATHWAY ACTIVITY

As described above, the Hippo pathway serves as a key molecular pathway that controls 

liver size, metabolism, development, and regeneration. Furthermore, dysregulation of the 

Hippo pathway is sufficient to induce fatty liver disease and liver cancer. These findings 

raise the question of how the Hippo pathway is physiologically regulated in the liver. 

Emerging evidence suggests that an increasing number of physiological signals and growth 

pathways feed into the liver to control Hippo signaling (Figure 3). Perturbations in these 

signals may then lead to disease.

Metabolic Regulation

Although YAP/TAZ and the Hippo pathway itself regulate metabolism in the liver, an 

increasing number of studies suggest that metabolites also feed back to regulate Hippo 

pathway activity. Prominently, while YAP itself drives glycolysis, multiple studies have 

demonstrated that glucose levels regulate Hippo pathway activity. Cells grown in low­

glucose medium show increased Hippo pathway phosphorylation and increased YAP/TAZ 

cytoplasmic localization (114, 125–127). YAP is also required for liver tumorigenesis driven 

by high glucose (128). One possible explanation for how YAP becomes activated in high­

glucose conditions is that YAP may become modified with O-linked β-N-acetylglucosamine 

(O-GlcNAc), a sugar attachment that gets added to many proteins in the presence of 

high glucose. Modification of YAP with O-GlcNAc disrupts its interaction with the Hippo 

pathway and its ability to become degraded (128, 129). Therefore, high glucose may drive 

YAP activity by posttranslational modification with O-GlcNAc (Figure 3).

Another mechanism that links glucose levels to YAP activity involves the key metabolic 

enzyme AMPK (Figure 3). Glucose starvation leads to increased levels of AMP, which 

activates AMPK. When activated, AMPK promotes the uptake of nutrients, turns off 

metabolic synthesis reactions, and promotes catabolism of cellular fuels (125, 127, 130). 

Multiple studies have demonstrated that AMPK can directly phosphorylate YAP and 

upstream Hippo pathway regulators to inhibit YAP activity. Indeed, metformin, a commonly 

taken drug to help prevent glucose intolerance in type II diabetes and that activates 

AMPK, can lead to YAP phosphorylation (127, 129). Thus, glucose levels can increase 
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YAP activity by promoting O-GlcNAc modification or by inhibiting AMPK. This finding 

suggests that dysregulation of blood glucose in metabolic syndromes such as obesity and 

diabetes may promote excessive YAP activity and consequently YAP-induced proliferation 

and transformation.

Aside from glucose, YAP/TAZ can also seemingly be regulated by the mevalonate pathway 

(Figure 3). The discovery of this effect came from a small-molecule screen that identified 

statins as inhibitors of YAP/TAZ by promoting their cytoplasmic localization. Statins, 

which lower cholesterol levels in patients with hypercholesterolemia and are one of the 

most commonly taken drugs, inhibit the enzyme HMG-CoA reductase, which catalyzes 

the production of cholesterol from mevalonic acid. Additional products of the mevalonate 

pathway, such as geranylgeranyl, are added as posttranslational modifications to upstream 

Hippo pathway regulators, and these modifications likely feedback to inhibit the Hippo 

pathway (131–133). As mutant p53 drives the mevalonate pathway through SREBP, statins 

may be an effective therapy to inhibit YAP/TAZ activity in cancers with high HMG-CoA 

reductase activity (131). However, whether statins can reduce YAP/TAZ activity in the liver 

remains unexplored.

G Protein–Coupled Receptor Regulation

G protein–coupled receptors (GPCRs) are a highly diverse group of cellular surface 

receptors that respond to a wide variety of physiological signals and are highly susceptible to 

different therapeutic drugs. As major regulators of intracellular signaling, GPCRs have also 

been discovered to control Hippo and YAP/TAZ signaling, both positively and negatively 

(134). The first implication that GPCRs can regulate LATS1/2 and consequently YAP/TAZ 

came from a study in which serum starvation of cells in culture induced LATS1/2-dependent 

phosphorylation and cytoplasmic translocation of YAP/TAZ. Further screening showed that 

phospholipids, such as lysophosphatidic acid, that are present in serum activate GPCRs, 

inhibit LATS1/2, and drive YAP/TAZ activation (135). Later studies showed that gain-of­

function mutations in GNAQ and GNA11, which are activated in 5% of tumors and 83% 

of uveal melanomas and which cause constitutive activation of GPCR signaling, drive 

YAP/TAZ activation. Furthermore, YAP/TAZ activation is required for GNAQ-driven uveal 

melanomas (136, 137), and activated YAP/TAZ, induced by LATS1/2 loss, are themselves 

sufficient to drive the formation of uveal melanoma (138). All in all, this shows that 

YAP/TAZ are regulated by GPCR signaling and that this dysregulation can drive disease 

(Figure 3).

As such, GPCR regulation of YAP/TAZ has emerged as a driver or as a potential therapeutic 

axis in liver cancer. One such GPCR is angiotensin II type 1 receptor (AT1R), which 

regulates the renin–angiotensin–aldosterone system that controls systemic blood pressure 

and blood volume. One study found that losartan, which blocks AT1R activity, could 

inactivate YAP/TAZ and suppress the growth of CC (139). Another study found that 

sphingosine-1-phosphate (S1P), a phospholipid-like lysophosphatidic acid that activates 

a specific GPCR, activated YAP and could drive HCC proliferation (140). Similarly, 

prostaglandin E2, through a YAP-dependent axis, can promote HCC proliferation (141). 
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Each of these studies raises promising therapeutic options to target YAP/TAZ-activated liver 

cancer, but these methods have not yet been tested in vivo.

As discussed above, activated YAP can completely antagonize the function of glucagon 

(116), so it is not surprising that YAP itself can be potently regulated by glucagon. 

Glucagon, through activation of its GPCR, can increase LATS1/2 activity and YAP 

phosphorylation (142). Epinephrine, the fight-or-flight hormone activated due to stress, can 

also inactivate YAP through a LATS1/2-dependent mechanism. As both hormones drive 

glucose availability and increase blood glucose levels (135, 142), these hormones likely 

act via their GPCRs to inhibit YAP/TAZ and to ultimately prevent glycolysis and cell 

proliferation in times of stress and starvation (130).

Particularly relevant to liver, YAP activity also seems to be regulated by the presence of bile 

acids (143, 144). Mice genetically engineered to express high levels of bile acids develop 

spontaneous HCCs similar to those seen from Mst1/2 knockout mice. Importantly, high 

bile acids in vivo or the administration of cholic acids to hepatocytes in vitro seems to 

drive Yap activation through the downregulation of Mst1/2 and Lats1/2. Anakk et al. (143) 

further report a correlation between cholestasis, YAP activity, and the development of HCC. 

However, it remains unknown whether this effect is mediated by the bile acid GPCR TGR5 

(130). Recently, it has been argued that bile acids stimulate the production of Fgf15 from 

intestinal enterocytes, which travel through the enterohepatic circulation to activate Mst1/2 

phosphorylation (144). In support of this evidence, mice deficient in their response to Fgf15 

show hepatomegaly, similar to mice in which YAP is overexpressed (145).

Mechanical Regulation

That the Hippo pathway is required for proper liver size and liver regeneration suggests 

that there exists some intrinsic property of the tissue that can regulate Hippo signaling. An 

emerging paradigm is that the Hippo pathway and YAP/TAZ are regulated by mechanical 

forces, such as cell stretching. As a tissue expands or contracts, changing mechanical forces 

could then feed back onto YAP/TAZ activity to either limit or promote cellular proliferation 

and differentiation. Several lines of evidence support this idea. The localization of YAP/TAZ 

is acutely sensitive to cell density; YAP/TAZ are localized to the nucleus in sparse cultures 

and to the cytoplasm in dense cultures (25). Additionally, cells grown on a stiff extracellular 

matrix show nuclear localization of YAP/TAZ, whereas cells grown on soft substrates 

show cytoplasmic localization (146). Moreover, others have observed changes in YAP/TAZ 

localization due to fluid flow and to direct stretching (147–150).

Although the effect of mechanical forces on YAP and TAZ have been observed in many 

different contexts, the actual mechanism of these forces remains elusive; however, NF2 is 

believed to play a role in sensing cytoskeletal tension (37). Progress in understanding how 

mechanical force–induced YAP activation affects liver pathology is hindered by the lack 

of in vivo mouse models in which cellular tension is manipulated. Still, the interaction 

between YAP and ARID1A, which is important in liver tumorigenesis, is regulated by 

mechanical forces, in which sparse conditions increase the interaction between ARID1A and 

YAP, decreasing YAP’s activation (106). Similarly, mechanical force seems to influence cell 

identity and hepatocyte differentiation in liver organoids through YAP (81). Some studies 
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seeking to understand how the extracellular matrix affects liver size have found that loss of 

integrin-linked kinase (ILK) leads to increased liver size and regeneration following partial 

hepatectomy and that loss of ILK leads to increased YAP (151). However, other studies 

of ILK came to the opposite conclusion: Loss of ILK actually inhibits YAP (152). Going 

forward, liver organoid models may be particularly useful in elucidating how mechanical 

force and its effect on YAP can influence liver development, homeostasis, regeneration, 

and tumorigenesis. Furthermore, it is likely that changing organ stiffness enacted through 

chronic liver damage and fibrogenesis may lead to the dysregulation of the Hippo pathway 

and YAP/TAZ.

TARGETED YAP/TAZ THERAPY

Studies of the effects of YAP and TAZ and Hippo pathway dysregulation on the liver have 

revealed context-dependent effects on disease. For example, although increased YAP and 

TAZ activity are sufficient to result in progression of fatty liver disease and the development 

of liver cancer, they also are required for liver regeneration. This suggests that therapeutics 

that both inhibit and activate the Hippo pathway will have therapeutic uses. Common 

strategies to affect Hippo pathway activity may work to enhance or inhibit Hippo kinase 

phosphorylation, to impact YAP or TAZ localization, or to prevent or enhance the binding of 

YAP and TAZ to the transcription factors TEAD1/2/3/4 or their transcriptional machinery.

As reviewed above, several commonly used drugs indirectly affect YAP/TAZ activity. Statins 

(131), metformin (127, 129), and angiotensin inhibitors (139) indirectly affect YAP/TAZ 

localization. In addition to these drugs, tankyrase inhibitors inhibit YAP by stabilizing a 

known negative regulator of YAP termed angiomotin. Tankyrase inhibitors, via angiomotin, 

enrich YAP in the cytoplasm (153). However, in vivo data for each of these treatments are 

lacking, and these drugs affect other processes outside of YAP.

For the direct positive regulation of YAP/TAZ activity, a small-molecule inhibitor of 

MST1/2, XMU-MP-1, has been developed (154). This inhibitor increased the rate of mouse 

liver regeneration after partial hepatectomy and boosted the growth of human hepatocytes 

transplanted into mouse livers. Furthermore, XMU-MP-1 could prevent liver damage, 

ameliorate acetaminophen-induced liver injury, and prevent fibrosis and cell death associated 

with chronic liver injury (154). Another study found that targeting Mst1/2 in older mice 

by liposomal small interfering RNA could restore regeneration in nonregenerating livers 

(155). Future studies aimed at targeting the Hippo pathway may reveal new pharmacological 

treatments that will prevent common causes of liver injury and aid in liver repair.

For the negative regulation of YAP/TAZ activity, several different strategies have led to 

drug discovery. Screening for molecules that inhibit the interaction of YAP with TEAD 

led to the discovery of verteporfin, which can inhibit YAP-induced hepatomegaly or bile 

expansion due to Nf2 loss (57). Development of a polypeptide that mimics VGLL4 and 

prevents the binding of YAP to TEAD can suppress the growth of gastric cancer xenografts 

(156). Additionally, the molecule MYF-01-37 covalently attaches to TEAD2 and inhibits its 

interaction with YAP, suppressing YAP-induced drug resistance (157). These strategies and 
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others will likely be effective for producing new therapeutic drugs for the treatment of liver 

cancer and other malignancies.

NEW MOLECULAR REGULATORS AND TARGETS OF THE HIPPO PATHWAY 

IN THE LIVER

As an increasing number of molecular regulators of the Hippo pathway are discovered 

in Drosophila and in mammalian cells, comparatively few have been tested for their 

phenotype or physiological relevance in the liver. For each newly discovered regulator, 

there is the potential for a new therapeutic target to either boost regeneration or inhibit 

the development of fatty liver disease and cancer. As expression of YAP/TAZ in the liver 

can cause hepatomegaly, cell proliferation, fatty acid accumulation, and tumorigenesis, each 

of these molecular components can be tested for their ability to either drive, enhance, or 

restrict these phenotypes. Revealing which of these molecules are important in the liver will 

also further reveal how the Hippo pathway is regulated in the liver by mechanical forces, 

metabolism, hormones, and other growth factors.

Particularly important to the Hippo pathway is the question of how the phosphorylation of 

MST1/2 and LATS1/2 are controlled under different physiological conditions. TAOK1/2/3 

have been identified as upstream kinases that catalyze activation of MST1/2 to drive Hippo 

pathway activation (158, 159). To the contrary, the striatin-interacting phosphatase and 

kinase (STRIPAK) complex dephosphorylates and inactivates MST1/2 and Hippo pathway 

activity (160, 161). How TAOK1/2/3 and the STRIPAK complex are physiologically 

regulated and how they relate to liver pathology remain unexplored. Additionally, there 

is evidence of an alternative, MST1/2-independent kinase cascade to LATS1/2 in flies 

and mammals that is mediated by the MAP4K subfamily of kinases (162–164). Whether 

MAP4K can directly phosphorylate LATS1/2 in the liver has not been reported.

Downstream of both mechanical forces and GPCRs, Rho, a small GTPase, regulates 

the Hippo pathway in many different contexts (135, 165, 166). The GPCR-coupled 

proteins Gα12/13 and Gαq/11 activate actin polymerization through Rho, which results in 

the downregulation of LATS1/2 activity, suggesting how activating mutations in these G 

proteins leads to uveal melanoma and other cancers (135–137). Alternatively, Gαs activates 

protein kinase A (PKA) to inactivate Rho and to activate LATS1/2 (142, 167). Through 

mechanical tension, the Rho-ROCK (Rho-associated protein kinase)-MLC (nonmuscle 

myosin II light chain) pathway controls YAP/TAZ activity, and pharmacological inhibition 

of Rho can induce YAP/TAZ phosphorylation (165, 166). Although Rho GTPases and their 

activation have been implicated in liver carcinogenesis (168), their role in regulating the 

Hippo pathway in the liver remains unvalidated.

Another promising avenue of research is determining which targets downstream of 

YAP/TAZ in the liver are required for particular disease processes, such as GLUL in 

hepatomegaly and liver cancer (120). Another promising target is the protein kinase 

NUAK2, an AMPK that is a direct target gene of YAP in the liver (94). Future screens 

in liver cell lines and organoids and analyses of YAP targets in mouse liver will likely reveal 
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additional interesting targets that will allow us to better understand how YAP/TAZ can drive 

liver disease.

CONCLUSIONS

Emerging from genetic screens in the simple model organism Drosophila, the Hippo 

pathway has provided myriad insights into the physiology of the liver. At its core, the 

Hippo pathway controls cellular proliferation within the context of signals provided by the 

entire tissue. Thus, responding to cellular forces, metabolic constraints, and signals from 

neighboring tissues, the Hippo pathway fundamentally regulates the size of the liver. Under 

normal conditions, the Hippo pathway promotes development into an appropriately sized 

liver with the correct distribution of hepatocytes and cholangiocytes. However, in the context 

of Hippo pathway dysregulation induced from genetic mutations or aberrant physiological 

signals, the size of the liver also becomes dysregulated, promoting poor regeneration, 

hepatomegaly, or liver cancer.

Although it is well understood that the Hippo pathway and YAP/TAZ regulate normal and 

pathological liver physiology, the important signaling molecules both upstream of Hippo 

and downstream of YAP and TAZ are little known. As increasingly more Hippo pathway 

regulators are discovered and put in the context of other signaling molecules, comparatively 

few have been tested for their effects on liver pathology. For example, even though GPCRs 

are well-known regulators of Hippo, can activating mutations in these receptors drive 

hepatomegaly or cancer? Furthermore, how do liver cells sense biomechanical signals, and 

does this mechanoregulation contribute to the final organ size of the liver?

We know that many common liver diseases are driven or modulated by YAP and TAZ, 

but how the physiological inputs responsible for these diseases ultimately synapse onto 

YAP/TAZ activation remains largely unknown. Furthermore, from a therapeutic standpoint, 

discovering the required genes downstream of YAP/TAZ that drive hepatomegaly, metabolic 

dysfunction, cancer, or even regeneration will likely reveal new druggable targets. As the 

rates of liver diseases throughout the world increase, therapeutically targeting the Hippo 

pathway takes on a sense of urgency. Can we fine-tune Hippo to boost regeneration and also 

to treat liver cancer?
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Figure 1. 
The Hippo pathway in mammals. Components in red denote the core proteins of the 

Hippo pathway, and components within the dotted rectangle indicate components of the 

canonical kinase cascade. Components in green are regulators of the Hippo pathway that are 

important in the liver, and components in blue denote regulators identified in Drosophila or 

in mammals that have not yet been tested in the liver but are discussed in this review.
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Figure 2. 
Cell-type-specific functions of the Hippo pathway. The Hippo pathway and YAP/TAZ play 

key roles in hepatocytes, cholangiocytes, endothelial cells, and stellate cells within the liver, 

which are depicted here in a representation of a hepatic lobule. Shared features include 

that YAP/TAZ regulate liver regeneration in the context of the stellate cell, hepatocyte, 

and cholangiocyte and are involved in cancers that originate from liver bile duct cells, 

hepatocytes, and endothelial cells.

Driskill and Pan Page 27

Annu Rev Pathol. Author manuscript; available in PMC 2021 November 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Regulation of the Hippo pathway. (a) Summary of inputs and outputs of the Hippo pathway 

that converge on YAP/TAZ. Schematics of regulation of the Hippo pathway by (b) energy 

levels and AMPK, (c) high glucose, (d) the mevalonate pathway, (e) bile acids, (f) GPCRs 

and their ligands, and (g) mechanical forces. Components in red denote the core proteins 

of the Hippo pathway, and components in green are regulators of the Hippo pathway that 

are important in the liver. Blue components denote regulators identified in Drosophila or in 

mammals that have not yet been tested in the liver but are discussed in this review.
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Table 1

Core components of the Hippo pathway and their phenotypes after genetic manipulation in mice

Hippo pathway 
component Manipulation Phenotype Reference(s)

YAP Overexpression in 
hepatocytes

Hepatomegaly 8, 48

Drives the formation of hepatocellular carcinoma, 
cholangiocarcinoma, or both; drives hepatoblastoma with 
additional WNT activation

8, 47, 73, 83, 85

Dedifferentiation of hepatocytes to cholangiocytes 47

Peritumoral activation of YAP restrains adjacent tumor
growth

112

Loss in hepatocytes Prevents progression of hepatocellular carcinoma 82

Hepatomegaly partially through increased fibrogenesis 35, 59

Prevents proper regenerative response in combination with 
deletion of TAZ

59

Prevents ductular response to injury 63

Loss in cholangiocytes Hypoplastic biliary ducts after development-specific deletion 35, 59

Prevents ductular response to injury 63, 64

Causes loss of bile ducts after deletion in adulthood 63

TAZ/WWTR1 Overexpression Drives the formation of hepatocellular carcinoma 73

Drives inflammation 70, 73

Promotes progression of NASH 70

LATS1/2 Loss Hepatomegaly 49, 50

Peritumoral loss of LATS1/2 restrains adjacent tumor growth 112

Shift differentiation potential of hepatoblasts to cholangiocytes 50, 75

Spontaneous development of fatty liver disease 118

MST1/2 Overexpression Suppresses hepatocellular carcinoma growth 53

Suppresses lipid accumulation in Akt-driven fatty liver
disease

117

Loss Hepatomegaly 51, 52

Drives the formation of hepatocellular carcinoma and/or 
cholangiocarcinoma

51–53, 74

Promotes macrophage infiltration and inflammation 74

Promotes regeneration 155

Promotes fatty liver disease 119

SAV1 Loss Hepatomegaly 51, 54

Drives the formation of hepatocellular carcinoma and/or 
cholangiocarcinoma

51, 54

Promotes nonalcoholic fatty liver disease 71, 117

MOB1A/1B Loss Hyperplasia of cholangiocytes 55

Drives the formation of hepatocellular carcinoma and/or 
cholangiocarcinoma

55

NF2 Loss Drives the formation of hepatocellular carcinoma and/or 
cholangiocarcinoma

35, 47

Annu Rev Pathol. Author manuscript; available in PMC 2021 November 16.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Driskill and Pan Page 30

Hippo pathway 
component Manipulation Phenotype Reference(s)

Leads to the dedifferentiation of hepatocytes 47

KIBRA Loss Hepatomegaly and combined hepatocellular carcinoma
and cholangiocarcinoma

56

Inflammation 56
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