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Liver cancer is the third leading of tumor death, including hepatocellular

carcinoma (HCC) and intrahepatic cholangiocarcinoma (ICC). Immune

checkpoint inhibitors (ICIs) are yielding much for sufferers to hope for patients,

but only some patients with advanced liver tumor respond. Recent research

showed that tumor microenvironment (TME) is critical for the effectiveness of

ICIs in advanced liver tumor. Meanwhile, metabolic reprogramming of liver

tumor leads to immunosuppression in TME. These suggest that regulating the

abnormal metabolism of liver tumor cells and firing up TME to turn “cold tumor”

into “hot tumor” are potential strategies to improve the therapeutic effect of ICIs

in liver tumor. Previous studies have found that YAP1 is a potential target to

improve the efficacy of anti-PD-1 in HCC. Here, we review that YAP1 promotes

immunosuppression of TME, mainly due to the overstimulation of cytokines in

TME by YAP1. Subsequently, we studied the effects of YAP1 on metabolic

reprogramming in liver tumor cells, including glycolysis, gluconeogenesis, lipid

metabolism, arachidonic acid metabolism, and amino acid metabolism. Lastly,

we summarized the existing drugs targeting YAP1 in the treatment of liver tumor,

including some medicines from natural sources, which have the potential to

improve the efficacy of ICIs in the treatment of liver tumor. This review

contributed to the application of targeted YAP1 for combined therapy with ICIs

in liver tumor patients.
KEYWORDS

YAP1, liver cancer, immune checkpoint inhibitors, tumor microenvironment,
metabolic reprogramming
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1 Introduction

As the third leading cause of tumor death in the world,

liver tumor is the only one of the top five deadliest tumors to

have an annual percentage increase in occurrence (1, 2). Primary

liver tumor mainly includes two different histological

subtypes, hepatocellular carcinoma (HCC) and intrahepatic

cholangiocarcinoma (ICC), with etiology and biological

heterogeneity in the clinic (3). Often, the incidence of liver tumor

is higher in developing countries (4). The main risk factors of liver

tumor include hepatitis B virus (HBV) and hepatitis C virus (HCV)

infection, non-alcoholic fatty liver disease, metabolic syndrome, and

various dietary exposures (5). According to the analysis of global

epidemiological changes in liver tumor, with the prevalence of

obesity and the increase in alcohol intake, non-alcoholic fatty

liver disease, and alcoholic liver disease have replaced HBV

infection as the primary cause (6, 7). Due to the late onset of

symptoms, a large proportion of patients with HCC are diagnosed

at advanced stages, resulting in an inferior prognosis (8, 9). No

longer eligible for curative or locoregional therapies, these patients

with advanced liver tumor can only choose to seek systemic

treatment (10). Oral sorafenib is the first choice for chemotherapy

for advanced liver tumor, but fewer than one-third of patients

benefit from treatment and develop drug resistance within six

months (11). Traditional treatments such as ablation therapies

and chemotherapy cannot effectively improve the prognosis of

patients with advanced liver tumor (12).

In the past few years, immune checkpoint inhibitors (ICIs) have

revolutionized the systematic treatment of liver tumor (13). The

Food and Drug Administration (FDA) approved the combination

of atezolizumab (anti-programmed death-ligand 1) and

bevacizumab (anti-vascular endothelial growth factor) as first-line

treatment for advanced liver tumor because it improved overall

survival compared to sorafenib (14, 15). Although the treatment of

liver tumor has evolved from single-drug targeted therapy to ICI

combined targeted therapy, only a small subset of patients can

obtain durable clinical benefits. Therefore, it is still a great challenge

to improve the therapeutic effect of ICIs for liver tumor (16).

The effectiveness of ICI therapy for liver tumor largely depends

on the tumor microenvironment (TME) (17, 18). The occurrence

and development of liver tumor are accompanied by chronic

inflammation, which leads to the accumulation of immune cells

and cytokines in the liver, forming a hypoxia immunosuppressive

TME that supports the growth of tumor cells (19). Metabolic

reprogramming is an emerging hallmark of liver tumor.

Increasing evidence suggests that metabolic changes in TME are

essential to ICI resistance in liver tumor (20). Metabolic

reprogramming of liver tumor contributes to the maintenance of

immunosuppressive TME, resulting in tumor immune escape (21).

Liver tumor TME enhances metabolic states such as glycolysis and

lipid metabolism and releases metabolites such as lactic acid and

arginine, which seriously inhibit immune cells’ differentiation,

proliferation, and activation. There is metabolic competition

between tumors and immune cells in TME, which limits the

access of immune cells to nutrients and leads to TME acidosis,

which hinders the function of immune cells (22).
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The Hippo/YAP pathway regulates organ growth and cell

proliferation (23). Yes-associated protein (YAP1), a co-

transcriptional factor of Hippo/YAP pathway, translocates from

the nucleus to the cytoplasm (24). The upstream of YAP1 mainly

includes the mammalian STE20-like protein (MST) 1/2, the

mammalian ortholog of Salvator (WW45/SAV), the large tumor

suppressor homolog (LATS) 1/2 and Mps one binder kinase

activator (MOBs) (25). In the Hippo pathway, the phosphorylated

MST1/2 and WW45 complexes activate LATS/MOB complex, and

then phosphorylate YAP1, resulting in YAP1 translocation and

degradation at the cytoplasm (26). The activated YAP1 enters the

nucleus, and its protein structure is composed of TEA domain

transcription factor (TEAD)-binding domain (TBD), 14-3-3

binding domain, two W-containing domain (WW) domains,

coiled-coil (CC) domain, transactivation domain (TAD), and

PDZ domain (27, 28). There is no DNA binding site in

YAP1, and the downstream pathway is regulated by TEAD1

(Figure 1) (29).

YAP1 is considered to be the root of tumor and is generally

activated in human malignant tumors. It is essential for the

initiation and growth of most solid tumors, such as liver tumor

(30). YAP1 is activated in the development and progression of liver

tumor, which drives tumor cell survival, proliferation, invasive

migration, metastasis, and stemness of liver tumor cells. It may

also lead to resistance to chemotherapy, radiotherapy, and

immunotherapy (31, 32). It is worth noting that YAP1 has

different effects on tumor and peritumoral. Normal hepatocytes in

liver tumor also show activation of YAP1. Still, the loss of YAP1 in

hepatocytes around these tumors accelerates the growth of tumors,

while activated YAP1 in peritumoral hepatocytes invades liver

tumor (33). YAP1 is a potential target to improve the efficacy of

ICIs in the treatment of liver tumor. Our previous research found

that YAP1 suppression (knockdown or chemical inhibition)

enhanced the effectiveness of anti-PD-1 immunotherapy in

mice with liver tumors (34). This effect related to the suppression

of immunosuppressive TME, the balance of intestinal

microorganisms, and the homeostasis of lipid metabolism in

HCC cells dependent on YAP1 (35–37).

Here, we review the vital role of YAP1 in liver tumor immune

microenvironment and metabolic reprogramming, and discuss the

current status of targeted YAP1 in treating liver tumor. We hope

our research will provide potential evidence for YAP1-centric or

combined immunotherapy.
2 The interaction between YAP1 and
immune molecules in liver
tumor niche

TME is characterized by an anoxic and acidic environment,

abnormal vascular proliferation, inflammation, and an

immunosuppressive response, which plays a crucial role in tumor

development and growth (38). Except for tumor cells, TME consists

of stromal cells, such as tumor-associated fibroblasts (CAFs) and

lymphocytes, including T cells, unconventional T cells, B cells,
frontiersin.org
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natural killer cells (NK), neutrophils, tumor-associated

macrophages (TAMs), and myeloid-derived suppressor cells

(MDSCs) in HCC. It also includes structural components like the

extracellular matrix and intercellular communication-related

molecules such as chemokines, cytokines, and exocrine substances

(39, 40). These significantly impact tumor evasion, response to

immunotherapy, and patient prognosis. The TME of liver tumor is

characterized by the infiltration of tumor-infiltrating lymphocytes,

including T cells, unconventional T cells, B cells, and NK.

Unconventional T cells include natural killer T, (NKT), mucosal-

associated T cells (MAIT), and gdT cells (41, 42). The anti-tumor

immune response is mediated by cytotoxic CD8+T cells (CTLs), NK

cells, NKT cells, g d T cells, and dendritic cells (DCs). M2-TAM,

regulatory T cells (Tregs), MDSC, and CAFs encourage tumor cell

immune evasion and hasten HCC spread (43). However, the

current research does not involve the relationship between YAP1

and NKT cells, g d T cells or B cells in tumor immunity of HCC.

YAP1 expression is inversely correlated with the prognosis of tumor

patients (44). Here, we reviewed overexpressed YAP1 stimulates the

production of cytokines, leading to increased infiltration of

macrophages, MDSCs, and Tregs, ultimately resulting in an

immunosuppressive TME that promotes tumor initiation and

progression. Deficiency or inhibition of YAP1 enhances the

killing ability of T cells and NK cells to tumor cells (45–

50) (Figure 2).
2.1 T cells

T cells are the predominant immune cell subset observed in

TME (51). One of the most significant immune surveillance cells is
Frontiers in Immunology 03
the CD8+T cells in the TME. A positive predictive mark in tumor

tissue is a high abundance of CD8+T cells with killing capability. A

high proportion of activated CD8+T cells in combination with low

Tregs in the tumor niche has emerged as an independent prognostic

factor for enhancing the overall survival rate and disease-free

survival time in patients with HCC (52). It is beneficial to

increase the percentage of CD8+T cells with a killing ability in

tumor tissue to impede and even eradicate tumor growth (53, 54).

CD8+T cells kill tumor cells by secreting enormous amounts of

protease perforin, granzyme B, and interferon-gamma (IFN-g) (55,
56). On the other hand, after CD8+T cells recognize tumor cells, the

high level of FasL is expressed on the cell surface and bound to the

Fas on the surface of the target cells, leading to programmed cell

death in the tumor cells (57). However, ECM sclerosis caused by

liver fibrosis reduced the infiltration of CD8+ T cells into HCC (58).

The acidic and anoxic TME and the high proportion of Treg cells in

HCC restrict the anti-tumor activity of CD8+T cells (59).

CD4+T cells promote anti-tumor immunity directly or

indirectly through the help of CD8+T cells (60). Depletion of

CD4+T cells diminished the anti-tumor effect (61). CD4+T cells

are primarily categorized into Th1, Th2, Th9, Th17, Tfh, and Treg

subsets based on their functions. Th1 cells assist CD8+T cells and

secrete cytokines such as tumor necrosis factor-alpha (TNF-a),
IFN-g, and IL-2 to enhance the ability of CD8+T cells to target and

kill tumor cells (62–64). Th2 cells are primarily involved in humoral

immunity, secreting cytokines such as IL-4, IL-5, IL-6, and IL-10 to

stimulate B cells to differentiate into plasma cells and produce

antibodies, thereby maintaining the stability of humoral immunity

(65). Th9 cells primarily participate in the immune response by

secreting IL-9. Th17 cells mainly enhance the immune surveillance

ability of the body and boost the immune response to liver tumor by
FIGURE 1

Key signals regulating YAP1 in liver tumor and the structure of human YAP1 protein. In the Hippo pathway, the activated MST1/2 and WW45
complexes phosphorylate, activate the LATS/MOB complex, and then phosphorylate YAP1, resulting in YAP1 translocation and degradation. The
structure of the human YAP1 protein mainly includes TBD, TEAD-binding domain; WW, W-containing domain; CC, coiled-coil domain; TAD,
transactivation domain.
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secreting IL-17A/F, CC chemokine receptor 6 (CCR6), and other

factors (64, 66). However, Th17 cells have also been reported to

correlate positively with microvessel density in tumor tissues. This

indicates that Th17 cells play a role in promoting angiogenesis and

accelerating tumor progression (67). Tfh cells play a role in

regulating humoral immunity. Treg cells mainly secrete cytokines

such as transforming growth factor-beta (TGF-b), IL-4, and IL-10

to inhibit the proliferation of effector T cells or the proliferation of

NK and effector T cells through direct cell-to-cell contact. The

immunosuppressive environment created by Tregs promotes the

evasion of tumor cells from detection and clearance by T cells,

leading to the invasion and migration of tumor cells (57). The

extent of tumor infiltration by Tregs was directly correlated with

intra-tumoral vascular density, while the extent of CD8+T cell

infiltration was inversely correlated. The high proportion of Treg

cells reduces the survival rate of patients with HCC (68).

The high expression of YAP1 in tumor tissue can lead to the

depletion of CD8+T and CD4+T cells, facilitating the proliferation

and dissemination of liver tumor cells (36). In T cells activated by

the TME, YAP1 played a role in immunosuppression and inhibition

of effector differentiation. Loss of YAP1 in CD4+ and CD8+T cells

enhanced T cell activation, differentiation, and cytotoxic function

against tumor cells (49). In addition, verteporfin, an inhibitor of the

binding YAP1 to TEAD, promoted T cell activation (69). However,

neither the loss of YAP1 nor the use of inhibitors can regulate T cell
Frontiers in Immunology 04
proliferation. In addition to being highly expressed in numerous

tumor cells, YAP1 is significantly expressed in Treg and CD8+T

cells, inhibiting the immune response to tumors (50, 70). The

expression level of YAP1 is upregulated in Tregs of peripheral

blood mononuclear cells from patients with HCC. YAP1 fosters the

differentiation of Tregs, particularly by enhancing the expression of

TGF-b receptor 2, thereby promoting immunosuppression in the

tumor niche (45). YAP1 was also expressed in activated CD8+T

cells. YAP1 suppresses the anti-tumor response facilitated by

suppressing the cytotoxicity of activated CD8+T cells (50). CD8+T

cells lacking YAP1 produce more cytokines, such as IFN-g and

granzyme B in the niche (50). In summary, inhibiting the activity of

YAP1 enhances the activation, differentiation, and cytotoxicity of T

cells, hinders the differentiation of Tregs, and suppresses

tumor growth.
2.2 NK cells

NK cells are considered the first line of defense against tumors.

NK cells are a type of lymphocyte that can nonspecifically kill tumor

cells without needing antigen presentation by MHC molecules (71).

The main pathways through which NK cells resist tumor cells include

the “missing self” mechanism and antibody-dependent cytotoxicity

(ADCC). NK cells recognize and kill tumor cells (“missing self”
FIGURE 2

The interaction between YAP1 and immune molecules in TME of liver tumor. CD8+T and NK cells eliminate tumor cells by releasing IFN-g and
granzyme B. In contrast, Treg cells hinder the proliferation of effector T cells by releasing cytokines like TGF-b and IL-10, which creates an
immunosuppressive TME that aids in the evasion of liver tumor cells. Moreover, MDSCs promote the escape and invasion of liver tumor cells by
secreting immunosuppressive factors such as nitric oxide synthase, arginase, and TGF-b. Meanwhile, M2 macrophages secrete anti-inflammatory
cytokines, including IL-10, IL-13, and IL-4, to inhibit immune clearance. In addition, CAFs, M2 macrophages, and MDSCs promote tumor metastasis
by inducing the stiffening of the tumor ECM. Interestingly, YAP1 upregulates the infiltration of MDSCs, CAFs, M2-TAM, and Treg in liver tumor cells.
Besides, YAP1 inhibits the activity of CD8+T and NK cells, promotes the formation of an immunosuppressive TME, and contributes to the evasion and
progression of liver tumor cells.
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phenotypic cells) that are not identifiable by T cells because of the

down-regulation of MHC-I. The mechanism of ADCC involves NK

cells recognizing B cell IgG-specific tumor cells and inducing target

cell death by releasing perforin and granzyme or through the Fas/

FasL pathway or TNF-a/TNFR-I pathway (71, 72). In addition to

attacking tumor cells, NK cells also enhance the killing ability of T

cells by releasing cytokines such as IFN-g (72, 73).
Inhibition of LATS in the Hippo pathway increases the

expression of YAP1 and PD-L1, suppressing the function of NK

cells and promoting the apoptosis of T cells in tumors (74).

Inhibition of YAP1 and STAT3 enhanced the killing effect of NK

cells by reducing the expression of PD-L1 (75). The injection of NK

cells can improve the death of tumor cells and inhibit the expression

of YAP1, thereby reducing the tumor growth rate (76). In HCC, the

interaction between the ETS transcription factor 4 (ETV4) and

YAP1 activates the expression of CXCL1 and CC motif chemokine

ligand 2(CCL2), leading to the infiltration of MDSCs and TAM

while also down-regulating the number of T cells and NK cells. This

interaction promotes the development and spread of HCC (77, 78).

To sum up, the activity of YAP1 negatively regulates the number of

NK cells and their killing effect. Inhibiting the expression of YAP1 is

expected to become a new strategy to control the microenvironment

of HCC.
2.3 MDSCs

MDSCs refer to a group of myeloid cells with immature

characteristics and potent immunosuppressive function. Tumor

cells stimulate the production of MDSCs by activating the JAK/

STAT pathways (57). High levels of MDSC are associated with an

increased risk of HCC and lower survival rates (79). On one hand,

MDSCs inhibit T cell activity by secreting immunosuppressive

factors, such as nitric oxide (NO) synthase and arginase. On

the other hand, MDSC stimulates the production of

immunosuppressive cells such as Treg and TAM (M2 type) by

binding to TGF-b (57, 80). MDSC also inhibits the activation of

CD8+T cells and liver NK cells and promotes the escape and

infiltration of HCC cells (81). Furthermore, MDSCs promote

tumor metastasis by producing vascular endothelial growth factor

(VEGF), basic fibroblast growth factor (bFGF), and matrix

metalloproteinases (MMP), which accelerate angiogenesis and

enhance the stiffness of the extracellular matrix (ECM) (57).

YAP1 in tumors suppresses immunotherapy by upregulating

the number of MDSCs (46, 82, 83). MDSC depletion caused by

YAP1 knockout enhances T cell activation and macrophage

reprogramming (82). Activated YAP1 upregulates the secretion of

IL-6 and TNF-a from tumor cells, as well as colony-stimulating

factor 1-3 (CSF1-3), CXC motif chemokine ligand 5(CXCL5),

PGE2, COX2, and other factors that recruit MDSCs (84).

Verteporfin, the inhibitor of YAP1, downregulated IL-6, CSF1-

3, and CXCL5, which compel MDSCs in tumor (85).

Therefore, YAP1-TEAD complex creates an immunosuppressive

microenvironment by stimulating tumor cells to secrete factors that

recruit MDSCs, Tregs, and CAFs, which is conducive to the spread

and invasion in tumor niche.
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2.4 CAFs

The activation and widespread proliferation of CAFs is one of

the characteristics of HCC (86). As an essential stromal cell in TME,

CAFs are closely associated with the onset and progression of HCC.

CAFs provide physical support for TME and secret proteins such as

hepatocyte growth factor (HGF), and insulin-like growth factor-1/2

(IGF-1/2), among others in extracellular matrix (ECM) (87). HCC

cells promote CAF proliferation, CAFs also promote the

development and metastasis of HCC cells (88, 89). Further, CAFs

inhibit the function of immune cells, promote tumor invasion and

metastasis, and enhance the malignant phenotype of tumor cells

through direct cell-to-cell contact, activation of cytokine secretion

signal pathways, or increased production of metabolites (90, 91).

CAFs secrete various cytokines, in which VEGF promotes

angiogenesis, and TGF-b inhibits DC maturation and promotes

Treg differentiation (92). IL-6 promotes MDSC differentiation and

inhibits the function of CD8+T cells. CAFs also promote the

solidification of tumor ECM by secreting large amounts of

collagen and fibronectin. This hinders drug penetration or

immune cells into tumor niche, reducing the therapeutic effect.

Furthermore, exosomes derived from CAFs boost glycolysis,

releasing substantial quantities of lactic acid and hydrogen ions.

This process creates an acidic microenvironment that hinders the

function of immune cells (93). A significant amount of ECM from

CAFs increase the rigidity of the microenvironment and interstitial

pressure, and promote tumor invasion and migration. Additionally,

metabolites such as lactate and pyruvate produced by CAFs serve as

nutrients for tumor cells, and support tumor cell metabolism.

The stiffness of ECM and cell-mediated tension play a role in

mediating the contractility of cells. The interaction between YAP1

and TEAD is influenced by mechanical force (94). CAFs secrete

MMP to remodel the ECM, increase tissue tension, and intensify the

malignancy of tumor (93, 94). YAP1 enhances the activity of

myosin light chain 2 to increase cell surface tension and regulate

the activation of CAFs. The activated CAFs further improve the

rigidity of ECM and maintain the high-tension state of CAFs (94).

Furthermore, YAP1 is expressed in endothelial cells, and its activity

is regulated by cell contact mediated by endothelial cell adhesion

connexin and VE-cadherin. In turn, YAP1 regulates endothelial

function by controlling the expression of ANG-2, which impacts

tumor angiogenesis (95). YAP1-activated CAFs expressed higher

levels of TGF- b and IL-4. In short, YAP1 was identified as a critical

regulator of CAF activation; elevated levels of YAP1 are considered

to activate CAFs, resulting in the stiffening of the ECM and the

progression of the tumor (96). In turn, inhibiting the activity of

YAP1 prevents the activation of CAFs (97). These findings are

essential for inhibiting YAP1 to enhance the efficacy of HCC and

regulate the tumor microenvironment.
2.5 TAMs

Tumor-associated macrophages include M1 and M2 subtypes.

M1 macrophages secrete pro-inflammatory cytokines, such as IL-

12, TNF-a, CXCL-10, and IFN-g, and produce high levels of iNOS
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to eliminate tumor cells. M2 macrophages secrete anti-

inflammatory cytokines, including IL-10, IL-13, and IL-4, to

inhibit immune clearance. It also promotes tumor formation and

growth by stimulating proliferation and angiogenesis (98, 99). Most

TAMs exhibit an M2-like phenotype and secrete IL-10 and TGF-b
to suppress tumor immunity in HCC (100). At the same time, IL-6

secreted by TAMs and activated STAT3 signaling promote the

expansion of cancer stem cells (CSCs) and increase the progression

and recurrence in liver tumor (101). The prognosis of patients with

liver tumor was negatively correlated with the degree of M2

macrophage infiltration in the tumor niche (102).

The recruitment of tumor-initiating cell (TIC)-associated

macrophages (TICAM) is crucial for tumor development and

advancement. Overexpression of YAP1 and knockout of Mst1/2

or Lst1/2 recruit liver tumor initiation cells TICAM (46). In

addition, it was found that activated YAP1 promotes the secretion

of IL-6 by HCC cells, which subsequently encourages the

chemotaxis and recruitment of TAMs in the liver (103). Using

statins inhibits the expression of YAP1 and the accumulation of

TAMs, while inhibiting or deleting IL-6 also demonstrates

resistance to carcinogenesis (103–105). These results suggest that

enhancing the infiltration of TAMs by regulating YAP1 could be a

novel therapeutic strategy in HCC. Both CCL2 (also called MCP1)

and CSF1 promote M2 polarization and contribute to tumor

initiation and progression (106, 107). YAP1 activation

upregulated the express ion of CCL2 and CSF1. The

transcriptional activity of YAP1/TEAD recruits TICAM, in which

YAP1/TEAD1 directly binds to the promoter of CCL2. Oncogenes

such as AKT/EGFR activate YAP1 in HCC, upregulate CCL2

expression, and recruit TICAM to promote the survival and

tumorigenesis of TIC (46). However, another study suggests that

Mst1/2-DKO mice activated YAP1 and increased CCL2 expression

during HCC formation. This promoted M1 and M2 polarization

and regulated the growth and proliferation of liver tumor cells

(108). In summary, activated YAP1 recruits TAMs, promotes M2

polarization of macrophages, and accelerates the growth and

proliferation of HCC cells.
3 YAP1 is extensively involved in the
metabolic reprogramming of
liver tumor

Metabolic reprogramming is a hallmark event in tumor cell,

which is considered to drive the occurrence and progression of liver

tumor (109). The enhancement of catabolism and anabolism of

tumor cells mainly characterizes the metabolic reprogramming of

tumor. This is usually due to adaptive changes caused by a lack of

oxygen and insufficient nutrition in tumor cells (110). In recent years,

with an in-depth understanding of the role of metabolism in the

pathogenesis of liver tumor, regulating metabolic abnormalities is

considered a potential new strategy for liver tumor treatment (111).

YAP1 is involved in metabolism regulation and is an emerging

node in coordinating nutrient availability with cell growth and

tissue homeostasis (112). Indeed, YAP1 participates in the
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metabolic events of liver tumor cells such as glycolysis and lipid

metabolism. Conversely, the state of glycolysis and lipid metabolism

of liver tumor cells regulate YAP1. Currently, much is known about

the regulation of YAP1 in metabolic reprogramming of tumor cells,

but little is known about the regulation of YAP1 on metabolic

reprogramming of immune cells in liver tumor. Here, we mainly

review the important role of YAP1 in glycolysis, gluconeogenesis,

lipid metabolism, arachidonic acid (AA) metabolism, and amino

acid metabolism in liver tumor cells (Figure 3).
3.1 Aerobic glycolysis

Aerobic glycolysis is a crucial feature of glucose metabolism in

tumor cells. Even under sufficient oxygen, tumor cells convert

glucose to pyruvate and eventually produce lactic acid,

characterized by increased glucose uptake and lactic acid

production. This phenomenon was first discovered in HCC by

Otto Warburg in the 1920s and named the Warburg effect (113).

Aerobic glycolysis promotes the proliferation and growth of HCC

(114). The rapid production of ATP during aerobic glycolysis makes

the tumor cells adapt to the energy-deficient microenvironment.

The glycolysis phenotype of liver tumor cells promotes the growth

in HCC. This is due to the accumulation of lactic acid caused by

aerobic glycolysis of tumor cells, which leads to the acidification of

the tumor extracellular environment, inhibits the function of

immune cells in TME, and leads to immune escape (115, 116). At

the same time, enhancing aerobic glycolysis of liver tumor cells also

promotes the invasion and metastasis through lactic acid-mediated

extracellular acidification (117). Aerobic glycolysis causes

angiogenesis of HCC in various ways, which further leads to

rapid tumor growth and metastasis (118). In addition, aerobic

glycolysis is an essential cause of drug resistance. Inhibition of

glycolysis has been shown to improve the efficacy of sorafenib in

HCC (119, 120).

There is increasing evidence that oncogenes and tumor

suppressor genes regulate the abnormal glycolysis phenotype in

HCC (113). The effective inhibition of aerobic glycolysis enhanced

in liver tumor cells has a promising anti-tumor effect (121, 122).

YAP1 has been demonstrated to be one of the most critical

molecules in regulating glycolysis in HCC (123). As a tumor-

promoting factor, YAP1 activation induced by hypoxia is the key

to promoting glycolysis of HCC cells. Inhibition of YAP1 down-

regulated glycolysis under hypoxia in HCC cells. Hypoxia stress

encourages the binding of YAP1 and HIF-1a in the nucleus, directly

activates pyruvate kinase M2 (PKM2) transcription, and finally

accelerates the glycolysis phenotype in HCC cells (124). Even under

normal oxygen conditions, YAP binds HIF-1a in the nucleus to

activate the transcription of glycolysis genes, such as solute carrier

family 2 member 1 (SLC2A1), hexokinase 2 (HK2), aldolase A

(ALDOA), and dehydrogenase A (LDHA). In turn, these proteins

promote aerobic glycolysis in HCC cells and provide energy for

tumor cell proliferation (125). In addition, our prior studies also

suggested that YAP1 knockdown/knockout reduced the SLC2A1-

mediated Warburg effect in HepG2215 cells and mice with liver

tumor induced by DEN/TCPOBOP (126).
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It is reported that there is an interaction between YAP1 and

metabolism (112). It is a remarkable fact that aerobic glycolysis of

HCC cells, in turn, regulates YAP1 activity (127). Glycolysis is

necessary to maintain the tumor-promoting function of YAP1, and

YAP1 is needed to give full play to the growth-promoting activity of

glucose. When the aerobic glycolysis was enhanced in HCC cells, the

activity of YAP1 increased, and when the aerobic glycolysis of HCC

cells was inhibited, the transcriptional activity of YAP1 decreased.

The primary mechanism is phosphofructokinase (PFK1), which

binds TEADs, a transcriptional cofactor of YAP1, and promotes

their functional and biochemical synergism with YAP1 (128).
3.2 Gluconeogenic

Gluconeogenesis, the reverse pathway of glycolysis, syntheses

glucose from non-carbohydrate substrates such as glycerol, lactate,

pyruvate, and glucogenic amino acids (129, 130). The uncontrolled

proliferation leads to excessive consumption of nutrients such as

glucose, which leads to nutrient deprivation in tumor. The

microenvironment of solid tumors is thought to be more prone

to glucose deprivation, resulting in nutritional deficiencies (131). In

the absence of glucose, tumor cells synthesize important metabolites

through gluconeogenesis. However, gluconeogenesis promotes or

inhibits tumors in different types of tumor (132).

Gluconeogenesis occurs mainly in hepatocytes and is

considered to play an essential role in the tumor progression of

HCC. Converting aerobic glycolysis of liver tumor cells to
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gluconeogenesis may be an effective strategy for treating HCC

(133). Although the abbreviated form of gluconeogenesis helps

tumor cells survive under glucose deficiency, gluconeogenesis

reduces the production of glycolysis and lactic acid in HCC due

to the rapid proliferation of HCC cells (134). Phosphoenolpyruvate

carboxykinase 1 (PCK1) is the first rate-limiting enzyme of

gluconeogenesis, and has an anti-tumor effect in liver tumor.

PCK1 deficiency increases hepatic gluconeogenesis and promotes

the proliferation of HCC (135).

Interestingly, YAP1 reprogrammed cell metabolism by

transforming the substrate from energy-consuming gluconeogenesis

to the anabolism of growth. YAP1 suppresses the expression of PCK1

by inhibiting the binding of peroxisome proliferator-activated

receptor gamma coactivator 1 (PGC1a) to gluconeogenesis gene

promoter, which leads to the activation of gluconeogenesis pathway

and the progress of HCC. The inhibition of YAP1 induces the

restriction of PCK1 on gluconeogenesis and restores the anti-tumor

effect on HCC (136).
3.3 Lipid metabolism

Lipids serve vital biological roles within the human body,

encompassing energy provision and storage, maintaining

membrane structure and function, and signal transduction (137).

In the context of tumor, aberrant lipid metabolism commonly

occurs, characterized by heightened lipid metabolism during

various stages of tumor progression. The surplus of lipids not
FIGURE 3

YAP1 is extensively involved in metabolic reprogramming in liver tumor. YAP1/TEAD binds to HIF-1a and promotes the transcription of the glycolysis
gene, increases SLC2A1-mediated glucose uptake, and enhances glycolysis in liver tumor cells. Meanwhile, YAP1 promotes PGC1a transcription and
inhibits G6PC and PCK1 to inhibit gluconeogenesis in liver tumor cells. At the same time, YAP1 enables PLIN2 on the surface of lipid droplets to
improve lipid metabolism in liver tumor cells. Moreover, YAP1 inhibits PLCB1 and HPGD, thus promoting arachidonic acid metabolism in liver tumor
cells. Besides, YAP1 promotes amino acid transporters SLC38A1, SLC7A5, and LAT1 through transcription factor TEAD, enhances amino acid uptake
in liver tumor cells, and thus promotes mTOR.
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only provides the energy supply for tumor cells but also fosters the

proliferation and metastasis of these cells while instigating signal

transduction and epigenetic occurrences (138, 139).

Lipids mainly comprise phospholipids, sphingolipids,

triglycerides, fatty acids (FAs), and sterols. Phospholipids and

sphingomyelins constitute the main components of the cell

membrane’s lipid bilayer and are also involved in signal

transduction. Triglycerides, including fat and oil, are the body’s

primary forms of energy storage, mainly composed of FAs and

glycerol. The main form of sterols in the body is cholesterol (137).

Increasing evidence suggests that the increase of lipids, incredibly

FAs, and cholesterol leads to a poor prognosis for patients with

tumor. Although glycolysis is the primary metabolic mode of tumor

cells, lipid-dependent metabolism is also an important energy

source pathway for tumor cells. Tumor cells use FAs and

cholesterol to meet excessive energy needs (140, 141). In addition,

tumor cells synthesize FAs and activate them through covalent

modification by fatty acyl-CoA synthetase, while the activated FAs

are mainly stored in lipid droplets (LDs) (142).

The increase in lipid metabolism and the imbalance of lipid

physiology often exist in HCC, resulting in abnormal lipid

metabolism (143, 144). Increased fat production and imbalance of

cholesterol biosynthesis are essential metabolic events in the

development of HCC. Therefore, regulating abnormal lipid

metabolism to target de novo FA synthesis and cholesterol

biosynthesis is an important therapeutic strategy for HCC (145).

YAP1 induces lipid metabolism reprogramming in tumor

cells (146). A comprehensive analysis of transcriptome and

metabonomic in our study shows that YAP1 knockdown inhibits

the proliferation and metastasis mainly by regulating lipid

metabolism in HCC cells (147). Our previous studies also show

that YAP1 knockdown/knockout reduces LD deposition and the

membrane protein perilipin2 (PLIN2) expression on the surface of

LDs in HCC cells (35, 148). Down-regulation of YAP1 reduces LD

accumulation in mice with non-alcoholic fatty liver disease and

inhibits the proliferation and invasion of HCC cells (149). In

addition, YAP1 mediates the metabolic transformation of fatty

acid oxidation (FAO) in tumor cells, which promotes tumor

lymph node metastasis. Inhibition of YAP1 is a potential strategy

to reduce tumor lymph node metastasis (150). Conversely, the

expression or activity of YAP1 in HCC is also regulated by the lipid

metabolism of tumor cells. Diacylglycerol lipase a (DAGLA)

induces tumor cells to produce free FAs, enhances YAP1 activity,

and aggravates the malignant phenotype and tumor progression in

HCC (151). Statins, hydroxymethyl glutaryl-CoA reductase

(HMGCR) inhibitor, reduce cholesterol biosynthesis and hypoxia-

induced YAP1 activity in liver tumor cells (152). Therefore, there is

an interaction between YAP1 and lipid metabolism in liver tumor

cells. However, little is known about the regulatory role and

mechanism of YAP1 on FA and cholesterol metabolism in HCC.
3.4 Arachidonic acid pathway

The arachidonic acid pathway is involved in the initiation,

promotion, and progression of tumor. Arachidonic acid metabolic
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enzymes and their products regulate inflammation, cell

proliferation, survival, angiogenesis, and invasion, thus promoting

the occurrence and development of tumors (153). Previous studies

have demonstrated that activation of arachidonic acid pathway

promotes inflammation and tumorigenesis through cell, animal,

and clinical evidence. Therefore, arachidonic acid metabolic

enzymes phospholipase A2s (PLA2s), cyclooxygenases (COXs),

and lipoxygenases (LOXs) and their metabolic products, such as

prostaglandins and leukotrienes are considered potential targets for

tumor therapy (154).

It has been noted that inflammation was intimately associated

with the development and progression of HCC (155). Arachidonic

acid metabolism promotes the progression of HCC by inducing

more muscular liver inflammation (156). There is a strong

correlation between the deregulation of arachidonic acid

metabolism CYP450 pathway and the pathological features and

prognosis of HCC (157). Furthermore, ethanol intake enhanced

abnormal lipid metabolism induced by HBV through arachidonic

acid pathway and activated Tregs in mice, which may lead to HCC

(158). In a word, regulating the metabolism of arachidonic acid will

be a promising way to treat HCC.

Recently, YAP1 promotes the metabolism of arachidonic acid

by reverse-regulating phospholipase CB1 (PLCB1) and 15-

hydroxyprostaglandin dehydrogenase (HPGD). Clinical evidence

further suggests a potential correlation between abnormal

activation of YAP1 and HCC progression induced by arachidonic

acid metabolism. Aspirin shows therapeutic potential for

HCC patients with abnormal YAP1 activation by regulating

arachidonic acid metabolism (159).
3.5 Amino acid metabolism

Amino acids play tumorigenic and tumor-suppressive roles in

tumor metabolism. Amino acids such as glutamic acid, branched-

chain amino acids (BCAAs), and threonine provide fuel for

tricarboxylic acid (TCA) cycle intermediates, and the release of

ATP provides energy for oncogenic activities (160, 161). Amino

acids support the biosynthesis of nucleotides, critical building

materials for growth in tumor cells. Amino acids also affect the

dynamic balance and epigenetic regulation of reactive oxygen

species (ROS) through methylation and acetylation, and promote

tumor invasiveness (162). Arginine metabolite supports tumor

growth by promoting angiogenesis, and can also be used as a

tumor suppressor (163). Furthermore, glutamine is the most

critical type of amino acid in tumor nutrients because of its

ability to convert nitrogen and carbon into growth-promoting

pathways in tumor cells. Glutamine acts as an anaplerosis

metabolite to drive the TCA cycle of tumor cells and produce

ATP. Glutamine promotes the progression of malignant tumors by

relaxing the control of energy, maintaining proliferation signals,

achieving immortal replication, resisting cell death, and so on (164).

Glutamine was activated by ECM stiffening in tumor cells and

CAFs, increased the flow of non-essential amino acids and

promoted the growth and invasiveness of tumor cells (165).

Inhibition of amino acid metabolism is a potential therapy
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strategy for tumor metabolic pathways, but its intervention targets

and the research and application of therapeutic drugs still face

many challenges.

Liver tumor is particularly relevant in amino acid metabolism

because the liver is the center of amino acid metabolism in human

body (166, 167). The dynamic analysis of uptake and excretion flux

of HepG2 cells shows that up to 30% of glutamine is metabolized in

the cytoplasm, mainly used for nucleotide synthesis, cytoplasmic

glutamate production, and cell growth maintenance. Partial

inhibition of glutamate excretion inhibits the development of liver

tumor cells (168). Particularly, amino acid metabolism-related

genes (AAMRGs), are closely related to the prognosis of patients

with HCC. Patients with high expression of AAMRGs in HCC

patients have more abundant immunosuppressive cells and higher

expression levels of suppressive immune checkpoints (169). BCAAs

catabolism are related to HCC tumorigenesis. BCAA catabolism is

activated in liver tumor cells without glutamine, and enhanced

BCAA catabolism leads to BCAA-derived carbon and nitrogen flow

toward nucleotide synthesis, stimulating cell-cycle progression and

promoting cell survival in HCC cells. In summary, enhanced

glutamine metabolism and BCAA catabolism promote the

progress of HCC (170). Furthermore, amino acid transporters

play an essential role in tumor progression and survival of HCC

cells and can be used as emerging therapeutic targets (171, 172).

Our previous studies have shown that YAP1 knockdown

reduces amino acid metabolism in liver tumor cells (147). YAP1

is involved in glutamine metabolism reprogramming. YAP1 directly

enhances the expression and activity of glutamine synthetase,

increases the steady-state level of glutamine, and increases

nucleotide biosynthesis, thus promoting the occurrence of liver

tumor (173). Significantly, YAP1 mediates amino acid transport in

liver tumor cells and participates in amino acid metabolism. YAP1

and transcriptional coactivator with PDZ-binding motif (TAZ) up-

regulates the expression of amino acid transporter solute carrier

family 38 member 1 (SLC38A1) and solute carrier family 7 member

5 (SLC7A5), increase amino acid uptake, activate mammalian

rapamycin complex 1 (mTORC1), and stimulate the proliferation

of HCC cells. The high expression of SLC38A1 and SLC7A5 was

significantly correlated with the shorter survival time of the patients

with HCC (29). Additionly, YAP1 induces the expression of leucine

transporter LAT1 through transcription factor TEAD, a

heterodimer complex of SLC7A5 and SLC3A2. Inhibition of

YAP1 and reduction of LAT1 expression can reduce leucine

uptake (174). Another study showed that YAP1 and NOTCH1

intracellular domain (NICD) were co-activated in mouse liver,

which promoted the formation and rapid progression of ICC by

activating amino acid transporter and mTOR1 (175).
4 Immunotherapy strategy of
targeting YAP1 for liver tumor

It is well known that immunosuppression is a sign of tumor

(176). The crosstalk between programmed cell death 1 (PD-1) and

programmed cell death-ligand 1 (PD-L1) is one of the most well-
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studied and clinically successful drug targets in immune

checkpoints (177). PD-L1 is on the surface of tumor cells, and

causes the exhaustion of tumor-infiltrating CD8+T cells by the

interaction of PD-1. Precisely,the binding of PD-1 to PD-L1 inhibits

T cell proliferation and activation, promotes exhaustion, and

initiates T cell apoptosis. Many of these phenomena can be

reversed by blocking PD-1 or PD-L1 with monoclonal antibodies.

As a result, the PD-1/PD-L1 axis has been considered an exciting

therapeutic target for tumor therapy (178).

YAP1 translocation to the nucleus showed micron dot

distribution in tumor cells. It was negatively co-located with

heterochromatin in the infiltration area of CD8+T cells in

different types of tumor tissues after immunotherapy. This is

related to drug resistance in immunotherapy. When the initial

tumor size is similar, the tumor produced by the YAP1 phase

separation of defective cells is more sensitive to PD-1 therapy (179).

It may be possible to use intrinsic YAP1 expression to screen tumor

populations who may benefit from radiation therapy combined

with immunotherapy. Patients with low expression levels of YAP1

will be more likely to benefit from anti-PD-1 therapy. Alternatively,

patients with high expression levels of YAP1 should be considered

for YAP1-targeted therapies (180).

The therapeutic effect of YAP1 inhibitor combined with ICIs is

better than that of PD-1 monoclonal antibody alone (34, 35, 126,

181). Here, we summarized the existing drugs targeting YAP1 for

liver tumor, including some drugs of natural origin (Table 1).
TABLE 1 Drugs targeting YAP1 for the treatment of liver tumor.

Drug
Highest
phase

Functions Source

Verteporfin Pre-clinical

Suppress YAP1 function
and hinder the progression
of hepatocellular; Inhibit
YAP1 by disrupting YAP1-
TEAD interactions; Inhibit
the growth of HCC
through apoptosis mediated
by mitochondrial
dysfunction; Decrease the
percentage of PD-1+CD8+T
cells in the spleen of mice
with liver tumor and
increase the rate of PD-1-

CD8+T cells in the
peripheral blood of mice.

(36, 178)

Evodiamine Pre-clinical

Promote LAST1
phosphorylation and
inhibits YAP1 expression
in HCC cells, resulting in
YAP1 phosphorylation and
reduced nuclear
translocation; Induce
apoptosis, inhibit tumor
cell migration, invasion and
epithelial-to-mesenchymal
cell transition
through YAP1.

(182, 183)

Decursin Pre-clinical
Inhibit the expression of
YAP1 in liver tumor cells

(184)

(Continued)
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4.1 Verteporfin

Verteporfin is a recognized YAP1 inhibitor approved by the

FDA for the treatment of neovascular macular degeneration (191).

It has been identified as a small molecule inhibitor of TEAD-YAP1

association and inhibits YAP1 by disrupting YAP1-TEAD

interactions (192, 193). It can suppress YAP1 function and hinder

the progression of HCC (69). Verteporfin hinders subcutaneous

graft tumor growth in the Huh-7 and Hepa1-6 cells of nude mice

(125, 194). Verteporfin induces the permeability of tumor-specific

lysosomal membranes after pH alkalinization in the lumen of the

HCC cell line, causing a vital catabolism disorder, finally leading to

an unsolvable intracellular protein toxicity (195).

YAP1 inhibitor verteporfin can inhibit the growth of HCC

through apoptosis mediated by mitochondrial dysfunction (182).
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Verteporfin decreased the PD-1+CD8+T cell percentage while

increasing the PD-1-CD8+T cell percentage in the spleen in liver

tumor mice. TGF-b inhibits CD8+T cell activation and promotes

Treg differentiation. Verteporfin decreased TGF-b levels in liver

tumor mice (36). In addition, the transduction of oval cells with high

activation of YAP1 in HCC gives tumorigenicity. The treatment of

verteporfin on HCC model rats destroyed the formation of the

YAP1-TEAD complex and significantly reduced pretumor lesions

and oval cell proliferation. This suggests verteporfin-mediated YAP

inhibition inhibited liver tumor cell growth (178). Notably,

verteporfin also increases the sensitivity of HCC to sorafenib and

reverses the drug resistance of sorafenib (196).
4.2 Evodiamine

Evodiamine is a quinazoline alkaloid, which is an effective

ingredient isolated from the Chinese herbal medicine Wu Zhu Yu

(Evodia rutaecarpa (Juss.) Benth) (197). It has a variety of confirmed

bioactivity, including anti-obesity, anti-inflammatory and anti-

tumor effects (198–200). Evodiamine has antitumor activity in

many kinds of tumors, such as lung tumor, gastric tumor,

colorectal tumor and ovarian tumor (201–204). Previous studies

have shown that evodiamine is a potential candidate for HCC

therapy, which has the effect of anti-proliferation and inducing

apoptosis, and inhibits the stem cell characteristics of HCC cells

(205–207).

Recent studies have shown that evodiamine has become an

effective anti-tumor drug in HCC by reducing the level of YAP1

(182, 183). Evodiamine promotes LAST1 phosphorylation and

inhibits YAP1 expression in HCC cells, resulting in YAP1

phosphorylation and reduced nuclear translocation, thus

inactivating its downstream effector molecules (182). Evodiamine

decreased the expression of YAP1 and the growth of HCC cells in a

dose-dependent manner, then induced apoptosis, inhibited tumor

cell migration, invasion and epithelial-to-mesenchymal cell

transition through YAP1 (183).
4.3 Decursin

Decursin was isolated from the roots of Dang Gui (Angelica

gigas Nakai) (208). Pyranocoumarins, including decursinol,

decursin, and decursinol angelate, are the main components

identified in A. gigas Nakai (209). It shows high cytotoxicity in

human - cell lines, whereas low cytotoxic activity in normal tissues

indicates it may be a safe and attractive therapeutic medicament for

tumor treatment (210). Decursin has been found to have potential

therapeutic effects on malignant tumors such as gastric tumor, head

and neck squamous cell carcinoma, humanmultiple myeloma, non-

small cell lung tumor, bladder tumor and colon tumor (211–215).

Notably, decursin shows anti-tumor effect by improving the

activation of T cells in tumor microenvironment (210).

Recent studies have shown that decursin inhibits the

proliferation of liver cells through apoptosis and cell cycle arrest,

and its mechanism is related to the Hippo/YAP1 pathway (184).
TABLE 1 Continued

Drug
Highest
phase

Functions Source

by increasing LATS1
phosphorylation and beta-
transducin repeat-
containing protein
(b-TRCP) expression.

WZ35 Pre-clinical

Inhibit the growth of liver
tumor cells by down-
regulating autophagy
controlled through YAP1;
Reduce SLC2A1-mediated
glycolysis by inhibiting
YAP1, thus inhibiting the
proliferation of liver
tumor cells.

(185, 186)

Dihydroartemisinin Pre-clinical

Regulate lipid metabolism,
TME, glycolysis, and
intestinal microflora of the
immune microenvironment
through YAP1 in HCC,
thus enhancing the effect of
anti-PD-1 treatment.

(35–
37, 126)

Salvianolic acid B Pre-clinical
Inhibit the progression of
liver tumor by adjusting
Hippo/YAP pathway.

(187, 188)

Statins Pre-clinical

Atto vastatin reduces the
risk of liver tumor in
patients with viral and
metabolic liver disease and
inhibits YAP1 activation;
Simvastatin was used as a
YAP1 inhibitor and was
found to target YAP1 in
combination with sorafenib
or trametinib; Cerivastatin
and simvastatin regulate
the localization of YAP1
protein in HCC cells by
inhibiting senescence
junction and Rho GTP
enzyme-mediated
cytoskeleton remodeling
involved in the migration
and transfer of HCC.

(189, 190)
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Mechanismly, decursin inhibits the expression of YAP1 in liver

tumor cells by increasing LATS1 phosphorylation and beta-

transducin repeat-containing protein (b-TRCP) expression. This

leads to the phosphorylation and ubiquitin-mediated degradation

of YAP1 protein, resulting in the inactivation of its downstream

effectors (184). Importantly, decursin induced apoptosis of tumor

cells can be reversed by selective MST1/2 inhibitors, which confirms

that the antitumor effect of decursin in liver tumor depends on

Hippo/YAP1 pathway (184).
4.4 WZ35

Curcumin is a natural polyphenol compound that is obtained

and purified from the powdered rhizome of Curcuma longa L.

(turmeric). Studies have shown that curcumin plays an important

role in antibacterial, anti-proliferation, anti-inflammatory, anti-

oxidation, anti-tumor, and anti-amyloidosis in vitro and in vivo

by targeting various molecules (216). Curcumin inhibits cell

proliferation, promotes apoptosis, inhibits tumor angiogenesis

and metastasis, and induces autophagy in tumor cells (217, 218).

WZ35 is a new curcumin derivative, which shows anti-tumor

activity in gastric tumor, breast tumor, colon tumor and prostate

tumor (219–223). Recent studies have found that WZ35 has

inhibitory activity in liver tumor, and its mechanism is related to

the down-regulation of YAP1 expression (185, 186). On the one

hand, WZ35 inhibits the growth of liver tumor cells by down-

regulating autophagy controlled through YAP1. This inhibitory

effect on autophagy of liver tumor cells is dependent on YAP1

(185). On the other hand, WZ35 reduces SLC2A1-mediated

glycolysis by inhibiting YAP1, thus inhibiting the proliferation of

liver tumor cells (186).
4.5 Dihydroartemisinin

Artemisinin comes from an annual member of Compositae

Artemisia annua. As a traditional Chinese medicine with a history of

more than 2000 years, dihydroartemisinin is not only the active

metabolite of artemisinin and its derivatives (ART) but also the first-

generation derivative of artemisinin. It is an effective medicine widely

used to treat malaria (224, 225). In recent years, more and more

attention has been paid to the antitumor activity of dihydroartemisinin.

Dihydroartemisinin has been proven to have a strong anti-tumor effect

and inhibit tumor cell proliferation in vitro and in vivo.

Our recent research shows that dihydroartemisinin directly

inhibits YAP1 in HCC, and YAP1 serves as a cellular target of

dihydroartemisinin in HCC cells. Previous studies of our group

have shown that dihydroartemisinin regulates lipid metabolism,

TME, and intestinal microflora of the immune microenvironment

through YAP1 in HCC, thus enhancing the effect of anti-PD-1

treatment (35–37). Firstly, anti-PD-1 therapy promotes lipid drop

(LD) deposition in HCC, which may lead to ineffective anti-PD-1

treatment. Inhibition of YAP1 decreased LD deposition and PLIN2

expression in HCC cells. Dihydroartemisinin reduced LD

deposition and PLIN2 expression in HCC cells by inhibiting
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YAP1 (35). Secondly, dihydroartemisinin improves the

immunosuppressive TME-induced immune escape by inhibiting

YAP1, which leads to decreased PD-L1 expression in liver tumor

cells and increased tumor-infiltrating CD8+T cells (36). Finally,

anti-PD-1 therapy reduced the abundance of intestinal

Akkermansia muciniphi la (A. muciniphi la ) in HCC.

Dihydroartemisinin increases the abundance of intestinal A.

muciniphila and the number and activity of CD8+T cells in liver

TME by inhibiting YAP1, thus enhancing the sensitivity of anti-PD-

1 therapy (37). It is essential to underline that the effect of

dihydroartemisinin on regulating lipid metabolism, TME, and

intestinal microorganisms in enhancing the anti-PD-1 effect in

HCC depends on YAP1. Additionly, dihydroartemisinin reduced

SLC2A1-mediated glycolysis in HCC by inhibiting YAP1 (126).

Studies have shown that glycolytic level in tumor negatively

correlates with response to anti-PD1 therapy (226). Therefore,

dihydroartemisinin may regulate glycolysis to improve the

efficiency anti-PD-1 in HCC by inhibiting YAP1.

In addition, dihydroartemisinin promoted farnesoid X receptor

(FXR) and decreased cholesterol 7 a-hydroxylase (CYP7A1) and

YAP1, thus inhibiting bile acid metabolism in HCC. However, the

inhibitory effect of dihydroartemisinin on bile acid metabolism in

HCC was independent of YAP1. In short, dihydroartemisinin has

become a critical YAP1 inhibitor and a potential natural source of

drugs based on immunotherapy to improve the efficacy of anti-PD-

1 in HCC. The mechanism that dihydroartemisinin depends on

YAP1 to enhance the sensitivity of anti-PD-1 in HCC still needs to

be further elucidated (181) (Figure 4).
4.6 Salvianolic acid B

Salvianolic acid B (Sal B) is a major phenolic compound derived

from the root and rhizome of Salvia miltiorrhiza Bunge (Labiatae)

(227, 228). Sal B has extensive therapeutic effects on tumors,

atherosclerosis, inflammation, and oxidative stress (203), and is

recognized as a valid treatment for liver disease. Sal B relieve liver

fibrosis in patients with HBV with no apparent side effects and

favorably impact liver fibrosis in animal models. It also inhibits the

proliferation and activation of hepatic stellate cells stimulated by

TGF-b (227, 229). Sal B also improved atherosclerosis via inhibiting

the YAP/TAZ/JNK signaling pathway. Previous studies have shown

that SalB inhibits the occurrence of HCC by inducing apoptosis in

tumor cells (187).

Sal B inhibits the progression of liver tumor and suppress the

growth of liver tumor cells by inhibiting cell proliferation and

migration. The mechanism is related to adjusting the Hippo/YAP

pathway and simultaneously promoting linker-phosphorylated

Smad3 (pSmad3L) to C-terminally phosphorylated Smad3

(pSmad3C) transformation (188).
4.7 Statins

Sta t ins are fi rs t - l ine drugs for the trea tment of

hypercholesterolemia. They have been widely used since the end
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of the 20th century and are now one of the most commonly abused

prescription drugs in the world (230). FDA has approved seven

statins: lovastatin, pivastatin, Atto vastatin, rosuvastatin,

pravastatin, simvastatin and fluvastatin (231). Increasing evidence

emphasizes the importance of statins and reducing the risk of HCC

(232). Lipophilic statins significantly reduced the morbidity and

mortality of HCC in patients with viral hepatitis, and the use of

dose-dependent statins significantly reduced the incidence of HCC

in patients with nonalcoholic steatohepatitis (NASH) and liver

cirrhosis (233, 234). Atto vastatin is considered to be the most

effective statin to reduce the risk of liver tumor in patients with viral

and metabolic liver disease, and its mechanism is related to the

significant inhibition of YAP1 activation. Atto vastatin promotes

YAP1 phosphorylation at two sites of Ser127 and Ser397 and

reduces nuclear translocation of YAP1 (235). Simvastatin was

used as a YAP1 inhibitor and was found to target YAP1 in

combination with sorafenib or trimetinib. Simvastatin showed

potent synergistic cytotoxicity in HCC cells and improved the

therapeutic effect of sorafenib or trimetinib in HCC (189). In

addition, statins also reduce RhoA activity by inhibiting YAP1
Frontiers in Immunology 12
activity. Cerivastatin and simvastatin regulate the localization of

YAP1 protein in HCC cells by inhibiting senescence junction and

Rho GTP enzyme-mediated cytoskeleton remodeling involved in

the migration and transfer of HCC (190, 234, 236). It is noteworthy

that simvastatin has also been shown to synergize with anti-PD-L1

in tumor by inhibiting the mevalonate pathway, and the mechanism

may be related to YAP1 (237).
5 Conclusions

YAP1 is a highly relevant factor in all stages of liver tumor, and

we underline the central importance of YAP1 expression in ICI

treatment of liver tumor. YAP1 promotes MDSCs, CAFs, M2-

TAM, and Treg infiltration in liver tumor cells and inhibits the

activity of CD8+T and NK cells. Meanwhile, YAP1 mediates

metabolic reprogramming of liver tumor cells, enhances aerobic

glycolysis, lipid metabolism, arachidonic acid metabolism, amino

acid metabolism, and reduces gluconeogenesis. These YAP1-

induced changes in tumor microenvironment and metabolic
FIGURE 4

Dihydroartemisinin inhibits YAP1 expression and improves the anti-PD-1 effect in HCC. Dihydroartemisinin reduces the expression of glucose
transporter SLC2A1 and lipid droplet deposition, regulates bile acid metabolism, and increases the abundance of A. muciniphila in the intestine by
inhibiting YAP1 expression in HCC cells, leading to improvement of the therapeutic effect of anti-PD-1 (35–37, 126, 181).
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reprogramming promote the progression of HCC and the inefficacy

of ICI therapy. After reviewing the current literature, we proposed

that YAP1 inhibition is a treatment option to improve the

efficacy of ICIs for more patients with advanced liver tumor. The

previous findings emphasize the significance of YAP1 suppression

in ICIs for liver tumor, in which YAP1 induces immunosuppressive

TME and is involved in the metabolic reprogramming of liver

tumor cells.

Due to YAP1 plays multiple roles in different cells of liver

tumor, including tumor cells and immune cells, there will be a

continuing important role for YAP1 in the field of tumor

immunology, especia l ly in the explorat ion of tumor

immunotherapy. Inhibition of YAP1 by knockdown or chemical

inhibitors in liver tumor has been proven to have the effect of

sensitizing ICIs. This effect is related to improving liver tumor

immunosuppressive TME and recovering abnormal metabolic

reprogramming of liver tumor cells. It has been proven to be

dependent on YAP1. Several drugs that inhibit YAP1 in HCC

have been mentioned, especially Verteporfin, which destroys the

YAP1-TEAD complex, and, DHA, a derivative from artemisinin.

Although the relevance of YAP1 and the YAP1 inhibitors on liver

tumor cells is already known, this knowledge has not yet been

combined in clinical studies. This opens up a vast potential for

future investigations into a possible cotherapeutic of YAP1

inhibitors in liver tumor. However, the key to applying the

combined therapy strategy to patients with liver tumor is to find

safe and effective YAP1 inhibitors and clarify the mechanism.

Expanding future research questions can be worthwhile,

primarily by transferring preclinical knowledge from the bench to

the bedside.
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