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Recognition of pathogen-associated molecular patterns (PAMPs) triggers expression of
antiviral interferons and proinflammatory cytokines, which functions as the frontier of
host defense against microbial pathogen invasion. Hippo-YAP pathway regulates cell
proliferation, survival, differentiation and is involved in diverse life processes, including
tissue homeostasis and tumor suppression. Emerging discoveries elucidated that the
components of Hippo-YAP pathway, such as MST1/2, NDR1/2, and YAP/TAZ played
crucial regulatory roles in innate immunity. Meanwhile the innate immune signaling also
exhibited regulatory effect on Hippo-YAP pathway. As for the importance of these two
pathways, it would be interesting to figure out the deeper biological implications of
their interplays. This review focuses on the regulation between Hippo-YAP pathway and
innate immune signaling. We also propose the possible contribution of these interplays
to tumor development.
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INTRODUCTION

Hippo-YAP pathway spurs intense research interest owing to its remarkable biological functions
in tissue homeostasis, development, and cancer. The Hippo-YAP pathway relays diversified
extracellular and intracellular signals, including cell density, cell polarity, mechanical cues, ligands
of G-protein-coupled receptors, cellular energy status, and orchestrates cell proliferation, survival,
apoptosis, and differentiation and stemness. Dysregulation of Hippo pathway has important
implications in tumorigenesis, progression, and metastasis (1-8).

Hippo-YAP pathway was originally identified in Drosophila and highly conserves in mammals.
Upon activation of this pathway, the MST1/2 (mammalian Ste20-like kinases 1/2, orthologs of
Hippo in Drosophila) and its adaptor WW45 (Sav family WW domain containing adaptor 45, also
called Sav, ortholog of Salvador) phosphorylate and activate the downstream kinase LATS1/2 (large
tumor suppressor 1/2, orthologs of Warts in Drosophila). Then LATS1/2 and its adaptor protein
MOB1A/B (Mps one binder 1A and B, orthologs of Mats) phosphorylate the transcriptional co-
activator YAP (Yes-associated protein, Yorkie ortholog) and TAZ (transcriptional co-activator with
PDZ binding motif), which results in their cytoplasmic retention via interaction with 14-3-3 or
poly-ubiquitination and degradation in the proteasome. Once Hippo signaling is off, inactivated
MST1/2 and LATS1/2 release YAP and TAZ from inhibitory phosphorylation, leading to their
accumulation in the nucleus. YAP and TAZ then bind with transcription factors TEAD1-4 (TEA
domain, Scalloped orthologs) to induce gene transcription that contribute to cell proliferation and
survival (1, 2) (Figure 1).
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FIGURE 1 | A simple scheme of the Hippo pathway in mammalian cells. NF2 and RASSF family proteins (e.g. RASSF5) function upstream and facilitate the
activation of Mst1/2. MST1/2 and MAP4Ks relay diversified extracellular and intracellular signals, and activate LATS1/2 and NDR1/2, which cause inhibitory
phosphorylation of YAP/TAZ. When Hippo signaling is attenuated, activated YAP/TAZ translocate into nuclei and recruit TEAD transcription factors to regulate cell
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MAP4Ks (mitogen-activated protein kinase kinase kinase
kinase, orthologs of Happyhour in Drosophila), NDR1/2 (nuclear
Dbf2-related 1/2), NF2 (Neurofibromatosis type II, also known as
Merlin), and RASSFs (Ras association domain family member)
were identified to be the key components of Hippo-YAP
signaling. MAP4Ks function in parallel to MST1/2 in Hippo
cascade, phosphorylate and activate LATS1/2 (9, 10). The kinases
NDR1/2, act as an alternative YAP kinases similar to LATS1/2.
NDR1/2 can be phosphorylated and activated by MST1/2 (11,
12) and phosphorylate YAP and inhibit its activity (13, 14).
NF2 functions upstream of the Hippo cascades and facilitates
LATS1/2 phosphorylation by MST1/2 (15, 16). RASSF family
proteins, such as RASSF5, serve as the upstream regulator

of MST1/2. RASSF5 induces the homodimerization, trans-
autophosphorylation and activation of MST1/2 via the RASSF5-
MST1/2 complex (17) (Figure 1).

Innate immunity provides the initial detection and rapid
defense against invading pathogens, contributing to homeostasis
and activation of the adaptive immune response. The recognition
of pathogen by the innate immune system depends on germline-
encoded pattern-recognition receptors (PRRs), including toll-
like receptors (TLRs), retinoic-acid-inducible gene I (RIG-I)-
like receptors (RLRs), cytosolic DNA sensors, C-type lectin
receptors (CLRs), and NOD-like receptors (NLRs) (18-20).
TLR3/7/8/9 senses viral RNA and DNA in the endosome (21).
Among them, TLR3 senses viral double-stranded RNA (22);
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TLR7 and TLR8 prefer viral single-stranded RNA (23, 24) and
TLRY prefers unmethylated CpG DNA from bacteria and viruses
(25). While TLR1/2/4/5/6/10 locate on cell surface and mainly
recognize microbial membrane or cell wall components (21),
TLR2 and TLR1/6 cooperatively sense lipoproteins/lipopeptides
and peptidoglycans from bacteria, fungi and viruses (26, 27).
In addition, TLR4 specifically senses lipopolysaccharide (LPS)
(28) and TLR5 recognizes bacterial flagellin (29). The RLR
family receptor RIG-I and melanoma differentiation-associated
gene 5 (MDA5) are responsible for the recognition of viral
RNA in cytoplasm. RIG-I recognizes short dsRNA and 5’ppp-
RNA, while MDAS5 prefers long dsRNA (30). A number of
DNA sensors, including nucleotidyltransferase cGAS (cyclic
GMP-AMP synthase) (31, 32), interferon-inducible protein 16
(IF116) (33), RNA Polymerase IIT (Pol III) (34), DNA-dependent
activator of IFN-regulatory factors (DAI) (35), and DEAD box
protein 41 (DDX41) (36) recognize the viral DNA and activate
the innate antiviral immunity.

The recognition of pathogens triggers the recruitment of
adaptors to PRRs, including mitochondrial antiviral signaling
protein (MAVS) (37), stimulator of interferon genes (STING)
(38), Toll/IL-1 receptor domain-containing adaptor-inducing
IFN-B (TRIF) (39), myeloid differentiation factor 88 (MyD88)
(40), and initiates a series of signaling cascades which converge
at several protein kinases, such as TANK-binding kinase 1
(TBK1), IkB kinase ¢ (IKKe) (41), IL-1R-associated kinase 1/2/4
(IRAK1/2/4) (42), and the IKK complexes composed of IKKa,
IKKB and NEMO (NF-«kB essential modifier, also known as
IKKy) (43). These kinases further phosphorylate and activate
the transcription factor like interferon regulatory factor 3/7
(IRF3/7), Nuclear Factor-kB (NF-kB), which induce the synthesis
and release of diverse IFNs, inflammatory cytokines, and
chemokines. IFNs subsequently activate downstream signaling
pathways that induce a diverse set of interferon-stimulated genes
(ISGs) and protect host cells from the invading virus. The
activation of NF-kB induces the expression of proinflammatory
cytokines and chemokines, which elicits inflammatory response
and recruits immune cells to the site of infection (21, 44,
45). Furthermore, detection of exogenous pathogens induces
the generation of reactive oxygen species (ROS), which is
required for the elimination of bacterial infection. ROS-
mediated host defense not only exhibits a direct microbicidal
activity, but also plays regulatory roles in the activation
and phagocytosis of immune cells to eliminate invading
pathogens (46).

Emerging evidences have suggested that innate immune
response was extensively regulated by multiple core components
of Hippo-YAP cascade while the activation of innate immune
signaling conversely led to substantial modulations of Hippo-
YAP pathway. Several clinical cases reported that a number of
immunodeficiency symptoms, including recurrent bacterial and
viral infections, were associated with the deficiency of Hippo
signaling, implying its critical role in immune modulation (47,
48). Yet, the overall picture of the reciprocal regulation of the two
pathways remains to be fully clarified. This article reviews the
relevant investigations of their reciprocal actions and discusses
the possible contribution to tumor progression.

HIPPO-YAP AND IFN-I SIGNALING

Production of type I interferon (IFN-I, including IFN-o and IFN-
B) is a representative hallmark of host’s defense to viral infection.
IFN-I consequently drives the production of a diverse set of ISGs
and protects host cells against the invading virus.

YAP/TAZ was documented to inhibit the innate antiviral
defense by targeting TBK1. YAP/TAZ prevented the K63-linked
ubiquitination of TBK1 and disrupted its interaction with MAVS,
STING and IRF3, diminishing the virus-induced IFN-I and
ISGs production (49). Ectopically expressed human YAP mutant
lacking transcription activity (YAP 6SA) in zebrafish embryos
resulted in compromised antiviral responses, enhanced mortality
and susceptibility to viral infection. LATS1/2 kinases-mediated
inactivation of YAP/TAZ relieved the TBK1 suppression and
enhanced anti-viral responses (49). Our previous work also
identified YAP as a negative regulator of innate antiviral response
(50). We found YAP interacted with IRF3, a critical transcription
factor in innate immunity, and prevented its dimerization and
nuclear translocation, which further reduced the production of
IFN-B and ISGs in response to virus infection. This inhibition of
IRF3 by YAP was independent on its transcriptional regulation
function, since YAP4, an isoform lacking the amino-terminal
TEAD-interacting domain, sequestered IRF3 more efficiently in
the cytoplasm. Genetic deletion of YAP in mice enhanced innate
antiviral response and reduced the susceptibility to viral infection
(50). Similar to the shorter YAP isoform YAP4, an alternatively
transcribed TAZ variant cTAZ was also reported to shut down the
innate antiviral immunity. cTAZ, lacking TEAD-binding domain
(TBD) and WW domain, physically interacted with STAT1,
and suppressed the dimerization and nuclear translocation of
STAT1/2, inhibiting the ISGs expression and antiviral response
(51) (Figure 2).

Recently, NDR2 was identified as a crucial positive regulator of
the RIG-I-mediated antiviral immune response. Overexpression
of NDR2 enhanced the RNA virus-induced production of type I
IFN and proinflammatory cytokines. Myeloid deletion of NDR2
in mice impaired antiviral immune response and increased
virus load. Mechanistically, NDR2 directly interacted with RIG-
I and TRIM25, thus facilitating the RIG-I/TRIM25 complex and
enhancing the TRIM25-mediated K63-linked polyubiquitination
independent of its kinase activity (52). Furthermore, NDRI1
was shown to increase GSK3p kinase activity by reducing its
phosphorylation, while GSK38 had been proven to increase
the activation of TBK1 (53, 54). Overexpressed NDR1 and
GSK3p in Grass carp cells up-regulated the expression of IFN I
(53) (Figure 2).

Li et al. reported that MST1 increased the TLR3/4-triggered
IFN-p production in macrophages. MST1 directly bound to
and phosphorylated IL-1 receptor-associated kinase 1 (IRAK1),
leading to the degradation of IRAK1 (55). IRAK1 has been
proven to negatively regulate MyD88-, TRIF-, and RIG-I-
mediated IFN-f production (56, 57). Therefore MST1-mediated
degradation of IRAK1 potentiated IRF3 activation and IFN-f
production (55).

On the other hand, the innate antiviral immunity was proven
to extensively regulate the Hippo-YAP pathway. In our previous
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FIGURE 2 | Overview of reciprocal augment of Hippo-YAP signaling and innate antiviral response. YAP/TAZ antagonizes the innate antiviral response by inhibiting the
activation of TBK1 (a) or IRF3 (b). cTAZ inhibits STAT1 activation and ISGs production (¢). NDR2 promotes the K63-linked polyubiquitination of RIG-I, potentiating
the IFN-B production (d). NDR1 facilitates TBK1 activation by mediating the activation of GSK3p (e). MST1 mediates the degradation of IRAK1, a negative regulator
for IFN-B production (f). MST1 inhibits IRF3 (g) and TBK1 (h), repressing IFN-B production. IKKe mediates the degradation of YAP (i) and LATS1/2 (j). Activated IRF3
induces the transcription of MST1 and the activation of Hippo pathway (k). Activated IRF3 interacts with YAP-TEAD complex and promote the activation of YAP ().
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highlighted with red color.

In general, Hippo-YAP signaling and innate antiviral signaling exhibit reciprocal activation. The interplays between Hippo-YAP and innate antiviral signaling are

paper, IKKe, activated in response to viral infection induced the
degradation of YAP. Mechanistically, IKKe phosphorylated YAP
at Ser403 and induced its lysosomal degradation. IKKe depletion
abolished YAP S403 phosphorylation and the degradation
after viral infection. Mutation of YAP S403A prevented
YAP degradation induced by IKKe transfection or viral
infection. Given the significant inhibitory role of YAP in innate
antiviral immunity, IKKe-mediated YAP degradation relieved the
repression of YAP on the innate antiviral response (50). On
the contrary, another group identified IKKe to be a negative
regulator of the Hippo pathway via mediating degradation of
LATS1/2, suggesting a complicated role of IKKe in Hippo
pathway (58) (Figure 2). cGAS-induced innate immune response
was demonstrated to activate Hippo-signaling by increasing
the expression of MST1 (59). Palmitic acid treatment induced
the release of mitochondrial DNA which was sensed by cGAS
in the cytoplasm and initiated ¢cGAS-cGAMP-STING-TBK1-
IRF3 cascade. Activated IRF3 bound to the promoter of MST1

gene and induced the transcription of MST1 and subsequent
YAP/TAZ inactivation (59). Given that MST1 could be induced
and activated by IRF3, it is probably that the innate immune
signaling that activates IRF3 may also mediate the activation
of Hippo-YAP pathway. However, IRF3 was identified to be
an agonist of YAP. IRF3 interacted with YAP and TEAD4 to
form a complex in nuclei, promoting nuclear translocation and
activation of YAP. Knocking down or pharmacological targeting
IRF3 inhibited gastric tumor growth in a YAP-dependent
manner (60). Various TLR ligands, including Pam3CSK4 (an
agonist of TLR1 and TLR2), poly (I:C) (an agonist of TLR3),
lipoteichoic acid (an agonist of TLR2), LPS (an agonist of
TLR4) have been demonstrated to induce phosphorylation
of Mobl, a physiological substrate of MST1 and MST2, in
BMDMs (61), implying that TLRs induce the activation of
MST1/2, and even further the Hippo-YAP pathway. Moreover,
lipid A (a ligand of TLR2), poly (I:C) and LPS vigorously
activated MAP4K2 (also named GCK, Germinal center kinase)
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(62), implying that TLRs might interplay with Hippo-YAP
pathway via MAPKSs.

The results described above suggest a reciprocal activation of
Hippo-YAP pathway and innate antiviral response (Figure 2).
Beyond that, another investigation demonstrated that MST1
directly phosphorylated IRF3 at T75 and T253, which disrupted
the dimerization of IRF3 and restrained RLRs and cGAS-
mediated innate antiviral response. MST1 also inhibited the
activation of TBK1 (63). Given that activated IRF3 induced
the expression of MST1 (59), MST1-mediated inhibition might
serve as a negative feedback to avoid excessive activation of
innate antiviral immunity. However, Boro et al. reported that
MST1/2 activated IRF3 and induced the production of CXCL1
and CXCL2 in response to Mycobacterium tuberculosis (Mtb)
infection (64). Moreover, as both MST1 and YAP/TAZ dampened
the innate antiviral immunity, the effect of MST1 on host
antiviral defense seems sophisticated and may rely on the context
involved (Figure 2).

Taken together, in most cases, YAP/TAZ restrains innate
antiviral immunity, while the core kinases of Hippo signaling,
MST1/2 and NDR1/2 positively regulate the innate antiviral
response. The innate antiviral immunity also activates and forms
a positive loop with Hippo pathway.

HIPPO-YAP AND NF-kB SIGNALING AND
INFLAMMATION

NF-kB pathway is essential for inflammatory and immune
responses. In Drosophila, Toll and IMD (immune deficiency)
pathways induce the expression of antimicrobial peptides
(AMPs) via activation of NF-kB transcription factors, DIF
(dorsal-related immunity factor), Dorsal and Relish, respectively
(65). The Drosophila IxB factor cactus, formed complex with
NF-kBs, acts as a negative regulator of innate immunity (66).
Hippo-Yorkie signaling has been indicated to promote Toll-
mediated anti-microbial peptide expression in response to Gram-
positive bacterial and fungal infections by enhancing NF-kB
signaling in Drosophila (67). Depletion of the Hippo, Warts or
overexpression of Yorkie in the fat body increased the Gram-
positive bacteria- and fungi-induced lethality to a similar level
of Toll signaling-deficient Drosophila. Mechanistically, deficiency
of Hippo signaling enhanced the activation of Yorkie, which
in turn bound to its transcription factor partner Scalloped
to induce the transcription of Cactus, Drosophila IkB factor.
Cactus abolished the activity of the NF-«B transcription factors
dorsal and DIF (Dorsal-related immunity factor), as well as the
expression of anti-microbial peptides (67). Another similar work
also indicated that Yorkie negatively regulated both Toll and
IMD pathways. Yorkie overexpression or Warts knockdown in
Drosophila significantly downregulated the synthesis of AMPs by
enhancing Cactus expression and decreasing the expression of
Relish, the Drosophila NF-kB factor in IMD pathway (68). Thus,
those studies suggest that Hippo positively, and Yorkie negatively
regulate the innate defense (Figure 3).

On the other hand, Hippo-Yorkie pathway is also activated
by the innate immunity in Drosophila. Toll receptor sensed

gram-positive bacteria and activated Toll-Myd88-Pelle cascade.
The protein kinase Pelle in turn phosphorylated and degraded
Cka subunit of STRIPAK (striatin-interacting phosphatase and
kinase)-PP2A complex, an inhibitor of Hippo, leading to the
activation of Hippo-YAP pathway and the augment of innate
immune response (67, 69) (Figure 3). Thus, mutual activation
of Hippo-Yorkie pathway and Toll/IMD-mediated anti-bacterial
response might exist in Drosophila.

In mammals, Hippo-YAP pathway acts as a positive regulator
of anti-bacterial and inflammatory response (Figure 4). Boro
et al. identified that MST1/2 increased the Mtb infection-induced
production of pro-inflammatory molecules and chemokine (64).
TLR2 sensed Mtb infection and then led to the activation of
MST1/2, which in turn increased the production of inflammatory
chemokines CXCL1 and CXCL2 in an IRF3-dependent, but
LATS1/2- independent manner. CXCL1 and CXCL2 further
induced the production of anti-microbial and inflammatory
molecules. Transfection of MST1/2 kinase dead mutant or
knockdown of MST1/2 compromised Mtb-induced CXCL1 and
CXCL2 production (64).

On the contrary, MST1 was reported to phosphorylate IRAK1
and induce its degradation, which further inhibited TLR4/9-
NF-kB signaling and inflammatory responses in macrophages.
MST1-deficient mice exhibited more severe lung damage and
excessive proinflammatory cytokine secretion after challenged
with LPS (55).

MST1 was also reported to attenuate NF-kB-dependent
inflammatory gene expression induced by TNFa. After TNFa
stimulation, MST1 was activated and recruited to TNF-RSC
(TNFa receptor 1 signaling complex). This complex interacted
with and phosphorylated HOIP, the catalytic component of the
E3 ligase LUBAC (linear ubiquitin assembly complex). TRAF2
was required for the recruitment of MST1 to TNF-RSC. MST1
further phosphorylated HOIP, inhibited E3 ligase activity of
LUBAC and LUBAC-dependent linear ubiquitination of NEMO,
and finally inhibited NF-kB activation and expression of NF-kB
target genes (70) (Figure 4).

MAP4KI1, also named hematopoietic progenitor kinase 1
(HPK1), plays a critical role in NF-kB activation. Heterologous
expression of MAP4K1 notably promoted the kinase activity
of IKKa/B and NF-kB activation (71-73). MAP4K1 depletion
dampened TCR (T cell receptor)-induced kinase activity of
IKK and NF-kB activation in T cells. Upon TCR stimulation,
MAP4K1 interacted with and phosphorylated the adaptor
protein Caspase recruitment domain-containing membrane-
associated guanylate kinase prote in-1 (CARMAL), which
facilitated IKKB and NF-«kB activation (73, 74). MAP4K3, also
named Germinal center kinase-like kinase (GLK), has been
demonstrated to involved in NF-kB activation during T-cell
activation (75-77). TCR signaling activated MAP4K3, which
subsequently phosphorylated and activated PKC-6 (Protein
kinase C-0) and led to the activation of IKK, NF-kB in T cells.
MAP4K3-deficiency abolished the PKC-0-IKK activation and
proliferation in primary T cells. Genetic ablation of MAP4K3
in mice dampened T cell-mediated immune responses (76).
Similarly, in a collagen-induced arthritis model, MAP4K3-
deficient mice displayed compromised inflammatory cytokine
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FIGURE 3 | The mutual activation of Hippo-Yorkie pathway and Toll/IMD mediated anti-bacterial response in Drosophila. Yorkie-Scalloped complex induce the
expression of Cactus, which abolishes the activity of Drosophila the NF-kB transcription factors dorsal/DIF and AMPs production. Yorkie also impairs the IMD
pathway mediated AMPs production via suppressing the expression of Relish, the NF-kB protein in IMD pathway. Activation of Toll receptor activates Hippo via
Toll-Myd88-Pelle cascade mediated degradation of Cka. The interplays between Hippo-Yorkie and Toll/IMD pathway are highlighted with red.

AMPs

production including IL-2, IL-6, IL-17A, IL-4, and IL-1p (78). T
cell-specific MAP4K3 transgenic mice spontaneously developed
systemic inflammation and autoimmune diseases (79). MAP4K4,
also termed hematopoietic progenitor kinase/germinal center
kinase-like kinase (HGK), has been suggested to play a regulatory
role in innate immunity. Knocking down of MAP4K4 with

siRNA in macrophages impeded LPS-induced TNFa and IL-1f
production (80).

NDRI1 was suggested to be a positive regulator in IL-17
(Interleukin 17)-mediated NF-kB activation (81). IL-17 is
an important inducer of tissue inflammation. NDRI was
shown to promote IL-17-induced phosphorylation of p38,

Frontiers in Immunology | www.frontiersin.org

February 2020 | Volume 11 | Article 323


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wang et al.

Hippo-YAP Interplays With Innate Immunity

Endosome

TLR7/8/9 \«

Ny
VEEEAN

(Fre®) n_
-

degradation

Inflammatory cytokines

FIGURE 4 | The crosstalk between Hippo-YAP pathway and NF-kB signaling. MST1/2 is activated via TLR2-MyD88-IRAK1/4 cascade during Mtb infection (a), and
subsequently induce the expression of CXCL1 and CXCL2 by activating IRF3 (b). MST1 inhibits NF-kB activation via promoting IRAK1 degradation (c) and inhibiting
LUBAC-mediated NEMO linear ubiquitination (d). MST1 is activated by TRAF2 after TNFa stimulation. NDR1 promotes the IL-17-induced inflammatory response by

interact with TRAF3, which disrupts the IL-17R-Act1-TRAF6 complex (e). NDR1/2 inhibit inflammatory cytokine production by promoting Smurf1-mediated
degradation of MEKK2 (f). YAP blocks NF-«B activation via promoting the TRAF6 degradation (g) or disrupting the interaction between TAK1 and IKKa/g (h).
YAP/TAZ-TEADs complex inhibits the transcriptional activation of NF-kB targeted genes in low-density-cells (i). Long-term expression of YAP/TAZ in hepatocyte
potently activates the expression of inflammatory factors (j). TNFa stimulation activates MST1 in a TRAF2 dependent manner (k). TAK1 directly phosphorylates

YAP/TAZ, resulting in their degradation independent of LATS1/2 (I). MAP4K1 (m) and MAP4K3 (n) phosphorylate CARMA1 and PKC-6, respectively, contributing to
IKK and NF-kB activation. The crosstalk between Hippo-YAP and NF-kB signaling are highlighted with red color.

ERK1/2, NF-kB and the expression of chemokines and
cytokines, independent of its kinase activity. IL-17-induced
inflammation was significantly reduced in NDR1-deficient mice.
Mechanistically, NDR1 competed with IL-17 receptor (IL-17R)
for TRAF3 binding (81), whereas TRAF3 had been shown
to interact with IL-17R and disturb the formation of the
IL-17R-Actl-TRAF6 complex (82). NDR1 was reported to
inhibit CpG-TLR9-mediated inflammatory cytokine production
in macrophages and protect host from inflammatory injury.
NDRI interacted with Smad ubiquitin regulatory factor 1
(Smurfl), an E3 ligase for mitogen-activated protein/ERK kinase
kinase 2 (MEKK2), and enhanced Smurfl-mediated K48-linked
ubiquitination and degradation of MEKK2 (83). MEKK2 has
been identified to be indispensable for recruitment of NF-kB-
IkBp complex to IKK complex, and controlled the delayed

activation of NF-kB in response to TNFa and IL-1f (84). MEKK2
is crucial for CpG-induced TNF-a and IL-6 production. Thus,
NDRI1-deficient mice showed robust TNF-a and IL-6 production
and were more susceptible to CLP-induced sepsis and Escherichia
coli infection (83). Similarly, NDR2 was also reported to interact
with Smurfl and promote MEKK2 degradation, impeding IL-
17-induced inflammation. NDR2 deficiency increased IL-17-
induced IL-6, CXCL2 and CCL20 expression (85) (Figure 4).

Lv et al. demonstrated an inhibitory role of YAP in
NF-kB activation. YAP was found to interact with and
promote the polyubiquitination and degradation of TRAFG6,
dampening TRAF6-mediated NF-kB activation. Endothelial
specific YAP knockout mice exhibited enhanced the expression
of NF-kB, proinflammatory cytokines IL-6, TNF-a, IL-1p, and
lung inflammatory injury and mortality in response to LPS.
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TRAF6 depletion alleviated the robust inflammatory response in
endothelial YAP-deficient mice (86). Furthermore, Deng et al.
proved that YAP inhibited inflammatory responses mediated
by NF-kB signaling in a murine model of experimental
osteoarthritis (87). YAP overexpression disrupted the interaction
between TAKI1 and its downstream proteins IKKa and IKKB,
attenuating the activation of NF-«kB signaling which played
a major role in osteoarthritis pathogenesis via mediating
the expression of proinflammatory cytokines such as TNFa
(tumor necrosis factor o), IL-18 and IL-6 (88). Transgenic
overexpression of YAP or genetic deletion of MST1/2 in mice
alleviated osteoarthritis symptoms, whereas deletion of YAP in
chondrocytes aggravated the progression of osteoarthritis (87).
Additionally, in low-density-cells, YAP/TAZ translocates into the
nuclei and forms YAP/TAZ-TEADs complex, functioning as a
transcriptional activator. This YAP/TAZ-TEADs complex could
recruit histone deacetylase 7 (HDAC?) to the promoter regions of
NF-kB targeted genes, reducing the production of inflammatory
cytokines (89). Nevertheless, TAZ was demonstrated to promote
liver inflammation and tumor development. The expression of
TAZ, but not YAP, was found to correlate with the mRNA
transcription of inflammatory cytokines CCL2 and CXCLI in
human liver tumors. Expression of TAZ in mouse livers increased
the secretion of proinflammatory cytokines, recruitment of
myeloid cells, and mice mortality in a TEADs dependent manner
(90). Mooring et al. found that the long-term expression of
YAP/TAZ in hepatocyte positively correlated to the degree of liver
inflammation. Hepatocyte-specific expression of a constitutive
active form of YAP in mice for a week potently activated
the expression of inflammatory factors including TNFa, IL-1.
In contrast, hepatocyte-specific YAP or YAP/TAZ knockouts
exhibited less inflammation (91) (Figure 4).

The researches presented above suggested the sophisticated
roles of Hippo-YAP pathway in the modulation of NF-
kB signaling. Hippo-YAP pathway might be either positive
or negative regulator of NF-kB signaling. In many cases,
Hippo-YAP signaling was activated by NF-«kB signaling and
inflammatory responses. MST1/2 of Hippo-YAP signaling was
shown to be activated via TLR2-MyD88-IRAK1/4 axis during
Mtb infection. Mtb infection was recognized by TLR2, which
initiated the signal transmission via TLR2-MyD88-IRAK1/4 axis.
Subsequently IRAK1 and IRAK4 directly interacted with and
activated MST1/2. Inhibition of IRAK1 and IRAK4 compromised
Mtb-induced MST1/2 activation (64). Lee et al. documented that
TNFa stimulation mediated the activation of MST1 (70). After
the stimulation with TNFa, TRAF2 recruited MST1 to TNF-
RSC, and subsequently mediated the homo-dimerization and
activation of MST1. TRAF2 deficiency abolished TNFa-induced
homo-dimerization and activation of MST1 (70, 92). Similarly,
MST1 and LATS1 were reported to be strongly activated by
inflammatory cytokines, including TNFa and IL-1f, which
further promoted YAP/TAZ degradation and attenuated the
expression of YAP/TAZ-targeted genes (87). Interestingly, TAK1
involved in LATS1/2-independent YAP/TAZ degradation. TAK1
directly associated with and phosphorylated YAP/TAZ, resulting
in the proteasomal degradation of YAP/TAZ. TAK1 deletion
significantly dampened TNFa-induced degradation of YAP/TAZ

(87) (Figure 4). Furthermore, TNF-a stimulation has been
demonstrated to potently activate several MAP4Ks family
members, including MAP4K2, MAP4K3 (62, 93), and MAP4K5
(also named KHS, Kinase homologous to SPS1/STE20) (94,
95), suggesting the inflammatory response might activate Hippo
pathway via MAP4Ks.

HIPPO SIGNALING AND REACTIVE
OXYGEN SPECIES

Reactive oxygen species (ROS) serves to eliminate invading
pathogen in innate immunity (96). Mitochondria need to be
juxtaposed to phagosomes for the synergistic production of ROS
in phagocytes to kill pathogens (97, 98). Geng et al. documented
that MST1/2 was vital for ROS-mediated innate anti-bacterial
response (61). TLR1/2/4 sensed bacterial infections and triggered
assembly of the TRAF6-ECSIT (evolutionarily conserved
signaling intermediate in Toll pathways) complex, which was
required for juxtaposition of mitochondria and phagosomes
(97). MST1/2 was required for TLR-triggered assembly of
the TRAF6-ECSIT complex by activating the GTPase Rac.
After recognizing bacterial infection, TLRs activated MST1/2,
which phosphorylated PKC-o and activated PKC-a-LyGDI
(Rho-specific guanine nucleotide dissociation inhibitor)-Rac
axis, promoting assembly of the TRAF6-ECSIT complex and
ROS production (61) (Figure 5). Deletion of MST1 and MST2
diminished mitochondrion-phagosome juxtaposition and
ROS induction. MST1- and MST2- deficient mice exhibited
enhanced susceptibility to bacterial infection (61). Furthermore,
MST1 was reported to be activated by ROS. H,O, stimulation
induced the binding of TRAF2 to MST1, which facilitated the
dimerization and activation of MST1 (92). Recently, MST1/2
was demonstrated to sense ROS and protect macrophages
from oxidative stress by modulating the stability of antioxidant
transcription factor Nrf2 [nuclear factor (erythroid-derived
2)-like 2]. Phagosomal or mitochondrial ROS release activated
MST1/2, which in turn phosphorylated Keapl (kelch like ECH
associated protein 1) and prevented Keapl-mediated Nrf2
from degradation. Nrf2 is the key transcriptional activator of
the antioxidant response in macrophages. MST1/2-deficiency
led to enhanced Nrf2 ubiquitination and low expression of
antioxidant genes such as Nqol, Ho-1, Gclc, and Gelm, resulting
in increased oxidative stress, phagocyte aging and death (99).
Interestingly, another group reported that high intracellular ROS
increased YAP expression independent of the canonical Hippo
pathway, implying more function of YAP independent of Hippo
(100) (Figure 5). Generally, current studies implied a reciprocal
activation of ROS and Hippo-YAP signaling (Figure 5).

PERSPECTIVES OF HIPPO-YAP -INNATE
IMMUNITY CROSSTALK IN TUMOR
DEVELOPMENT

The transcription co-activators YAP and TAZ are found to
be universally hyper-activated in various human malignancies.
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TLR1/2/4

Nrf2

Antioxidant
genes

FIGURE 5 | Interplays between Hippo signaling and ROS production. Recognition of bacterial infections by TLR1/2/4 triggers activation of MST1/2. Then MST1/2
phosphorylates PKC-a and activates PKCa-LyGDI-Rac cascade to induce assembly of the TRAF6-ECSIT complex, which is required for recruitment of mitochondria
to phagosomes and ample ROS production. MST1 is activated by TRAF2 in response to HoO» stimulation via unknown mechanism. MST1/2 phosphorylates Keap1
and prevents Keap1-mediated Nrf2 degradation, resulting in the expression of antioxidant genes. High intracellular ROS increase YAP expression independent of the
canonical Hippo pathway; however, its mechanism is still elusive. The functions of Hippo-YAP in ROS production are highlighted with red color.

YAP/TAZ endows tumor cells with several crucial attributes,
including survival, aberrant proliferation and stemness (101,
102). The upstream components of the Hippo-pathway including
MST1/2, LATS1/2, NDR1/2, Merlin, and RASSFs have been
identified to be tumor suppressors. Dysregulation of the Hippo
pathway promote tumor initiation and progression (103-106),
and is probably the major mechanism of resistance to various
targeted and chemotherapies (107), making Hippo-YAP pathway
an attractive anti-cancer target. Innate immunity plays vital
roles in anti-tumor responses via detection of tumor DNA,
induction of IFN-I, proinflammatory cytokines and chemokines,
recruitment of inflammatory cells, and elicitation of adaptive
immune responses (108).

As documented above, activation of many innate immune
receptors activated Hippo-YAP pathway (55, 61, 70, 92), which
might mediate the inactivation of YAP/TAZ and the suppression
of tumor initiation and progression. Actually, the loss of function
of innate immunity is closely related to tumor development.
For instance, lacking of cGAS and/or STING has been found
in more than a third of colorectal cancers (109). STING
was reported to be frequently inactivated in HPV-induced
cancers (110) and in a large portion of melanomas (111).
Low expression of STING in hepatocellular carcinoma (HCC)
tissues was closely related to more advanced tumor stages
and a worse outcome (112). Low RIG-I expression led to
shorter survival and poor prognosis of patients with HCC
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(113) and gastric cancer (114). RNA ligands-activated RIG-
I and MDA5 could induce growth inhibition or apoptosis of
multiple types of cancer cells in an IFN-independent manner
(115, 116). In addition to these, tumor-derived DNA has been
demonstrated to induce IFN-f production via ¢cGAS-STING-
IRF3 axis, contributing to spontaneous T cell- and natural
killer cell mediated-anti-tumor responses. STING-deficient mice
and IRF3-deficient mice exhibited defective tumor rejection
(117-119). Several innate immune receptor ligands, such as
poly (I:C), LPS and CpG, were proven to be efficient anti-
tumor agents in different models of cancer [review in (120)].
Those ligands exhibited potential anti-tumor activity by inducing
strong activation of IFN signaling and probably by activating
the Hippo-YAP signaling. All these relations imply that loss of
innate immunity in tumors might also lead to the activation of
YAP or TAZ, therefore promote tumorigenesis. On the other
hand, it is also reasonable that the accumulation of YAP/TAZ,
usually caused by the dysregulation of Hippo-YAP pathway,
might dampen the TBK1, IRF3 activation, and the anti-tumor
responses. However, further investigation needs to be performed
to demonstrate these hypotheses.

Although Hippo-YAP pathway has been convincingly proven
to be a tumor suppressor signal, several studies reported
that Hippo pathway attenuated anti-tumor immunity, and
contribute to tumor initiation and progression in certain
contexts, implying the complexity of anti-tumor immune
regulation [review in (1, 121)]. Using three different murine
syngeneic tumor models, Moroishi et al. found that LATS1/2
deletion or YAP/TAZ overexpression enhanced the immune
response to tumor cells and inhibited tumor growth in vivo.
Mechanically, LATS1/2-deficient tumor cells secreted robust
level of nucleic-acid-rich extracellular vesicles, which activated
IFN-I response via TLR-MYDS88/TRIF signaling and enhanced
antitumor immune responses (122). This study demonstrated a
dual function of Hippo-YAP pathway in tumor development and
immunosurveillance. Thus, in certain context, the potentiated
immune response to tumor cells, induced by Hippo-YAP
signaling deficiency, might overwhelm the tumor growth
advantage and inhibit tumor growth.

On the contrary, several innate immune receptors were
reported to correlate with tumor progression in multiple
cancers (123). These might be attributed to the chronic
inflammation induced by continuous activation of the receptors.
More than 25% of cancers were associated with the persistent
pathogen infection and chronic inflammation (124). For instance,
persistent infection of hepatitis B virus (HBV) or hepatitis C
(HCV) virus caused HCC (125, 126). Human papillomavirus
(HPV) infection led to cervical cancer (127). These pathogens
usually encode immune evasion mechanism and inhibit the
antiviral or antibacterial signaling (110), which might further
antagonize the Hippo-YAP signaling and promote tumor
progression. Therefore, examining Hippo-YAP signaling status in
virus-induced cancers will be necessary for further understanding
this specific pathologic condition.

As documented above, innate immune responses act as
a positive regulator of Hippo-YAP pathway in most cases.
However, it could not explain all the issues, especially the

TLRs which are correlated with either good or bad prognosis
due to different types of cancer (128, 129). For example, high
TLRY expression indicated worse prognosis in oesophageal
adenocarcinoma (130), but was associated with better survival in
renal cell carcinoma (131). In lung cancer, TLR5 was correlated
with good prognosis, but TLR7 with poor prognosis (132). Thus,
our knowledge about the interplays of Hippo pathway and innate
immunity may still in its infancy.

SUMMARY

The mutual regulation between Hippo-YAP pathway and innate
immunity has been demonstrated by increasing amount of
evidences. A number of clinical cases reported that lots
of immunodeficiency symptoms, including recurrent bacterial
and viral infections, were associated with the deficiency
of Hippo signaling, implying its critical role in immune
modulation (47, 48). Multiple proteins in Hippo-YAP signaling
and innate immunity were identified to be involved in the
crosstalk between Hippo-YAP pathway and innate immunity.
In most cases, Hippo-YAP signaling potentiated the innate
antiviral response, which could also positively feedback the
Hippo-YAP pathway via multiple mechanisms. However, the
interplay between Hippo-YAP and NF-kB signaling is intricate.
Either signaling has been reported to positively or negatively
regulate the other. The innate immunity probably influences
tumor tumorigenesis, and progression via its interplay with
Hippo signaling. The innate antiviral response leading to
IRF3 activation and IFN production might indicate good
outcome by provoking the Hippo signaling. However, the
crosstalk between these two pathways still remains unclear
and need further investigation. A comprehensive image of
their regulations may pave the way for development of new
cancer treatment.
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