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Abstract 

Organ size is a fundamental characteristic of plants with fruit size being particularly important 

for the marketability of strawberries. However, the regulation of organ size is a complex 

process influenced by multiple signalling pathways. In animals, the Hippo signalling pathway 

serves as a negative regulator of organ size. Its key components include Ste20 (Sterile 20) 

serine/threonine kinase as upstream regulators, LATS/NDR serine/threonine kinase as 

downstream components phosphorylated by Ste20 kinases, scaffold proteins such as MOB1, 

and transcription factors as effectors.  Mutations in Ste20, LATS and MOB1 result in excessive 

cell proliferation and enlarged organs.  

Although the Hippo pathway is less well understood in plants, homologues of Ste20 kinase, 

NDR kinases, and scaffold proteins such as MOB1 have been identified. Previous studies have 

shown that Arabidopsis thaliana Ste20 kinase 1 (AtSIK1), a homologue of Ste20, regulates 

organ size by interacting with AtMOB1 within the Hippo signalling pathway. Notably, in plants, 

the Hippo pathway positively regulates organ size. Mutations in atsik1, atmon1a, or the double 

mutant atsik1/mob1a lead to fewer cells and smaller organs. However, the precise mechanisms 

by which the Hippo pathway controls organ size in plants remain unclear. 

This project focuses on the kinase activity of AtSIK1 and its role in regulating organ size in 

Arabidopsis. We found that its kinase activity, dependent on Lys278 and Thr405, is crucial for 

organ size control. Further investigation showed that AtSIK1 phosphorylated AtMOB1A and 

AtMOB1B at the conserved Thr35, consistent with the canonical Hippo pathway. Importantly, 

we identified a new component of the plant Hippo pathway, AtHXK1. It is a sugar sensor, 

which acts as a positive regulator of organ size in Arabidopsis. AtSIK1 interacts with and 

phosphorylates AtHXK1 at Ser177. The double mutant sik1-1/hxk1 exhibits a greater reduction 

in organ size and sensitivity to high glucose than either single mutant, demonstrating their 

additive roles in organ size regulation. This is likely mediated through cross-talk between the 

Hippo pathway and glucose signalling. 

To explore the conservation of the Hippo pathway in horticultural crop, we identified FvM4K1, 

a Ste20 kinase from woodland strawberry (Fragaria vesca). FvM4K1 partially restored defects 

in a yeast Ste20 mutant ste20ȹ and fully rescued growth in Arabidopsis mutant atsik1-4, 

highlighting its functional conservation. RNAi-mediated downregulation of FvM4K1 reduced 

strawberry plant and fruit size due to smaller cell size and number, while overexpression 
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increased organ size. Kinase activity analysis showed that FvM4K1 autophosphorylates, with 

Lys269 and Thr396 being essential for its function. Similar to AtSIK1, FvM4K1 interacts with 

and phosphorylates the two scaffold proteins FvMOB1A and FvMOB1B at the conserved 

Thr35 and Thr36 residues, respectively. 

Taken together, we conducted an in-depth mechanistic study of AtSIK1 and its interaction with 

AtMOB1, linking its kinase activity to interaction and organ size control in Arabidopsis. A 

homologous Ste20 kinase, FvM4K1, was identified, and its role in phosphorylating FvMOB1 

proteins and regulating plant and fruit size was validated in strawberry, confirming the 

distinctive role of the Hippo pathway in plants. The discovery of a novel Hippo pathway 

component, AtHXK1, in Arabidopsis links sugar signalling to the Hippo pathway. This may 

help elucidate the positive regulatory role of the Hippo signalling pathway in plants, in contrast 

to its negative role in animals in regulating organ size. 

These findings provide new insights into the molecular mechanisms of organ size control in 

Arabidopsis and fruit size regulation in strawberry, advancing our understanding of the Hippo 

signalling pathway in higher plants, a pathway that remains largely unexplored. These 

discoveries also offer new opportunities for biotechnological strategies to improve crop yield 

and quality. 
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Chapter 1 Introduction  

1.1 Introduction  

The Hippo pathway, originally identified in Drosophila, is a critical regulator of organ size, 

tissue homeostasis, and cell proliferation (Kodaka and Hata, 2014; Yu et al., 2015a). This 

signalling pathway acts through a cascade of kinases, including Ste20 (Sterile 20) kinase family 

Mst1/2 and LATS/NDR kinase family Lats1/2, which control downstream effectors like 

YAP/TAZ in mammals, thereby modulating cell division and apoptosis (Fu et al., 2022). 

Dysregulation of the Hippo pathway has been linked to various diseases, particularly cancer, 

due to its role in controlling unregulated cell growth (Yu et al., 2015a). While significant 

advances have been made in understanding this pathway in animals, its presence and functions 

in plants remain largely unexplored. 

In plants, Hippo pathway is recognized for its roles not only in regulating organ size but also 

in stress responses (Hepworth and Lenhard, 2014; Zhang et al., 2022a); however, the extent to 

its comparability to the Hippo pathway in animals is yet to be fully explored (Zhang et al., 

2017a). Preliminary evidence suggests that certain components, such as the Ste20 kinase family 

AtSIK1 (Xiong et al., 2016), LATS/NDR kinase family AtNDRs in Arabidopsis (Yoon et al., 

2021; Zhou et al., 2021a), may exhibit functional similarities with Hippo pathway components. 

Notably, AtSIK1 is implicated in the regulation of organ size via cell proliferation and cell 

expansion (Xiong et al., 2016), while it is also involved in antibacterial immunity, and AtNDRs 

are discovered to be mainly indispensable for pollen development, embryogenesis and 

germination (Yoon et al., 2021; Zhou et al., 2021a). The functional roles of these components 

encompass a broad spectrum of plant biological processes and stress responses. 

1.2 Overview of the Hippo Pathway  

1.2.1 Core Components and Basic Mechanism of the Hippo Pathway 

The core components of the Hippo pathway comprise members of the Ste20 kinase family, 

LATS/NDR kinase family, scaffold proteins including co-activator MOB1 protein family and 

effectors such as transcription factors Yki/YA P (Meng et al., 2016; Fu et al., 2022). As 

illustrated in Table 1-1, the Ste20 kinases are identified in fruit fly including Hippo (Hpo) (Wu 

et al., 2003) and two MAP4Ks (Happyhour, Hppy; Misshapen, Msn) (Li et al., 2015; Zheng et 

al., 2015). In mammals, the Hpo homologs are Mst1/2 (Joseph, 2016) and seven MAP4Ks 
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(Meng et al., 2015), but in yeast, only Cdc15p has been identified as a Hpo homolog (Jaspersen 

and Morgan, 2000). The scaffold proteins Salvador (Sav) and WW45 play crucial roles in 

Drosophila and mammals, respectively (Wu et al., 2003; Lee et al., 2008); however, in yeast 

Nud1p is not essential for Cdc15p interaction and phosphorylation (Gruneberg, 2000). 

LATS/NDR kinases and their co-activator MOB proteins exhibit high conservation across 

organisms (Mah et al., 2001; Visintin and Amon, 2001; Wu et al., 2003; Lai et al., 2005; Ni et 

al., 2015). The transcription factors Yorkie (Yki) in flies (Huang et al., 2005), YAP/TAZ (Hong 

and Guan, 2012) in mammals serve as vital effectors of the Hippo pathway whereas in yeast, 

this role is fulfilled by phosphatase (Kao et al., 2014). 

The general mechanism of the Hippo pathway involves Ste20 kinases forming complexes with 

WW domain-containing scaffold proteins, which subsequently phosphorylate and activate 

LATS/NDR kinases. These activated LATS/NDR kinases, in conjunction with co-activator 

MOB1 proteins, phosphorylate and regulate downstream effectors such as transcription factors 

in mammals, thereby modulating cell division and apoptosis (Rock et al., 2013; Meng et al., 

2016; Zheng and Pan, 2019; Fu et al., 2022).  

Table 1-1. The Hippo pathway homologues among different  

Species Ste20 

kinase 

Family 

Scaffold 

protein 

with WW 

domain  

LATS/NDR 

kinase Family 

MOB1 co-

activator 

protein 

family  

effector Reference 

Yeast Cdc15p Nud1p Dbf2p/Dbf20p Mob1p Phosphatase 

Cdc14p 

(Gruneberg, 2000; 

Jaspersen and Morgan, 

2000; Mah et al., 2001; 

Visintin and Amon, 

2001; Kao et al., 2014) 

Fruit 

fly  

Hpo/Hppy/

Msn 

Sav Wts Mats Transcription 

factor Yorkie 

(Yki)  

(Wu et al., 2003; 

Huang et al., 2005; Lai 

et al., 2005; Li et al., 

2015; Zheng et al., 

2015) 

Human Mst1/2, 

MAP4Ks 

WW45 Lats1/2 hMob1 Transcription 

factor 

YAP/TAZ 

(Lee et al., 2008; Hong 

and Guan, 2012; Meng 

et al., 2015; Ni et al., 

2015; Joseph, 2016) 

 

1.2.1.1  Ste20 Kinase Family 

The Ste20 (Sterile 20) protein family serves as a pivotal upstream regulator of the Hippo 

pathway (Ling et al., 2008; Zhong et al., 2024). These proteins function as serine/threonine 

kinases involved in regulating fundamental cellular processes, including the cell cycle, 
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apoptosis, and stress responses (Strange et al., 2006). The Ste20 family is categorized into two 

subgroups: p21-activated kinases (PAKs) and germinal centre kinases (GCKs). PAKs and 

GCKs are primarily distinguished by the location of their kinase domains: PAKs contain C-

terminal kinase domains, whereas GCKs have their kinase domains situated at the N-terminus 

(Boyce and Andrianopoulos, 2011). Additionally, PAKs feature a conserved N-terminal p21 

GTPase-binding domain that facilitates interaction with small GTPases such as Cdc42 and Rac 

(Strange et al., 2006). In contrast, GCKs lack a GTPase-binding domain (Fig 1.1) (Boyce and 

Andrianopoulos, 2011). 

 

Figure 1.1. Schematic structure of Ste20 kinases.  

Numbers indicate amino acid positions. The kinase domains of all Ste20 proteins are identified and are 

primarily located near the N-terminus, except for Ste20p. All Ste20 kinase among different organism 

also have additional protein interaction domains. Phosphorylated sites and caspase-cleavage sites are 

labelled as uppercase óPô and óDô. 

1.2.1.1.1 Ste20p kinase and its biological role in yeast (S. cerevisiae)  

Ste20p, the original member of the Ste20 family identified in budding yeast (Saccharomyces 

cerevisiae), was discovered through a genetic screen for mating defects (Bardwell, 2005; 

González et al., 2023). As a conserved member of the PAK family, Ste20p is characterized by 

an N-terminal CRIB (Cdc42/Rac-interactive binding) domain, essential for interaction with 

Cdc42p (amino acids 337-350) and a C-terminal kinase domain (amino acids 620-871) (Fig. 

1.1). In the mating response pathway, Ste20p phosphorylates Ste11p, thereby transmitting the 

pheromone signal from cell type-specific receptors coupled to the ɓ- and ɔ-subunits of a 

heterotrimeric G-protein. This phosphorylation initiates a downstream protein kinase cascade 
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comprising Ste11p (MAP3K), Ste7p (MAP2K), and Fus3p/Kss1p (MAPK), ultimately leading 

to cellular responses such as growth arrest in the G1 phase of the cell cycle (Wu et al., 1995; 

Scott, 2022). Beyond its role in mating regulation, Ste20p participates in various MAPK 

pathways, including osmosensing (Raitt et al., 2000), filamentous growth (Gancedo, 2001), bud 

site selection (Sheu et al., 2000), polarized growth (Goehring et al., 2003), actin organisation 

(Eby et al., 1998), regulation of exit from mitosis (Höfken and Schiebel, 2002), and apoptosis 

(Ahn et al., 2005). 

Ste20p is indispensable for the pheromone signalling pathway in yeast, as evidenced by the 

mating defects observed in ste20ȹ mutant (Leberer et al., 1992). These mutants exhibited 

impaired mating-specific morphological changes and a reduced number of buds with apical 

growth, indicating a shorter apical growth phase compared to wild-type cells (Sheu et al., 2023). 

Additionally, ste20ȹ mutants display a unipolar budding pattern, with bud scars clustered at 

the proximal pole, while wild-type cells typically show distal pole budding (Sheu et al., 2000). 

Although Ste20p is not required for cell viability, its absence results in sterility, highlighting 

its critical role in mating processes (Ramer and Davis, 1993; Kawamukai, 2024). 

1.2.1.1.2 Ste20 kinase Cdc15p and its biological role in yeast (S. cerevisiae) 

Cdc15p is an additional member of the Ste20 family and is classified within the germinal centre 

kinase (GCK) family due to its N-terminal kinase domain, which spans amino acids 25 to 272. 

It also features a self-association domain (amino acids 360-702), essential for its functional 

roles, including binding to spindle pole bodies, and an auto-inhibitory domain (amino acids 

751-974) (Fig 1.1). The primary functions of Cdc15p includes promoting mitotic exit (Bardin 

et al., 2003; Bates, 2018), facilitating cytokinesis, and disassembling the meiotic spindle 

(Paulissen et al., 2020). Within the mitotic exit network (MEN) signalling pathway, Cdc15p 

promotes mitotic exit by phosphorylating and activating the Dbf2p/Dbf20p kinase complex. 

This activation leads to the dephosphorylation of key targets by the phosphatase Cdc14p, which 

inactivates the mitotic kinase Cdk1, thereby enabling exit from mitosis and the completion of 

cytokinesis (Pablo-Hernando et al., 2007; Bates, 2018). In addition to its role in activating 

Dbf2p/Dbf20p, Cdc15p interacts with a group of late mitotic proteins, including Lte1p, Tem1p 

and Cdc14p, to inactivate Cdc28p-Clb2p at the end of mitosis in budding yeast (Chai et al., 

2010; Sparapani, 2019). 
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Loss of Cdc15p results in cells arresting in late mitosis (Yeong et al., 2000) and an inability to 

complete cytokinesis (Jiménez et al., 1998). Induction of Cdc15p in various late mitotic mutants 

rescues the typical temperature-sensitive growth defects, underscoring the significance of 

Cdc15p expression and kinase activity in this process (Arasada and Pollard, 2014). The 

localisation of Cdc15p is regulated throughout the cell cycle. When tagged with GFP, Cdc15p 

predominantly resides in the cytoplasm but localises to the mother-bud neck during late mitosis, 

where it is closely associated with the nucleus (Yeong et al., 2000).  

1.2.1.1.3 Ste20-like kinase Hippo (Hpo) and its biological role in Drosophila 

In Drosophila, the Hippo (Hpo) gene encodes a Ste20-like family protein kinase that regulates 

tissue growth through the modulation of cell proliferation, growth, and apoptosis within the 

Hippo pathway (Wu et al., 2003). Hpo forms a complex with the scaffold protein Salvador (Sav) 

via its coiled-coil dimerization domain (Wu et al., 2003; Lin et al., 2020), known as the SARAH 

domain (amino acids 608-655) which is absent in yeast homologs such as Ste20 and Cdc15p 

(Fig. 1.1).  

Hpo suppresses tumorigenesis through the modulation of cell proliferation and apoptosis. Loss 

of function hpo mutations in flies result in significant tissue overgrowth phenotypes, 

characterized by folded eyes, and excess head cuticle, accompanied by abnormal epidermal cell 

morphology and distinct cell-cell boundaries. Histological analyses reveal an increased cell 

population, primarily attributed to enhanced cell proliferation and an accelerated rate of cell 

division. Moreover, the absence of Hpo suppresses apoptosis (Wu et al., 2003). 

1.2.1.1.4 Ste20-like Kinase Mst1/2 and its biological role in Mammals 

The Mammalian Sterile 20-like (Mst) kinases, comprising Mst1, Mst2, Mst3, Mst4, and Ysk1, 

represent evolutionarily conserved homologues of the Ste20 kinase family in mammals (Shi 

and Zhou, 2018). Among these, Mst1 and Mst2 are the principal conserved homologues of Hpo, 

functioning as core components of the Hippo signalling pathway. Mst1 and Mst2 exhibit high 

sequence homology, sharing 88% similarity, and demonstrate overlapping yet distinct 

functions, including anti-tumour activity and pro-apoptotic effects (Creasy and Chernoff, 

1995a; O'Neill et al., 2004). However, they also display divergent functional aspects, 

particularly in their regulatory mechanisms (Qi et al., 2020). 
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As showed in Fig. 1.1, the structural organization of Mst1/2 includes a C-terminal regulatory 

region subdivided into two functional domains: a linker region containing phospho-threonine 

and the SARAH (Sav/RASSF/Hpo) domain (amino acids 433-480 for Mst1 and 437-484 for 

Mst2) (Weingartner et al., 2023). Additionally, two caspase-cleavage sites, characteristic of 

Mst1/2, are located between the kinase domain and the linker region (Lee et al., 2001; 

Weingartner et al., 2023). The SARAH domain mediates complex formation with WW45, the 

mammalian homologue of Drosophila Salvador (Sav), facilitating their activation (Song et al., 

2015; Sánchez-Sanz et al., 2016). During apoptosis, Mst1 undergoes caspase-3-mediated 

cleavage at Asp326 or Asp349, resulting in C-terminal truncation. This truncated form 

translocates to the nucleus, inducing chromatin condensation and internucleosomal DNA 

fragmentation, hallmarks of apoptotic chromatin (Ura et al., 2001; Cheung et al., 2003). 

Genetic studies have revealed functional redundancy between Mst1 and Mst2, as evidenced by 

early embryonic lethality in double knockout models, while single-gene knockouts remain 

viable (Oh et al., 2009).  In hepatic tissue, Mst1/2 deficiency leads to tissue overgrowth, a 

phenotype consistent with Hpo mutants and other Hippo pathway component mutants in 

Drosophila (Wu et al., 2003; Zhou et al., 2009). These findings corroborate the role of Mst1/2 

as conserved suppressors of organ size in mammalian systems. 

1.2.1.1.5 MAP4Ks and their biological role in animals  

Interestingly, the regulation of Yki and YAP requires LATS/NDR kinases rather than Ste20 

kinases within the Hippo pathway, suggesting Ste20 kinases have alternative counterparts. 

Based on these observations, MAP4Ks have been proposed to act as substitutes for Hpo and 

Mst in the Hippo pathway (Meng et al., 2015; Zheng et al., 2015). One such kinase, the Ste20 

family member Happyhour (Hppy), directly phosphorylates Wts at Thr1077 and also 

phosphorylates Mats independently of Hpo (Zheng et al., 2015). Consistent with the activation 

of the Hippo pathway by Hpo, overexpression of Hppy has been shown to reduce wing size by 

promoting apoptosis, increasing the phosphorylation of Wts, and enhancing the 

phosphorylation of endogenous Yki, as well as upregulating the expression of the downstream 

target gene Diap1 (Zheng et al., 2015).  

In addition to Hppy, another Ste20 kinase, Misshapen (Msn), also serves as a regulator within 

the Hippo pathway. Double knockdown mutants of Hppy and Msn, achieved by RNA 

interference (RNAi), display increased nuclear localisation of Yki and elevated expression of 
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Diap1. Notably, triple knockdown mutants lacking Hpo, Hppy, and Msn exhibit an even greater 

increase in Diap1 expression and a more pronounced nuclear localisation of Yki (Li et al., 

2015).  

Consistent with the functions of Hppy and Msn acting in parallel to Hpo, the human 

counterparts of MAP4K1/2/3/5 (Hppy) and MAP4K4/6/7 (Msn) have been identified as 

operating independently or redundantly within the Hippo pathway. MAP4Ks 1ï7 

phosphorylate Lats1/2 and induce YAP phosphorylation in the Hippo pathway (Meng et al., 

2015; Zheng et al., 2015). These findings underscore the involvement of Ste20 kinases beyond 

Hpo, expanding our understanding of the regulatory mechanisms within the Hippo pathway. 

1.2.1.2 Scaffold Proteins with WW Domain  

The Ste20 kinase scaffold proteins containing WW domains play a critical role in the Hippo 

signalling pathway, which maintain cellular homeostasis, organ size control, and tumor 

suppression (Li et al., 2016; Höffken et al., 2021; Xiong et al., 2021). These scaffold proteins 

typically feature a modular architecture comprising WW domains, which are small protein 

interaction motifs that bind to leucine-rich motif such as LRR motif or 

phosphoserine/threonine-containing sequences like PPxY (Fig. 1.2) (Rotem-Bamberger et al., 

2021). This domain structure facilitates interactions with other components of the Hippo 

pathway, such as upstream regulators and downstream effectors. By assembling multi-protein 

complexes, WW domain-containing scaffold proteins coordinate the phosphorylation cascade 

central to Hippo signalling. Structurally, these scaffolds ensure spatial and temporal specificity 

in signal transduction by anchoring Ste20-like kinases, such as Mst1/2, to their substrates, 

thereby enhancing pathway activation (Chen et al., 2018). Biologically, they are crucial for 

maintaining tissue architecture and responding to mechanical or metabolic stress, with 

dysregulation often linked to pathological conditions, including cancer and fibrosis (Zhao et al., 

2020). 
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Figure 1.2. Schematic structure of Scaffold protein with WW domain .  

Numbers indicate amino acid positions. Scaffold proteins of Ste20 kinases in animals, but not in yeast, 

contains two interconnected WW domains which promote binding to downstream LATS/NDR kinases, 

and SARAH domain, facilitating interaction with Ste20 kinases.  

1.2.1.2.1 Scaffold protein without WW domain Nud1p and its biological role in Yeast  

Nud1p serves as a crucial scaffold protein within the mitotic exit network (MEN) (Vannini et 

al., 2021), despite lacking a typical WW domain (Fig. 1.2). It plays a significant role in 

organizing various signalling components at the spindle pole bodies (SPB), thereby enhancing 

the efficiency of mitotic exit. At the SPB, Nud1p facilitates the activation of Cdc15p by Lte1p, 

which subsequently leads to the release of Cdc14p from the nucleolus, promoting mitotic exit 

(Vannini et al., 2021). Importantly, Nud1p may not be directly required for activity of Cdc15p, 

as evidenced by studies showing that the deletion of Nud1p does not affect Cdc15p association 

with the SPB (Gruneberg, 2000). In addition to its interactions with Cdc15p, Nud1p also 

engages with key proteins such as Tem1p, Bfa1p, and Bub2p, which are essential for regulating 

GTPase activity and ensuring proper signalling during mitosis (Gruneberg, 2000). Therefore, 

Nud1p is indispensable for orchestrating the complex interactions that enable effective 

progression through mitosis. 

1.2.1.2.2 Scaffold protein with WW domain Sav and its biological role in Drosophila 

Salvador (Sav), a critical component of the Hippo pathway, also possesses a SARAH domain 

that mediates its interaction with Hpo. This SARAH domain facilitates interactions with other 

SARAH domain-containing proteins and enables Hpo homodimerization (Deng et al., 2013). 

Furthermore, Sav features additional functional domains: two WW domains that facilitate 

binding to the downstream kinase Warts (Wts) (Salah and Aqeilan, 2011), and a FERM-binding 

motif (FBM) that enables interaction with the upstream component Merlin (Mer) (Fig. 1.2) (Yu 

et al., 2010).  
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The Sav interaction with Hpo enhances kinase activity of Hpo of phosphorylation Warts (Wts), 

thereby promoting cell cycle exit and apoptosis (Meng et al., 2016). As evidenced by the 

phenotypes of sav mutants, they exhibit enlarged tissues due to increased cell proliferation and 

reduced apoptosis, mirroring the effects observed in hpo mutants (Meng et al., 2016). 

1.2.1.2.3 Scaffold Protein WW45 and its biological role in Mammals 

WW45, Sav homology in human, interacts with Mst1/2 kinases via C-terminal SARAH domain 

in mammals (Song et al., 2015; Sánchez-Sanz et al., 2016). Additionally, WW45 also possesses 

WW domain for binding downstream Lats1/2 (Salah and Aqeilan, 2011), mirroring the 

functional architecture of its Drosophila counterpart, Sav (Fig. 1.2). This complex interplay is 

crucial for regulating apoptosis and cell cycle progression. Overexpression of human WW45 

(hWW45) induces mild apoptosis, but its co-expression with Mst1 significantly enhances 

Mst1-induced apoptosis (Luo et al., 2009). Conversely, RNAi-mediated knockdown of hWW45 

suppresses Mst1-driven apoptosis. ww45 mutants exhibit impaired cell cycle exit, resulting in 

excessive cell proliferation (Luo et al., 2009). WW45 is essential for Mst1 autophosphorylation 

and its recruitment into a protein complex with Lats1/2 and YAP, facilitating signal 

transduction within the Hippo pathway (Lee et al., 2008; Joseph, 2016). Interestingly, Mst1/2 

Notably, Mst1/2 kinases exhibit a reciprocal stabilizing effect on WW45, with Mst2 

demonstrating greater efficacy compared to Mst1 (Ling et al., 2008).  

1.2.1.3 LATS/NDR Kinase Family  

Downstream of Ste20 are the LATS (large tumour suppressor) and NDR (nuclear Dbf2-related) 

kinase family proteins. LATS/NDR kinases possess a kinase domain, a LLR or PPxY motif for 

binding with protein containing WW domain and a conserved N-terminal regulatory domain 

(NTR), which facilitates binding to MOB family co-activators, thereby enhancing their kinase 

activity (Fig. 1.3) (Hergovich, 2013; Parker et al., 2020; Rotem-Bamberger et al., 2021). The 

LATS/NDR kinases exhibit a highly conserved regulatory feature across species, from yeast to 

animals (Sharif and Hergovich, 2018). This feature involves two critical phosphorylation 

events: the phosphorylation of a serine residue within the kinase domain and a threonine residue 

in proximity to the C-terminus (Fig. 1.3) (Hergovich et al., 2006; Sharif and Hergovich, 2018). 

The LATS/NDR kinases are implicated in a diverse array of cellular functions, including 

mitotic exit, cell division, cell proliferation, and apoptosis (Santos et al., 2023). 
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Figure 1.3. Schematic structure of LATS/NDR kinases.  

Numbers indicate amino acid positions. LATS/NDR kinases are characterized by a catalytic kinase 

domain, a conserved N-terminal regulatory (NTR) domain, and protein-binding motifs (LLR or PPxY). 

Phosphorylated sites are labelled as uppercase óPô. 

1.2.1.3.1 LATS/NDR Kinase Dbf2p/Dbf20p and its biological role in Yeast (S. 

cerevisiae) 

In budding yeast, the NDR kinase family includes Dbf2p, Dbf20p, and Cbk1p (Gógl et al., 

2015; Jonischkies et al., 2024). Dbf20p, a paralogue of Dbf2p, emerged from whole-genome 

duplication (Boore, 2006). Dbf2p is characterized by its kinase domain, an N-terminal 

regulatory (NTR) domain that facilitates binding to MOB1, and a leucine-rich repeat (LLR) 

motif (Fig. 1.3) (Kohler et al., 2010). Both Dbf2p and Dbf20p serve as key regulators of mitotic 

exit and cytokinesis, playing a significant role in primary septum formation during cytokinesis 

(Meitinger et al., 2013). Additionally, Dbf2p regulates Sid2p, influencing its localisation and 

kinase activity (Hou et al., 2004; Hergovich and Hemmings, 2012). Cbk1p, another member of 

NDR kinase family, operates through its regulatory subunit Mob2p (Weiss et al., 2002; 

Delgado et al., 2020). Cbk1p is crucial for cellular morphogenesis, polarised growth, and 

septum degradation (Racki et al., 2000; Bidlingmaier et al., 2001; Roncero et al., 2021).  

1.2.1.3.2 LATS/NDR Kinase Wts and its biological role in Drosophila 

Wts, an NDR kinase in Drosophila, is activated through phosphorylation by Hpo and forms a 

protein complex with Sav and Mats using the PPxY motif and NTR domain (Fig. 1.3) (Scheel 

and Hofmann, 2003; Hergovich, 2013). The association of Wts with Mats is particularly crucial 

for its functional activity (Sun et al., 2015). Additionally, phosphorylation of Mats by Hpo 

enhances its affinity for Wts and subsequently increases the catalytic activity of the Wts kinase 

(Wei et al., 2007). As a tumour suppressor, loss of Wts leads to excessive growth and 
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differentiation abnormalities (Justice et al., 1995), while mutant mats exhibit a similar 

overgrowth phenotype (Lai et al., 2005). Beyond its role in the Hippo pathway, Wts is also 

involved in growth arrest, autophagy, and autophagic cell death, processes that are dependent 

on phosphoinositide 3-kinase (PI3K) signalling (Dutta and Baehrecke, 2008).  

1.2.1.3.3 LATS/NDR kinases Lats1/2 and its biological role in mammals 

The LATS/NDR kinases in humans comprise two LATS proteins (Lats1 and Lats2) and two 

NDR proteins (Ndr1 and Ndr2) (Hergovich, 2016b; Santos et al., 2023). The NTR domains and 

PPxY motifs of LATS/NDR kinases are conserved in mammals. The phosphorylation sites 

necessary for full activation are identical, featuring a serine residue located in the T-loop and a 

threonine residue in the hydrophobic motif (HM), such as Ser909/Ser872 and 

Thr1079/Thr1041 in Lats1/2 (Fig. 1.3), and Ser281/Ser282 and Thr444/Thr442 in Ndr1/2, 

respectively (Hergovich, 2013; Hergovich, 2016a; Hoa et al., 2016). Lats1/2 are activated 

through phosphorylation at the threonine sites in the HM by Mst1/2, analogous to the activation 

of Wts in Drosophila (Enzo et al., 2015). Notably, Mst2 can only be co-precipitated with Lats1 

in the presence of WW45, which promotes the phosphorylation of Lats1 by Mst2 (Matallanas 

et al., 2007). In addition to Lats1/2, Mst1/2 are also capable of phosphorylating Ndr1/2 

(Hergovich, 2017), thereby regulating cell cycle progression, mitosis, stress responses 

including apoptosis and autophagy. 

1.2.1.4 Co-activator MOB1 Protein  

The MOB (Mps One Binder) family serves as vital adaptors that play critical roles in the Hippo 

signalling pathway, a key regulator of cell growth, differentiation, and survival (Avruch et al., 

2012; Gundogdu and Hergovich, 2019). Initially identified in yeast, the MOB family is 

evolutionarily conserved and includes several members across different species, including 

Drosophila and animals (Gundogdu and Hergovich, 2019; Delgado et al., 2020). MOB proteins 

are characterized by their ability to bind to serine/threonine kinases and promote their activation. 

In the context of the Hippo pathway, MOB proteins, particularly MOB1, serve as essential co-

activators that facilitate the interaction between upstream kinases (Mst1/2) and downstream 

effectors (Lats1/2) (Gundogdu and Hergovich, 2019). Some members of the MOB family also 

participate in the STRIPAK complex, which antagonizes Hippo pathway activity by 

modulating kinase interactions (Duhart and Raftery, 2020). This dual role highlights the 
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importance of MOB proteins in maintaining cellular homeostasis and responding to various 

signalling cues. 

1.2.1.4.1 Co-activator MOB1 Protein Co-activator Mob and its biological role in 

Yeast (S. cerevisiae) 

Yeast has two main MOB proteins: Mob1p and Mob2p. Mob1p is primarily involved in 

regulating mitotic exit, while Mob2p is essential for maintaining cell morphology and growth 

dynamics throughout the cell cycle (Gundogdu and Hergovich, 2019). Specifically, Mob1p 

modulates both the localization and activity of the kinases Dbf2p and Dbf20p within the mitotic 

exit network (MEN) and is critical for regulating the release of the phosphatase Cdc14p, which 

facilitates exit from mitosis (Rock et al., 2013; Hergovich, 2017). Conversely, Mob2p operates 

in conjunction with Cbk1p, another member of the NDR kinase family, and is integral to 

regulating cellular morphogenesis and polarized growth (Weiss et al., 2002; Delgado et al., 

2020). 

1.2.1.4.2 Co-activator Mats and its biological role in Drosophila 

The members of MOB family in fruit flies include Mob1, Mob2, Mob3 and Mob4. They are 

integral to various cellular processes, including cell cycle regulation, growth control, neural 

development, and mitotic spindle organization. Mob1, also referred to as Mats, acts as a co-

activator for Wts, functioning cell proliferation and apoptosis. Mats is crucial for maintaining 

tissue growth and preventing excessive cell division, thereby acting as a tumor suppressor (He 

et al., 2005). Mob2 also interacts with Wts and is involved in regulating cell growth and 

morphogenesis, while specific studies on Mob2 are less extensive than those on Mob1 (Duhart 

and Raftery, 2020). Mob3 is significant for regulating neurite branching and overall neural 

morphology (Schulte et al., 2010). Mob4 is essential for spindle pole organization during 

mitosis, contributing to proper chromosome segregation (Delgado et al., 2020).  

1.2.1.4.3 Co-activator Mob1 and its biological role in mammals 

In humans, there are seven members of the MOB family: hMob1A, hMob1B, hMob2A, 

hMob2B, hMob2C, hMob3, and hMob4. Notably, hMob1A and hMob1B exhibit over 95% 

sequence identity and have been shown to interact with one another (Wang et al., 2014). Mob1 

plays a significant role in mitosis; for instance, the absence of Mob1 leads to an increased 

number of centrosomes in knockout cells (Florindo et al., 2012). Similar to LATS/NDR kinases, 

Lats1/2 also interact with hMob1A&B through NTR domain, which are essential for the 
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phosphorylation of Lats. Cells lacking Mob1A&B display markedly reduced levels of Lats1/2 

phosphorylation (Avruch et al., 2012). In addition to facilitating efficient autophosphorylation, 

the binding of Lats to Mob1 promotes its recruitment to the vicinity of Mst (Enzo et al., 2015). 

Furthermore, Mob1 proteins are critical for the subcellular localisation of this complex 

(Wilmeth et al., 2010). Studies indicate that targeting MOB1s to the plasma membrane is 

sufficient to fully activate Lats1/2 (Hergovich et al., 2006). Mst1/2 phosphorylates Mob1 at a 

significantly faster rate than it phosphorylates Lats1/2 (Joseph, 2016), suggesting that 

phosphorylation of Mob1 by Mst1/2 serves a scaffolding function for Lats1/2. 

1.2.1.5 Effector of the Hippo Pathway  

In yeast, the downstream core component of the Hippo signalling pathway is identified as a 

phosphatase, whereas in Drosophila and mammals, they are transcription factors. Cdc14p in 

yeast operates through its Tyrosine-protein phosphatase (TPP) domain (Mocciaro and Schiebel, 

2010), whereas Yki and YAP function as transcription factors (Ibar and Irvine, 2020b). Both 

contain two WW domains for binding to LATS/NDR kinases and a binding domain for 

transcriptional enhancer factors (Fig. 1.4) (Salah and Aqeilan, 2011; Ibar and Irvine, 2020a). 

Despite these differences in enzymatic characteristics, a notable similarity is observed in the 

downstream effectors of the Hippo pathway. Cdc14p is activated in yeast, while Yki/YAP is 

inactivated in Drosophila and mammals. Both processes of activation and inactivation are 

associated with distinct translocation events: Cdc14p is relocated from the nucleolus to the 

cytoplasm or retained within the nucleus, while Yki/YAP remains sequestered in the cytoplasm 

(Ren et al., 2010; Hergovich, 2017; Wang et al., 2022). 

 

Figure 1.4. Schematic structure of downstream effectors in Hippo pathway.  
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Numbers indicate amino acid positions. Phosphatase Cdc14p contains Tyrosine-protein phosphatase 

(TPP) domain in yeast while transcription factors Yki and YAP possess two WW domains for binding 

to LATS/NDR kinases and binding domain for transcriptional enhancer factors.  Phosphorylated sites 

are labelled as uppercase óPô. 

1.2.1.5.1 Phosphatase Cdc14p and its biological role in yeast (S. cerevisiae) 

Cdc14p is a tyrosine phosphatase capable of dephosphorylating phosphor-tyrosine residues. 

The N-terminal region (NTR) of Cdc14p, spanning approximately 350 amino acids, enhances 

kinase activity through interaction with the Mob1p (Fig. 1.4) (Mocciaro and Schiebel, 2010). 

In the NEM, the activated Dbf2p(Dbf20p)/Mob1p complex promotes the release of Cdc14p 

from the nucleus to cytoplasm (Rock et al., 2013; Hergovich, 2017). This translocation results 

in the dephosphorylation and subsequent inactivation of CDK1 (cyclin-dependent kinase 1) 

and other substrates. These substrates include Bnr1 and Bni1, which facilitate exit from mitosis, 

as well as Smc4 and Bud3, which are involved in mitosis and cytokinesis (Rock et al., 2013; 

Hergovich, 2017). 

1.2.1.5.2 Transcription factor Yki and its biological role in Drosophila 

In Drosophila, the transcription factor Yki (Yorkie) functions as a critical transcriptional 

coactivator and downstream effector of the Hippo signalling pathway (Zhong et al., 2024). Yki 

contains a conserved Sd (Scalloped)-binding domain, essential for its transcriptional activity 

and two WW domains facilitating interactions with PPxY motif-containing proteins including 

Wts (Fig. 1.4) (Goulev et al., 2008; Salah and Aqeilan, 2011).  

Scalloped (Sd) genetically interacts with Yki and is necessary for Yki-induced target gene 

expression in vivo, regulating cell cycle progression, organ size, and apoptosis inhibition 

(Goulev et al., 2008; Zhang et al., 2017b). Yki overexpression mimics the tissue overgrowth 

phenotypes observed in wts mutants. Furthermore, Wts phosphorylates and inactivates Yki, 

with phosphorylation at Ser168 promoting cytoplasmic retention through 14-3-3 protein 

interactions (Huang et al., 2005; Snigdha et al., 2019). Inactivation of 14-3-3 enhances tissue 

overgrowth induced by Yki overexpression, whereas overexpression of 14-3-3 suppresses this 

effect. Loss of 14-3-3 results in the accumulation of Yki in the nucleus (Ren et al., 2010).  

1.2.1.5.3 Transcription factor YAP/YAZ and its biological role in mammals 

The Yes-associated protein (YAP) and the transcriptional co-activator with PDZ-binding motif 

(TAZ) function as primary effectors of Hippo signalling in mammals (Pocaterra et al., 2020). 

Similar to Yki, YAP contains a TEAD-binding domain, crucial for YAP interaction with TEAD 
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transcription factors, and two WW domains that facilitate binding with Lats1/2 (Salah and 

Aqeilan, 2011; Pobbati and Hong, 2020). Besides, YAP possesses the PDZ-binding motif 

consisting of the last five amino acids (-FLTWL) at its C-terminus, which is crucial for nuclear 

translocation and interaction with TAZ (Pocaterra et al., 2020). YAP also features a distinct 

transcriptional activation domain that enables its role as a transcriptional co-activator (Fig. 1.4) 

(Zhu et al., 2015).  

YAP and YAZ are homologous to the transcription factor Yki in Drosophila, as the expression 

of YAP can rescue the phenotypes associated with corresponding Yki mutants in vivo (Huang 

et al., 2005). Although YAP and TAZ exhibit partially distinct functions, they may also 

demonstrate redundancy in critical biological contexts. YAP is implicated in organ size 

regulation and tumour suppression. For example, liver-specific overexpression of YAP leads to 

liver enlargement, which reverts to normal size upon cessation of YAP expression (Camargo et 

al., 2007).  

The mechanisms of YAP activation include two distinct pathways. One pathway parallel that 

observed in Drosophila, where Lats1/2 kinases phosphorylate YAP at Ser127, promoting its 

binding to 14-3-3 proteins and subsequent cytoplasmic retention (Zhao et al., 2010; Wang et 

al., 2022). In contrast, phosphorylation of YAP at Ser381 undergoes ubiquitylation and 

degradation-an event not seen in Yki (Zhao et al., 2010; Yan et al., 2020). Additionally, YAP 

can be phosphorylated by Ndr1/2 (Zhang et al., 2015). When the upstream regulatory module 

is inactivated, activated YAP translocates to the nucleus, enhancing the transcription of genes 

involved in cell proliferation through interaction with the TEAD family (homologous to Sd) 

while suppressing apoptosis (Zhao et al., 2007). The N-terminus of YAP interacts with the C-

terminus of TEAD proteins (Li et al., 2010). The mammalian genome encodes four highly 

homologous TEAD family members (TEAD1-4), among which TEAD1 and TEAD2 have been 

shown to regulate largely overlapping sets of target genes (Pan, 2010; Pobbati and Hong, 2020). 

1.2.1.6 Mechanism of Core Components  

1.2.1.6.1 MEN pathway in budding yeast (S. cerevisiae) 

Mitotic Exit Network (MEN) cascade in budding yeast functions analogously to the Hippo 

pathway, as it comprises conserved key components that perform similar roles during mitosis. 

The MEN is characterized as a GTPase signalling cascade that regulates the transition from 

mitosis to the G1 phase of the cell cycle and orchestrates cytokinesis (Stegmeier and Amon, 

2004; Hochegger et al., 2008; Hergovich and Hemmings, 2012). As phenotype in mutants 



26 
 

showed, mutant cells lacking functional MEN components typically arrest in late anaphase, 

unable to complete cytokinesis or transition into G1 phase. For example, double mutant 

cdc15/mob1 leading to prolonged mitotic arrest (Zhou et al., 2021b). cdc14 cells exhibit similar 

phenotypes of mitotic arrest and cytokinesis defects (Howell et al., 2020). 

As showed in the Fig. 1.5, within the MEN cascade, the Ste20 kinase Cdc15p is activated by 

the GTPase Tem1p, which subsequently phosphorylates the scaffold protein Nud1p. This 

phosphorylation event creates a docking site for the kinase complex Dbf2p/Dbf20p and its 

associated scaffold protein Mob1p. The activated Dbf2p/Dbf20p-Mob1p complex then 

translocates to activate Cdc14p, leading to the dephosphorylation and inactivation of CDK1 

(cyclin-dependent kinase 1), a critical step signalling the conclusion of mitosis and promoting 

mitotic exit. Notably, it has also been observed that the Mob1p/Dbf2p complex can directly 

phosphorylate Cdc14p (Hotz and Barral, 2014). When MEN is inactivated, Cdc14p primarily 

retains in the nucleolus and disrupts the normal progression of the cell cycle, leading to 

prolonged mitotic arrest and defects in cytokinesis (Miller et al., 2015). 

 

Figure 1.5. The MEN Pathway in Budding Yeast (S. cerevisiae) 

When MEN is óonô, the GTPase Tem1p activates Cdc15p, which, phosphorylates the scaffold protein 

Nud1p. This phosphorylation activates the kinase complex Dbf2p/Dbf20p in association with Mob1p 

followed by promoting the activation and translocation of Cdc14p, leading to mitotic exit and 

cytokinesis. When MEN is óoffô, Cdc14p remains in the nucleolus, resulting in prolonged mitotic arrest 



27 
 

and cytokinesis defects. Key proteins in the yeast MEN pathway are represented by distinct shapes and 

colours. Solid arrow lines indicate direct protein-protein interactions, while dashed lines and grey 

arrows marked with a dark red 'X' denote the absence of genetic interactions. 

1.2.1.6.2 Hippo pathway in Drosophila 

The Hippo pathway was initially identified in Drosophila for its role in controlling organ size 

by restricting cell proliferation and promoting apoptosis (Zhong et al., 2024). This pathway 

comprises several negative regulators of growth, and their various tissues mutants including 

hpo, sav, wts, and mats lead to cell-autonomous overgrowth across (Justice et al., 1995; Tapon 

et al., 2002; Wu et al., 2003; Lai et al., 2005; Zhong et al., 2024). Supporting these phenotypic 

observations, co-expression of Hpo and Sav significantly diminishes eye size, while co-

expression of Hpo and Wts results in 100% lethality during early developmental stages (Wu et 

al., 2003). 

When the Hippo pathway is active (óHippo onô, Fig. 1.6), the Ste20 kinase Hpo, in conjunction 

with its regulatory partner Sav, phosphorylates and activates the LATS/NDR kinase Wts. 

Together with Mats, Wts phosphorylates the oncoprotein Yki leading to the cytoplasmic 

retention of inactive Yki (Fu et al., 2022; Zhong et al., 2024). The MAP4Ks Hppy and Msn 

function similarly to Hpo in promoting Wts phosphorylation. In contrast, when the Hippo 

pathway is inactive (óHippo offô, Fig. 1.6), the phosphorylation cascade does not occur, 

resulting in the activation of Yki. This activated Yki translocates to the nucleus, where it forms 

a complex with Sd, thereby enhancing the expression of downstream target genes such as 

Cyclin E (CycE), Diap1, and Bantam (Wu et al., 2003; Thompson and Cohen, 2006; Fu et al., 

2022). Consequently, this activation promotes cell proliferation and inhibits apoptosis.  

Recent research has considerably enhanced our understanding of the Hippo pathway, 

identifying over 30 components involved in its regulation. A significant advancement in 

elucidating the Hippo pathway has been the identification of numerous genes associated with 

biological processes such as the cell cycle and apoptosis. Notably, the cell cycle regulator 

Cyclin E (CycE) and the cell death inhibitor Diap1 have been identified as transcriptional 

targets of the Hippo pathway (Fig. 1.6) (Wu et al., 2003). Their expression levels are elevated 

in mutants of hpo, wts, sav, or mats, as well as in contexts of Yki overexpression (Tapon et al., 

2002; Wu et al., 2003; Lai et al., 2005; Zhong et al., 2024). Furthermore, the microRNA Bantam 

serves as a positive transcriptional target of the Hippo pathway, playing dual roles in regulating 

cell proliferation and inhibiting cell death (Thompson and Cohen, 2006). Bantam expression is 
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upregulated by Yki overexpression, while its loss partially suppresses Yki-induced 

overproliferation (Fig. 1.6) (Nolo et al., 2006). 

Instead of functioning as a constant and unregulated inhibitor of tissue growth the Hippo 

pathway is modulated by various signals. Activation of Hpo can be triggered by 

phosphorylation through the kinase Tao-1 (Poon et al., 2011). In contrast, Hpo activity can be 

inhibited by dRASSF (Ras-associated domain family protein), which competes with Sav for 

binding to Hpo at its SARAH domain (Polesello et al., 2006). Additionally, the STRIPAK 

PP2A phosphatase can inhibit Hpo by targeting multiple phosphor-threonine sites located in 

the linker region between the kinase domain and the SARAH domain (Fig. 1.6) (Zheng et al., 

2017b).   

Another significant discovery is the identification of Merlin (Mer) and the related protein 

Expanded (Ex) as upstream regulators of Hpo (Fig. 1.6). The double mutant mer/ex exhibits 

overgrowth phenotypes similar to those observed in known tumor suppressor gene mutations 

within the Hippo pathway, characterized by evasion of cell cycle arrest and programmed cell 

death. However, the phenotypes induced by Hpo overexpression are not suppressed by the loss 

of Ex or both Mer and Ex, indicating that Hpo acts genetically downstream of Ex and Mer (Kim 

and Gumbiner, 2019). In addition to Mer, activated Ex interacts with the apically localised 

protein Kibra, forming the Kibra-Expanded-Merlin (KEM) complex, which facilitates Hpo 

phosphorylation through Tao-1 kinase activation (Fig. 1.6) (Willecke et al., 2006). Furthermore, 

the membrane-bound protein Daschous (Ds) activates the Fat (Ft) protein by binding to it as a 

ligand. This interaction promotes the localisation of Ex at apical junctions, leading to Hpo 

activation (Silva et al., 2006). The activity of Ft is enhanced by phosphorylation of its 

intracellular domain by Casein kinase 1ὑ Disc-overgrown (Dco) (Feng and Irvine, 2009) and is 

inhibited by palmitoylation through the palmitoyltransferase Approximated (App) (Fig. 1.6) 

(Matakatsu et al., 2017). 
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. 

Figure 1.6. The Hippo Pathway in Fruit Fly (D. melanogaster) 

In the Hippo pathway, the Ste20 kinase Hpo, together with Sav, phosphorylates Wts. This 

phosphorylation cascade leads to the inactivation of Yki via phosphorylation, causing Yki to bind with 

14-3-3 proteins and its retention in the cytoplasm, thus no activation of nucleus localized genes involved 

in cell proliferation (óHippo onô). However, when Yki is non-phosphorylated and activated, it 

translocates to the nucleus where it forms a complex with Sd, driving transcription of target genes that 

increase cell proliferation and inhibit cell death (óHippo offô). The MAP4Ks Hppy and Msn function 

similarly to Hpo in promoting Wts phosphorylation. Tao-1 phosphorylation enhances Hpo activation, 

while dephosphorylation by PP2A and competitive binding of dRASSF to Sav inhibit Hpo activity. 

Upstream, the Ex-Mer-Kibra complex and the Ds-Ft signalling module further regulate the Hippo 

pathway. Ft is co-regulated through positive phosphorylation by Casein kinase 1ὑ Dco and negative 

regulation by palmitoylation via the enzyme App. Key proteins involved in the Hippo pathway are 

represented by distinct shapes and colours. Solid arrow lines indicate direct, natural protein interactions, 

while dashed lines and grey arrows marked with a dark red 'X' denote the absence of genetic interactions. 

1.2.1.6.3 Hippo pathway in mammals 

The Hippo pathway is evolutionarily conserved in mammals, with components closely 

resembling those in Drosophila. There are two Hpo homologues, Mst1 and Mst2, which, in 

conjunction with WW45, phosphorylates and activates the LATS/NDR family kinases Lats1/2 

and their conserved binding partner, hMob1. Upon activation, Lats1/2 phosphorylate and 

inactivate the two key transcription factors: Yes-associated protein (YAP) and the 



30 
 

transcriptional co-activator TAZ, leading to their cytoplasmic retention or degradation (óHippo 

onô, Fig. 1.7). MAP4Ks function similarly to Mst1/2. When the Hippo pathway is inactive, 

activated YAP is able to bind to the transcription factor TEAD, promoting the induction of 

apoptosis and inhibition of cell proliferation (óHippo offô, Fig. 1.7) (Fu et al., 2022; Zhong et 

al., 2024). 

Several direct target genes of the YAP/TAZ-TEAD complex have been identified, including 

CTGF (Cysteine-rich connective tissue growth factor), AREG (amphiregulin, an EGF family 

member), CYR61 (cysteine-rich angiogenic inducer 61), ANKRD1 (ankyrin repeat domain 1), 

BIRC5 (baculoviral inhibitor of apoptosis repeat-containing protein 5), and AXL (AXL 

receptor tyrosine kinase) (Fig. 1.7) (Zhao et al., 2008; Lai et al., 2011; Ghafouri-Fard et al., 

2023). CTGF is a direct target of both YAP and TAZ, while AREG is a direct target of YAP 

(Pan, 2010). CTGF plays a critical role in YAP-induced proliferation and anchorage-

independent growth (Zhao et al., 2008). Additionally, YAP and TAZ induce the expression of 

AREG118 and FGF1 (Hao et al., 2008), which may mediate non-cell-autonomous functions of 

the Hippo pathway. However, the precise mechanisms underlying the induction of these genes 

remain to be fully elucidated. 

The upstream regulation of the Hippo pathway is well-established. Similar to the role of Tao-

1 in fly, the homologue TAOK phosphorylates and activates Mst1/2 (Poon et al., 2011). Mst1/2 

is also regulated by the RASSF family, though in a manner distinct from that in fly. While 

RASSF proteins bind Mst1/2 via the SARAH domain, hRASSF1A releases Mst2 from the 

inhibitory Raf1-Mst2 complex, thereby enhancing Mst2 activity and promoting 

phosphorylation of Lats1 (Jiang et al., 2014). Similar to the negative regulation seen in Hpo, 

Mst1/2 contains a conserved linker region that recruits the STRIPAK PP2A phosphatase 

complex to dephosphorylate and inactivate Mst, thereby providing a negative feedback loop 

that restricts Mst activity (Fig. 1.7) (Couzens et al., 2017; Zheng et al., 2017a). 

Other upstream regulators are also highly conserved in mammals, including one Fat homolog 

(Fat4/Fat-j), two Dachsous (Ds) homologs (Dchs1 and Dchs2), two Kibra homologs 

(KIBRA/WWC1 and WWC2), two potential Expanded (Ex) homologs (FRMD6/Ex1 and 

FRMD1/Ex2), and one Merlin (Mer) homolog (NF2/Mer) (Fig. 1.7) (Zheng and Pan, 2019). 

Notably, overexpressed human homologues of the Kibra-Ex-Mer complex can physically 

interact with each other and stimulate phosphorylation of Lats1/2 or inhibit YAP activity in 
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mammalian cells. Fat4 is considered a potential tumour suppressor in breast cancer, similar to 

fly Ft (Zheng and Pan, 2019). 

 

Figure 1.7. The Hippo Pathway in mammals.  

When Hippo pathway is óonô, the Ste20 kinase Mst1/2 complex, in association with WW45, 

phosphorylates Lats1/2 in conjunction with hMob1, leading to the subsequent phosphorylation of 

YAP/TAZ. Phosphorylated YAP/TAZ at Ser127 interacts with 14-3-3 proteins, resulting in cytoplasmic 

retention, whereas phosphorylation at Ser384 leads to their degradation. Conversely, inactivated Hippo 

pathway (óHippo offô) activated YAP/TAZ, which translocates into the nucleus, where it binds to TEAD 

transcription factors, promoting transcriptional activity that increases cell proliferation and reduces cell 

death. Human MAP4Ks function similarly to Mst1/2. Phosphorylation of TAOK and hRASSF1A 

promotes Mst1/2 activation, while dephosphorylation by PP2A inhibits Mst1/2 activity. The upstream 

Ex-Mer-Kibra complex and Ds-Ft also facilitate the Hippo pathway. Relevant proteins in mammals are 

represented by different shapes and colours, with direct interactions indicated by solid arrow lines, 

representing natural and biological protein interactions. Dashed lines and grey arrow lines with dark red 

óXô marks indicate the absence of genetic interactions. 

1.2.2 Regulatory Mechanisms 

1.2.2.1 Upstream regulators of Hippo pathway in response to signals  
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The Hippo pathway responds to a diverse array of extracellular and intracellular signals, such 

as cell-cell contact, cell mechanical factors, GPCRs singling, and the status of cellular energy. 

Cell-cell contact has been identified as a primary signal influencing the Hippo pathway, directly 

affecting the localization and activity of YAP and TAZ (Yu et al., 2015a; Fu et al., 2022).  

In sparse cell cultures, YAP and TAZ reside in the nucleus, promoting transcription and cell 

proliferation. Conversely, at high cell density, they translocate to the cytoplasm, leading to 

growth inhibition. This shift underscores the importance of contact inhibition in tumorigenesis 

(Liu et al., 2010; Paul et al., 2022).  

Furthermore, mechanical factors, including extracellular matrix (ECM) stiffness and cellular 

geometry, significantly influence YAP/TAZ activity. Low ECM stiffness activates RAP2, 

which leads to Lats1/2 activation to reduce YAP/TAZ activity, while cells on rigid matrices 

activate YAP and TAZ through Agrin, thereby influencing programmed cell death and bone 

formation (Meng et al., 2018; Dasgupta and McCollum, 2019).  

G protein-coupled receptors (GPCRs) are the largest family of membrane receptors in 

mammals which can activate YAP through ligands such as thrombin and lysophosphatidic acid 

(LPA), which sensitize fibroblasts to TGF-ɓ1. Some soluble factors, including estrogen and 

angiotensin II, also regulate the Hippo pathway via GPCRs. Furthermore, protein kinase C 

(PKC) is identified as a major effector downstream of GPCRs that modulates YAP activity, 

highlighting intricate regulatory mechanisms (Gurevich et al., 2016; Zmajkovicova et al., 2020). 

Cellular stressors, including hypoxia, endoplasmic reticulum (ER) stress, energy stress, 

osmotic stress, and heat stress, serve as upstream signals for the Hippo pathway, influencing 

cellular behaviour, survival, and metabolism. Hypoxia can downregulate YAP phosphorylation 

while upregulating TAZ phosphorylation in ovarian cancer cells via factors such as Zyxin and 

HIF-1Ŭ (Ma et al., 2016). ER stress inhibits YAP activity and promotes apoptosis through 

GADD34/PP1 complex assembly (Wu et al., 2015). Energy stress activates AMPK, leading to 

Lats activation and YAP phosphorylation (Mo et al., 2015). Osmotic stress induces a balance 

between YAP activation and inhibition via phosphorylation by Nemo-like kinase (NLK) (Hong 

et al., 2017). Lastly, heat stress activates YAP/TAZ by inhibiting Lats through interactions with 

HSP90 and PPP5, demonstrating the intricate relationship between various stress signals and 

Hippo pathway modulation (Luo et al., 2020).  

1.2.2.2 Other signalling pathways cross-talk Hippo pathway  
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Recent research has elucidated the complex interplay between the Hippo pathway and various 

signalling pathways, including Wnt/ɓ-catenin, Notch, TGF-ɓ, which significantly influences 

cellular responses to environmental stimuli and pathological conditions. For example, the 

Hippo pathway effectors YAP and TAZ modulate Wnt signalling by reducing the availability 

of free ɓ-catenin in the cytoplasm, leading to cell cycle arrest. An additional study suggests that 

Wnt activates YAP/TAZ through a cascade involving Frizzled (a GPCR-like Wnt receptor), 

GŬ12/13, Rho GTPases, and Lats1/2 (Ward et al., 2020). 

The convergence of Hippo and Notch signalling has implications for tumorigenesis. When 

Hippo pathway is inactivated, YAP/TAZ overexpression or Mst1/2 deletion leads to rapid 

hepatocellular carcinoma (HCC) formation and activates YAP/TAZ and Notch signalling via 

YAP/TAZ upregulation Jagged-1. Notch signalling forms a positive feedback loop with 

YAP/TAZ, promoting hepatomegaly and HCC initiation (Manderfield et al., 2015; Yu et al., 

2015b; Kim et al., 2017).  

TGF-ɓ signalling regulation relies on phosphorylation and subcellular localization of 

YAP/YAZ. Phosphorylated and cytoplasmic YAP/TAZ limits TGF-ɓ-induced transcription by 

sequestering Smad proteins. Conversely, nuclear YAP/TAZ retain Smad proteins in the nucleus, 

facilitating TGF-ɓ transcriptional activation such as BMP4, a TGF-ɓ superfamily protein 

involved in cell migration and differentiation (Yu et al., 2015b). 

1.2.3 Evolutionary Conservation  

The Hippo pathway is indeed highly conserved across various species, from yeast to mammals, 

with similarities in core components, mechanisms, and biological functions. The core 

components Hippo pathway consists of five core components including Ste20 kinases with its 

scaffold proteins, LATS/NDR kinases and co-activator proteins MOB1, effectors. All members 

from these five families are well-preserved across species, with homologous proteins found in 

yeast, fruit flies and mammals (Table 1-1). The Drosophila has key components like Hpo, Hppy, 

Msn; Sav; Wts; Mats and transcription factor Yki. Components in mammals include Mst1/2 

(Hpo homologies), MAP4Ks (Hppy, Msn homologies), Lats1/2 (Wts homologies), Mob1 

(Mats homologies) and YAP/TAZ (Yki homologies) (Zheng and Pan, 2019; Zhong et al., 2024). 

The core kinase cascade of the Hippo pathway relies on kinases and their scaffold proteins. 

Ste20 kinases in complex with its scaffold proteins phosphorylate downstream complex 

consisting of LATS/NDR kinases and co-activator MOB1, leading to activation or inactivation 

of effectors via phosphorylation. For example, in yeast, Cdc15p in complex with Nud1p 
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phosphorylates and activates Dbf2p/Dbf20p in conjunction with Mob1p followed by the 

phosphorylation and activation of Cdc14p (Fig. 1.5) (Hergovich, 2017). The mechanism of 

Drosophila and mammals is similar, with Hpo/Mst kinases with aid of Scaffold proteins 

activating Wts/LATS kinases-Mats/MOB complex, which then phosphorylate and inhibit 

Yki/YAP/TAZ (Fig. 1.6 & 1.7) (Zheng and Pan, 2019; Zhong et al., 2024). 

The primary function of Hippo pathway in mitosis exit is conserved from yeast to animals. It 

has evolved from controlling exit from mitosis and initiating cytokinesis in yeast to regulating 

organ size, cell proliferation, apoptosis, and stem cell self-renewal in Drosophila and mammals. 

1.3 Biological Functions of the Hippo Pathway 

1.3.1 Role in Organ Size Control and Tissue Homeostasis 

The Hippo pathway plays a critical role in regulating organ size and tissue homeostasis across 

species, primarily by controlling cell proliferation and stem cell maintenance.  In Drosophila 

and mammals, mutations of key Hippo pathway components lead to organ overgrowth. 

Mutations in Hippo pathway kinases (Hpo, Wts) or upstream regulators (Ex, Mer, Kibra, Ft) 

lead to organ overgrowth in flies (Xu et al., 1995; Harvey et al., 2003; Wu et al., 2003; Yu et 

al., 2015a). Similarly, knockout of Mst1/2, Sav1, or Lats1/2 leads to enlarged liver and 

embryonic hearts in mice (Lu et al., 2010a; Yu et al., 2015a; Zhou et al., 2015), and liver-

specific Yap overexpression in mice causes dramatic liver enlargement (Li et al., 2023). This 

evidence demonstrated that Hippo pathway indeed negatively regulates organ size in animals. 

However, this effect is not uniform across all organs. For example, mst1/2 knockout does not 

cause overgrowth in kidney, lung, or limbs (Song et al., 2010). Yap deletion in breast and 

intestine does not affect tissue structure or size, which suggests varying tissue sensitivities to 

Hippo pathway alterations (Chen et al., 2014; Yu et al., 2015a).  

The underlying mechanisms of organ overgrowth observed in transgenic expression of YAP or 

deletion of upstream regulators can be attributed to activation of YAP, which typically results 

in expansion of progenitor cells, impaired cell differentiation (Zhou et al., 2011).  YAP/TAZ 

activity is notably high in stem or progenitor cells of multiple tissues, indicating their 

importance in stem cell maintenance (Barry et al., 2013). Tissue-specific deletion of YAP 

results in abnormalities in organs such as the heart, skin, and kidney, underscoring its 

significance in tissue development and maintenance (Zhou et al., 2011; Yu et al., 2015a). 

1.3.2 Involvement in Stem Cell Biology 
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The Hippo pathway essentially regulates stem cells (SC) proliferation, death, and fate decisions 

during development and regeneration in mammals. Evidence links Hippo pathway activity to 

SC function, with YAP and TEAD expression enriched in progenitor compartments. In organs 

like the small intestine and developing brain, YAP is predominantly expressed in progenitor 

cells, while other tissues display varying YAP levels based on differentiation status (Camargo 

et al., 2007). This spatial organization suggests that YAP/TEAD transcriptional activity is vital 

for maintaining SC traits. The following studies in mouse uncover the critical role of YAP in 

regulating epidermal cell proliferation and differentiation. YAP activation leads to significant 

thickening of the epidermal layer, primarily driven by the expansion of undifferentiated 

interfollicular SCs and progenitor cells. These expanded cells exhibited increased clonogenic 

activity and prolonged self-renewal (Schlegelmilch et al., 2011). The deletion of Mst1/2 led to 

an intestinal phenotype resembling YAP overexpression, characterized by progenitor cell 

expansion. Therefore, Hippo components restrict YAP activity to maintain intestinal stem cell 

(ISC) balance and prevent aberrant proliferation (Zhou et al., 2011; Ramos and Camargo, 2012). 

Additional studies have highlighted the roles of YAP and TAZ, transcriptional coactivators, in 

regulating embryonic stem cells (ESC) self-renewal and differentiation. Knocking down TAZ 

in human ESCs (hESCs) leads to loss of self-renewal and differentiation into neuroectoderm. 

In contrast, Lats2 knockdown increases human induced pluripotent stem cell (iPSC) generation 

by preventing TAZ inactivation (Varelas et al., 2008; Ramos and Camargo, 2012).  

1.3.3 Hippo Pathway in Developmental Processes 

Hippo pathway functions in embryogenesis and morphogenesis. In 4/8-cell blastomeres, 

YAP/TAZ inhibit the expression of the stem cell factor SOX2, which is essential for forming 

the inner cell mass (ICM), leading to abnormal ICM differentiation due to three germ layers 

added (Frum et al., 2019). The maternal YAP plays a significant role in maternal to zygotic 

transition (MZT). Because Yap1-knockout embryos (YAPǀī/ǁ+) fertilized by wild-type 

sperm exhibit prolonged two-cell stages and slower progression to the four-cell stage compared 

to wild-type controls (YAPǀ+/ǁ+) (Yu et al., 2016; Wu and Guan, 2021). 

In early embryogenesis, blastocysts are composed of the outer epithelial trophectoderm (TE) 

and the inner cell mass (ICM). During mammalian embryonic development, the initial cell fate 

specification requires Hippo pathway linked to cell polarity. In outer polar cells, inactivated 

Hippo signalling allows dephosphorylated YAP/TAZ to interact with TEAD, inducing 

transcription factors CDX2 and GATA3, which promote differentiation into TE and repress 
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pluripotent genes. It is reverse in inner apolar cells (Anani et al., 2014). Loss of Lats1/2 skews 

development towards a TE-like lineage, while tead4 knockout leads to decreased CDX2 

expression and increased levels of ICM transcription factors such as POU5F1 and Nanog 

(Nishioka et al., 2008; Lorthongpanich et al., 2013; Wu and Guan, 2021). 

1.4 Hippo Pathway in Cancer and Disease 

1.4.1 Tumor Suppressor Function 

The Hippo pathway is closely linked to cancer, which was first highlighted by the discovery 

that mutations of Hippo pathway components lead to significant tissue overgrowth 

in Drosophila (Tapon et al., 2002) (Justice et al., 1995; Wu et al., 2003)and subsequent research 

has demonstrated that the Hippo pathway is frequently dysregulated in human cancers, with 

YAP and TAZ identified as oncoproteins (Hall et al., 2010) and Mst1/2 and Lats1/2 recognized 

as tumor suppressors (Xia et al., 2002; Zhou et al., 2009; Fu et al., 2022). 

In non-small cell lung cancer (NSCLC), overexpression of YAP and TAZ is linked to disease 

development, progression, and poor prognosis (Chen et al., 2015). Studies using lung 

adenocarcinoma mouse models indicate that loss of YAP significantly reduces tumor mass 

formation (Lau et al., 2014). Lats2 downregulation occurs in 60% of NSCLC cases, correlating 

with poor prognosis (Malik et al., 2018; Han, 2019). In breast cancer mouse, YAP deficiency 

reduces lung metastasis and The presence of Ski effectively suppresses lung metastasis in breast 

cells at the overexpression of TAZ (Rashidian et al., 2015). Conversely, phosphorylated HER3 

causing Mst1 methylation actives YAP/TAZ in tumor cells, thereby enhancing metastasis in 

bone cancer (Li et al., 2017). The gastric adenocarcinoma exhibits high expression of YAP 

(Lam-Himlin et al., 2006). Knockdown of YAP reduces cell proliferation, inhibits anchorage-

dependent colony formation, and decreases invasion and migration. Conversely, ectopic YAP 

expression in MKN45 cells enhances colony formation and induces a more invasive phenotype 

(Kang et al., 2016; Han, 2019). 

1.4.2 Oncogenic Potential of YAP/TAZ Activation 

The transcription factor YAP/TAZ induce transcription via interaction with DNA-binding 

proteins like TEAD. Other DNA-binding proteins contains Activator protein-1 (AP-1), E2F, 

MYC, myocardin-related transcription factor/serum response factor (MRTF/SRF), RUNX, 

Transcriptional Repressor GATA Binding 1 (TRPS1), Zinc Finger E-Box Binding Homeobox 

1 (ZEB1), SNAIL, SLUG, Notch Intracellular Domain/Recombination Signal-Binding Protein 

for Ig Kappa J region (NICD/RBPJ), which interaction with YAP/YAZ promotes the induction 
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of proliferative signalling, activation of therapeutic resistance and cell death evasion and 

metastasis (Calses et al., 2019; Lopez-Hernandez et al., 2021; Ortega et al., 2021). 

YAP/TAZ promote proliferation during carcinogenesis. NUAK2 facilities YAP/TAZ 

activation through directly inhibiting kinases in Hippo pathway, enhancing tumor growth. 

Additionally, YAP/TAZ involve in cell metabolism, influencing glycolysis, glutamine 

metabolism, lipogenesis, and cholesterol synthesis, which ensures the availability of essential 

nutrients required for sustaining proliferation during the carcinogenic process (Gill et al., 2018; 

Koo and Guan, 2018; Ortega et al., 2021). 

YAP/TAZ are essential for the survival of oncogene-expressing cells. In liver cancer, YAP 

expression is elevated, promoting carcinogenesis by inhibiting tumor suppressor kinases in an 

inflammatory environment (Hagenbeek et al., 2018). The activation of YAP represents an early 

event in HCC and serve as an independent prognostic factor (Han et al., 2014). Furthermore, 

down-regulation of YAP has been showed to restore hepatocyte differentiation in advanced 

HCC, resulting in tumor regression (Fitamant et al., 2015). In clear cell Renal Cell Carcinoma 

(ccRCC) tissues and cell lines, both mRNA and protein expression levels of YAP have been 

found to be observed to be increased. In addition, the knockdown of YAP in the ccRCC system 

leads to cell cycle arrest and an increase in apoptosis (Cao et al., 2014; Han, 2019). 

1.4.3 Crosstalk with Other Cancer-Related Pathways 

Apart from Hippo pathway, some signalling pathways such as Wnt and PI3K have been 

frequently found to be dysregulated in human cancers. The Hippo and Wnt signalling pathways 

contribute to and exhibit overlapping functions in liver and gastrointestinal (GI) 

tumorigenesis. The activated Wnt/ɓ-catenin regulates liver size and inhibits HCC by inhibiting 

feedback loop with YAP/TAZ in Hippo pathway (Kim et al., 2017). Increasing evidence 

indicates that aberrant activation of YAP/TAZ and ɓ-catenin contributes to various tumor types. 

For instance, nuclear localization of ɓ-catenin and YAP occurs in 79% of hepatoblastoma 

tissues, and reducing their expression significantly inhibits cancer cell proliferation (Tao et al., 

2014). Conversely, the deletion of mst1/2 in the Hippo pathway leads to rapid HCC initiation, 

activating YAP and ɓ-catenin (Kim et al., 2016). Additionally, YAP cooperates with ɓ-catenin 

to promote gene expression that drives colon carcinoma development (Li et al., 2019). 

The PI3K protein includes three different isoforms PI3KCA, PI3KCB, and PI3KCD depending 

on catalytic subunit (Xu et al., 2020). PI3KCB promotes tumor growth and reduces cell death 

through the activation of YAP and TAZ. YAP establishes a positive feedback loop with the 
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PI3K pathway (Zhao et al., 2018), where PI3KCB acts as a YAP-TEAD transcription target 

essential for cardiomyocyte proliferation and survival (Lin et al., 2015). The implications of 

this feedback loop in tumorigenesis remain unclear (Azad et al., 2020). 

1.4.4 Role in Other Diseases 

Beside cancer, dysregulation of the Hippo pathway is associated with a range of diseases, 

including eye diseases, cardiac diseases, neurodegenerative diseases, and immune dysfunction. 

In the retinas of mice with diabetic retinopathy, increased levels of Lats and TAZ are observed, 

while phosphorylated Mst and YAP levels are decreased (Hao et al., 2017). Additionally, Mst2, 

rather than Mst1, is identified as crucial for preventing photoreceptor cell death following 

retinal detachment (Matsumoto et al., 2014). Heart failure, one of cardiac diseases types, is 

influenced by the Hippo pathway, showing increased levels of phosphorylated YAP and Lats 

in ischemic and non-ischemic samples (Leach et al., 2017). TEAD1 contributes to 

cardiomyocyte dedifferentiation during pressure overload, exacerbating heart failure (Ikeda et 

al., 2019). Neurodegenerative diseases feature the abnormal death of functional neural cells, 

which could be linked to the Hippo pathway. For example, Deficiency in TEAD/YAP-

dependent transcription may result in necrotic cell death in mice with neurodegenerative 

diseases and Lats is activated in the brains of patients (Mao et al., 2016; Yamanishi et al., 2017). 

The immune system comprises the innate and adaptive immune responses, both influenced by 

dysregulation of the Hippo pathway (Hong et al., 2018). Innate immunity is regarded as the 

body first defence, with Type I interferon (IFN) responses (González-Navajas et al., 2012). 

YAP negatively regulates IFN-ɓ signalling, as evidenced by increased IFN-ɓ levels in YAP-

deficient mice after viral infections, resulting in enhanced innate immunity (Wang et al., 2017). 

Conversely, Lats2 enhances innate immunity by increasing IFN-ɓ expression (He et al., 2021). 

In adaptive immunity, Mst1/2 regulates T cell proliferation (Zhou et al., 2008; Fu et al., 2022). 

1.5 Hippo pathway in Plants - Potential Conservation 

It remains unclear whether the Hippo pathway is conserved in plants. However, several core 

homologues have been identified in Arabidopsis and other plant species. This includes the 

Ste20 kinase SIK1, eight NDR family proteins, and two MOB1 proteins from Arabidopsis 

(Bögre et al., 2003; Pinosa et al., 2013; Xiong et al., 2016). Notably, AtSIK1 interacts with the 

AtMOB1 proteins. Additionally, AtNDR2, AtNDR4, and AtNDR5 interact with AtMOB1 

proteins (Fig. 1.8) (Xiong et al., 2016; Zhou et al., 2021a). However, the details of these 

interactions and importantly, their association with Hippo signalling pathway require further 
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investigation. Components also are found in other plants species, such as ScMAP4K1 as a 

Ste20 kinase in potato (Solanum chacoense), OsSTK38 as a NDR kinase homologue in rice 

(Oryza sativa) (Chen et al., 2024), MsMOB1A and MsMOB1B as MOB homologues in alfalfa 

(Medicago sativa) (Citterio et al., 2006).  

1.5.1 Ste20 Kinase homologues and their biological roles in Arabidopsis and other plant 

species 

The plant Ste20 kinase homologue, AtSIK1 is first identified from Arabidopsis thaliana for its 

ability to interact with MOB1A and MOB1B (Xiong et al., 2016). AtSIK1 features an extended 

N-terminal domain adjacent to its conserved kinase domain but lacks the proteinïprotein 

interaction motifs found in other Ste20 family members, such as the CRIB domain in Ste20, 

the SARAH domain in Hpo and Mst1/2 (Fig. 1.1). The AtSIK1 loss-of-function atsik1 mutants 

are dwarfed with reduced root length, smaller rosettes, decreased plant height, smaller flowers, 

and shorter siliques due to reduced cell number and size (Xiong et al., 2016). This demonstrate 

that AtSIK1 play positive roles in organ size control, which opposite to the negative roles of 

animal Ste20. Beyond regulating organ size, AtSIK1 is involved in plant immunity responses 

to biotic stress where the atsik1 mutant shows compromised ROS (reactive oxygen species) 

production in response to microbial features (Zhang et al., 2018). The atsik1 mutant also 

exhibits significantly higher levels of salicylic acid (SA) to enhance resistance to virulent 

bacterial pathogen which can be confirmed by the observation that expression of salicylate 

hydroxylase NahG degrading SA suppresse the sik1 resistance phenotype to virulent bacterial 

pathogen (Zhang et al., 2018). Taken together, AtSIK1 plays positive roles in organ size control 

in Arabidopsis which contrasts the roles of its homologous proteins observed in fly and 

mammals. In addition, AtSIK1 also participates in immunity and involves in SA-signalling, 

indicating the unique roles of AtSIK1 in plants.  

AtSIK1 homologous kinases have also been identified from Arabidopsis and other plant species. 

MAP4Ks are identified within Arabidopsis, where it is noted that, they have a conserved kinase 

domain like AtSIK1, but do not possess the unique N-terminus. Mutants of these kinases do 

not display significant differences in plant growth or alterations in bacterial flagellin (flg22) 

induced ROS bursts (Zhang et al., 2018). Interestingly, double mutants of sik1-1/map4k4 

exhibit more pronounced dwarfism compared to single mutants and show reduced hydrogen 

peroxide (H2O2) accumulation during flg22-induced ROS burst assays (Jiang et al., 2019). 

These findings suggest that MAP4K4 positively contributes to flg22-induced immune 
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responses in a manner similar to SIK1 by stabilizing BIK1, a receptor-like cytoplasmic kinase 

(RLCK) for downstream immune signalling. Nine additional Ste20 kinases homologous to 

SIK1 have also been identified in various plant species, including rice (Oryza sativa), millet 

(Sorghum bicolor), ricinus (Ricinus communis), grape (Vitis vinifera). Among these, the Ste20 

kinase from Physcomitrella patens (A9RVK0) is recognized as the closest plant homologue, 

exhibiting the highest sequence similarity and conservation in the kinase domain of its three-

dimensional protein structure when compared to Ste20 kinases in both mouse and human 

systems (Karpov et al., 2009).  Furthermore, ScMAP4K1, a Ste20 homologue in potato 

(Solanum chacoense), plays a critical role in embryo development. Specifically, the down-

regulation of ScMAP4K1 transcripts results in a reduced seed set in RNA interference (RNAi) 

plants, with subsequent analyses revealing a higher incidence of defective embryo sacs (Major 

et al., 2009).  

1.5.2 NDR Kinase homologues and their biological roles in Arabidopsis and other plant 

species 

There are eight NDR serine/threonine kinase family members, homologue of Wts and Lats1/2, 

AtNDR1-8 in Arabidopsis (Bögre et al., 2003). These kinases are characterized by the presence 

of a kinase domain. These NDR kinases are expressed ubiquitously in all tissues and 

developmental stages with some specificity. While AtNDR1, AtNDR3, AtNDR4, AtNDR6, 

AtNDR7, and AtNDR8 are strongly expressed in rosette leaves and flower stalks, with weaker 

expression in other tissues. In contrast, AtNDR2 and AtNDR5 are predominantly expressed in 

flower stalks. Notably, AtNDR2, AtNDR4, and AtNDR5 show stronger expression in pollen 

grains and pollen tubes, where they are indispensable for pollen fertility, indicating a role for 

these kinases in reproductive development (Yoon et al., 2021). The triple mutant 

ndr2/ndr4/ndr5 produces significantly shorter siliques than the wild type, resulting in reduced 

fertility. Further genetic analysis revealed that the pollen grains of these mutants accumulate 

an abnormal amount of callose, exhibit precocious germination, and burst prematurely in the 

anthers, leading to a drastic reduction in fertilisation and a reduced seed set (Zhou et al., 2021a). 

Additionally, the quadruple mutation ndr4/ndr6/ndr7/ndr8 results in embryonic lethality (Yoon 

et al., 2021). However, single and double mutants of AtNDR2, AtNDR4, and AtNDR5 do not 

exhibit any significant defects indicating functional redundancy of these three NDRs (Zhou et 

al., 2021a). This report further revealed that NDR2/4/5 play important roles in pollen 

development and germination by interacting with MOB1A/1B. In maize, 19 NDR genes have 

been identified that contribute to growth and cold tolerance (Tian et al., 2023).  OsSTK38, a 
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NDR kinase in rice (Oryza sativa), interacts with OsMOB1A to positively regulate grain size 

and weight by coordinating cell proliferation and expansion. This interaction also enhances the 

autophosphorylation of OsSTK38, highlighting its role in these developmental processes (Chen 

et al., 2024). 

1.5.3 Co-activator MOB1 homologues and their biological roles in Arabidopsis and 

other plant species  

The Arabidopsis genome encodes four MOB proteins: AtMOB1A, AtMOB1B, AtMOB1C, 

and AtMOB1D. AtMOB1A and AtMOB1B form one subgroup, whereas AtMOB1C and 

AtMOB1D form another (Vitulo et al., 2007). Genetic analyses have shown that no obvious 

developmental defects are observed in the single mutants of each of these genes, suggesting 

that the MOB1 genes have redundant functions. However, the mob1a/b/c and mob1a/b/d triple 

mutants, as well as the mob1a/b/c/d quadruple mutant, display phenotypes similar to the 

mob1a/b double mutant. Therefore, AtMOB1A and AtMOB1B appear to play a more 

predominant role than AtMOB1C and AtMOB1D (Guo et al., 2020). Consequently, most 

studies have focused on AtMOB1A and AtMOB1B. These two proteins share 93% sequence 

identity, both consist of 215 amino acids and exhibit similar expression patterns and subcellular 

localisations in the nucleus, cytoplasm, and at the plasma membrane (Cui et al., 2016), as well 

as physical interaction (Guo et al., 2020). AtMOB1A has been shown to function more 

profoundly than AtMOB1B where AtMOB1A is essential for tissue patterning in the root tip 

(Pinosa et al., 2013) and for the development of both the sporophyte and gametophyte (Cui et 

al., 2016). AtMOB1A is responsive to several hormones. It is activated by abscisic acid (ABA) 

and salicylic acid but negatively regulates JA accumulation. The roots of mob1a mutants 

display increased sensitivity to ABA and reduced sensitivity to auxin (Guo et al., 2020). 

Furthermore, mob1a mutants exhibit synergistic genetic interactions with known auxin 

biosynthetic, transport, and signalling mutants, suggesting that AtMOB1A functions in parallel 

with the auxin pathway or affects certain aspects of auxin signalling (Cui et al., 2016). In alfalfa 

(Medicago sativa), MsMob1A and MsMob1B are predominantly expressed in actively 

proliferating tissues. Their subcellular localization is regulated by the cell cycle, with 

significant concentration in the inner layer of the root cap, suggesting a potential role in 

programmed cell death (Citterio et al., 2006). 
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Figure 1.8. The Hippo Pathway in Arabidopsis. 

The SIK1 interacts Mob1s playing a positive role in organ size control. SIK1 can be autophosphorylated. 

To date, If SIK1 autophosphorylation promotes its kinase activity, which AtNDR is substrate of SIK1, 

who is main effector and how these are required for organ size remains to know. Relevant proteins in 

Arabidopsis are indicated by different shapes with distinct colours. Direct interactions are labelled by 

solid arrow lines as natural and biological protein interactions. Dashed lines and grey arrow lines with 

dark red óXô mark indicate no genetic interactions.   

1.6 Comparison Hippo Pathways between Animal and Plant  

The Hippo pathway exhibits notable divergence in its function and composition when 

comparing plants to animals. While the pathway typically acts as a growth suppressor in 

animals, emerging evidence suggests a contrasting role in plants, where it appears to promote 

growth and development. 

In Arabidopsis, loss-of-function mutations in Hippo pathway components result in growth 

deficiencies, as exemplified by the atsik1 mutants, which display reduced root length, smaller 

rosettes, flowers, and siliques (Xiong et al., 2016). Similarly, mob1a-/-1b+/- double mutants 

and ndr2/ndr4/ndr5 triple mutants exhibit significantly shorter siliques (Guo et al., 2020; Zhou 

et al., 2021a). These phenotypes are in stark contrast to the tissue overgrowth observed in flies 

when core Hippo pathway components (Hpo, Wts, Mats) are disrupted (Justice et al., 1995; Wu 

et al., 2003; Lai et al., 2005; Zhong et al., 2024).  
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Additionally, components of Hippo pathway appear to be fewer than its animal counterpart. 

While key components such as Ste20 kinase AtSIK1, LATS/NDR kinases AtNDRs and co-

activator AtMOB1A&B have been identified in Arabidopsis, notable absences include scaffold 

protein of Ste20 kinase and downstream effector (Table 1-2). The conservation of the Hippo 

pathway in plants remains unclear due to limited studies on the mechanisms of AtSIK1 

interaction with AtMOB1s, AtNDR2/4/5 interaction with AtMOB1s (Xiong et al., 2016; Zhou 

et al., 2021a).  

In conclusion, the Hippo pathway in plants functions differently, has fewer components and 

limited regulatory mechanism compared to animals. The observed differences underscore the 

need for further investigation into the Hippo pathway signalling cascade in plants. 

Table 1-2. The Hippo pathway homologues in plants 

Gene 

name 

Gene 

number 

Plant 

species  

Protein 

family  

function Reference 

AtSIK1 At1g69220 Arabidopsi

s thaliana 

Ste20 kinase Organ size control; 

antibacterial Immunity; SA-

signaling 

(Xiong et al., 2016; 

Zhang et al., 2018) 

SLK A9RVK0 Physcomitr

ella patens 

Ste20 kinase Conserved kinase domain (Karpov et al., 2009) 

ScMAP

4K1 

EU700054 Solanum 

chacoense 

Ste20 kinase embryo development (Major et al., 2009) 

AtNDR

2/4/5 

At1g03920 

At2g19400 

At2g20470 

Arabidopsi

s thaliana 

LATS/NDR 

kinase 

pollen development and 

germination 

(Zhou et al., 2021a) 

OsSTK

38 

Os01g092

00 

Oryza 

sativa 

LATS/NDR 

kinase 

grain size regulation (Chen et al., 2024) 

AtMO

B1A 

At5g45550 Arabidopsi

s thaliana 

Co-activator 

MOB1 

development sporophyte and 

gametophyte; organ size 

control; hormone signaling 

(Cui et al., 2016; Xiong 

et al., 2016; Guo et al., 

2020) 

MsMob

1 

AJ635582 Medicago 

sativa꜡ 

Co-activator 

MOB1 

Cell death (Citterio et al., 2006) 

 

1.7 Aim and Objective 

While the components and mechanisms of the Hippo pathway in regulating organ size are well-

characterized in animals, only a few components and interactions have been identified in plants. 

In Arabidopsis, known components include the Ste20 kinase AtSIK1, NDR kinases, and co-

activator proteins AtMOB1A and AtMOB1B. Interactions such as AtSIK1 with AtMOB1A/B 

and AtNDR2/4/5 with AtMOB1A/B have been previously reported. However, little is known 

of these components and Hippo pathway in general in other plant species. Therefore, the aim 

of this project is to further elucidate the components and mechanisms of the Hippo pathway in 
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Arabidopsis and woodland strawberry, a model species for the Rosaceae family. To achieve 

this the objectives are: 

To explore the mechanism of the Hippo pathway in Arabidopsis by:  

1. Verification and identification of auto- and trans-phosphorylation sites of AtSIK1 

2. Validation of the phosphorylation dependent interaction between AtSIK1 and 

AtMOB1A&B  

3. Identification of a new AtSIK1 substrate, AtHXK1 and its phosphorylation sites 

4. Study of the biological function of these interaction in the context to organ size control.  

To verify the Hippo pathway in another plant species, the Woodland Strawberry by: 

1. Identification and functional verification of a AtSIK1 homologous kinase FvM4K1 

2. Investigation of FvM4K1 kinase activity  

3. Identification of the AtMOB1 homologs FvMOB1A and FvMOB1B.  

4. Confirmation of their interaction and phosphorylation by FvM4K1  

5. Study of the biological relevance to fruit and other organ size of Hippo pathway in 

strawberry  

Our study provides important insights and lays the groundwork for future research on the Hippo 

pathway in plants, enhancing our understanding of its components and regulatory mechanisms 

in both model and crop species. 

 

 

 

 

 



45 
 

Chapter 2 Materials and Methods 

2.1  Plant materials 

Woodland strawberry (Fragaria vesca, óHawaii 4ô) was grown under 11h-light (120 ɛm m-2 s-

1) and 13h-dark at 21°C. Wild-type Arabidopsis (Col-0), T-DNA insertion lines atsik1-4 

(SALK_051369), atsik1-1 (SALK_046158) (Xiong et al., 2016), athxk1 (SALK_070739) in 

the background of Col-0 were obtained from the Arabidopsis Biological Resource Centre 

(ABRC; http://www.arabidopsis.org/abrc/) and grown under long days (LD) with 16h-light 

(120 ɛm m-2 s-1)/ 8h-dark at 21°C. 

2.2  Plasmid construction 

AtSIK1 (At1g69220), AtMOB1A (At5g45550), AtMOB1B (At4g19045) and AtHXK1 

(At4g29130) in Arabidopsis, FvM4K1 (FvH4_4g29800), FvMOB1A (FvH4_5g23830) and 

FvMOB1B (FvH4_1g08580) in strawberry are in this study. 

For yeast complementation assay, the coding region of FvM4K1 was cloned into the yeast 

expression vector pYES-DEST52 using Gateway cloning (Invitrogen). 

For plant stable transformation, AtSIK1, its phosphorylated-site mutant AtSIK1K278E, 

AtSIK1T405A, AtSIK1K278ET405A, FvM4K1 and its relative variants FvM4K1K269E, FvM4K1T396A, 

FvM4K1K269ET396A were cloned into pH7FWG2-293 via Gateway cloning. The ~200 bp 

fragment from the kinase domain of FvM4K1 was cloned into pK7GWIWG2(II)-RR-277 to 

generate a hairpin structure (Katzen, 2007; Zhang et al., 2022b). 

For protein expression, æNSIK1, æNSIK1K278E, æNSIK1T405A, æNSIK1K278ET405A truncated 

lacking N-terminus (1-244 aa), similar a truncated version of FvM4K1 lacking the first 236 

amino acids (æN-FvM4K1) and its mutants (æN-FvM4K1K269E, æN-FvM4K1T396A, æN-

FvM4K1K269ET396A), full length AtMOB1A&B, FvMOB1A&B, AtMOB1AT35A, AtMOB1BT35A, 

FvMOB1AT35A, FvMOB1BT36A, AtHXK1 and AtHXK1S177A were amplified by PCR and inserted 

before His-tagged of the E. coli expression vector pET-28 (Novagen). 

For Yeast two hybrid (Y2H), AtSIK1, FvM4K1 and their phosphorylated-site mutants, different 

fragments of FvM4K1, AtHXK1 and AtHXK1S177A were fused with the gateway vector pGBKT7 

while AtMOB1A&B, FvMOB1A&B with pGADT7 (Lu et al., 2010b). Bimolecular fluorescence 

http://www.arabidopsis.org/abrc/
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complementation (BiFC) constructs containing the same genes as for Y2H above were cloned 

in pGTQL1221YN/C (Lu et al., 2010b). 

For subcellular localization, full-length FvM4K1 and FvM4K1-N1 (lacking the kinase domain) 

were cloned into pSuper1300 (Liang et al., 2020) to create C-terminal GFP fusion proteins. 

2.3 Transformation  

2.3.1 Transformation  of E. coli 

Recombination products were transformed into E. coli competent cells (Thermo Fisher), 

followed by cells selection on solid LB medium containing 1% tryptone, 0.5% yeast extract, 

1% NaCl and 1.5% agar with 50 µg/mL Zeocin (for pDONR vector), 100 µg/mL Carbenicillin 

(for pYES-DEST52 and pGADT7 vector), 100 µg/mL Spectinomycin (for pH7FWG2-293 and 

pK7GWIWG2(II)-RR-277 vector), or 50 µg/mL Kanamycin (for pET-28, pGBKT7, 

pGTQL1221YN/C, pSuper1300 vector). Positive colonies were screened by PCR with plasmid 

forward and gene specific reverse primers. 

2.3.2 Agrobacterium transformation  

Constructs were transformed into Agrobacterium tumefaciens competent cells by 

electroporation. The cells were spread on a 2xYT agar plate containing 25 µg/mL Gentamicin, 

50 µg/mL Rifampicin, 100 µg/mL Ampicillin and plasmid antibiotic and incubated at 28°C for 

2 days. 

2.3.3 Yeast transformation 

10 ɛL of 10 ɛg/ɛL ssDNA, 10 ɛL of constructs and 0.5 mL of LiPEG (0.1M LiAc/TE and 40% 

PEG) were added to the yeast cell (BY4741, ste20ȹ) and the mixture was vortexed. After 

incubated overnight at room temperature, the cells were re-suspended with 100 µL of 1M 

sorbitol and spread on solid basic yeast selective media containing 50 µg/mL histidine, leucine 

and methionine. The plate was incubated at 28 °C for approximately 4 days. 

2.3.4 Arabidopsis transformation 

Constructs were transformed to Arabidopsis by the A. tumefaciens - mediated floral dipping 

method. The seeds collected were selected on the ½ MS containing plasmid antibiotic. 

Transgenic seedlings were then transferred to the soil and screened by PCR with primers based 

on the vector and gene-specific reverse primers. 
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Agrobacterium culture was incubated at 28°C for 2 days. Pellet harvested after centrifuge was 

washed and resuspended in infection solution (10 mM MgCl2, and 200 ɛM Acetosyringone), 

mixed according to the combination of plasmids and incubated for 1 h at room temperature. 

Cells were infiltrated into abaxial leaves of N. benthamiana using a 1-ml syringe. After 36Ḑ40 

h, leaves were harvested and kept at ī80ÁC until use. 

2.3.5 Strawberry transformation  

The A. tumefaciens cells harboring the constructs M4K1-OE and M4K1-RNAi were incubated 

and subsequently resuspended in a solution composed of Murashige and Skoog (MS) medium 

supplemented with 10 g/L sucrose, adjusted to a pH of 5.5. This solution was then mixed with 

surface-sterilized leaf segments (approximately 1 cm²) for five minutes. Following this 

incubation, the leaf segments were washed three times with sterile water and placed on co-

incubation plates, which were kept in the dark for two days. Subsequently, the plates were 

transferred to plates containing antibiotics to inhibit the growth of Agrobacterium. After 

approximately four weeks, callus formation was observed, leading to the generation of 

transgenic plants through plant tissue culture techniques. 

2.4 Identification of different mutants lines 

2.4.1 PCR genotyping of T-DNA insertion lines 

DNA extraction and PCR-based genotyping were carried out to detect the presence of the T-

DNA in insertion lines using three primers. Gene-specific primers LP and RP amplified the 

wild-type allele which gives a product of ~ 1000 bps. Primers BP and RP were used to amplify 

the T-DNA insertion allele, generating a product of ~700 bps. If an amplicon was produced 

with LP and RP primer pair but not with BP and RP primer pair the line genotyped is wild-type 

(WT). Alternatively, if an amplification product only appears with BP and RP primers, the 

genotyped line is homozygous (HM) for the T-DNA insertion. Plants heterozygous (HZ) for 

the insertion produce amplification products with both pairs of primers being used. 

2.4.2 Isolation of double mutants 

F1 seeds of sik1-1/hxk1, produced by crossing two single homozygous mutant parent lines, 

were planted and grown to maturity to yield F2 seeds. These seeds were germinated and 

cultivated to the four-true leaf stage for genotyping. If both single mutants contained a single 

T-DNA insertion, approximately 1/16 of the F2 progeny should be homozygous double mutants. 

Double homozygous mutant plants were identified by genotyping about 50 plants using 

methods for detecting single homozygous T-DNA insertions in each gene.  
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2.4.3 Identification of transgenic Arabidopsis plants 

Genomic DNA was extracted from transgenic Arabidopsis plants, and the PCR fragment of the 

target gene was amplified using a forward primer of the 35S promoter and a gene-specific 

reverse primer. 

2.4.4 Identification transgenic strawberry plants 

Amplification of fragment (~800 bp) from the RNAi vector was performed on genomic DNA 

isolated from ten different lines of M4K1-RNAi strawberry plants, confirming the presence of 

the expression cassette in these plants. The amplification utilized a primer pair consisting of a 

35S forward primer and a CmR reverse primer. Similarly, M4K1 fragment (~1,000 bp) is 

amplified from six different lines of M4K1-OE strawberry plants using a primer pair 

comprising the 35S forward primer and gene specific reverse primer. The primers utilized in 

these experiments are detailed in Table S1. Furthermore, the transcripts of M4K1 were 

quantified in PCR-identified transgenic strawberry plants using quantitative PCR (qPCR). 

2.5 Microscopy 

 

2.5.1 Scanning electron microscope (SEM) 

For scanning electronic microscopy (SEM), pollen grains and pistils in the fully opened flowers 

of WT and M4K1-RNAi were freeze-dried, sputter coated and observed under (Tescan 5136). 

2.5.2 Plant tissue clearing and observation by microscopy 

To observe and measure the cell size of the WT and transgenic M4K1-RNAi, M4K1-OE 

strawberry plants, the leaves and petals from 8-week-old plants were treated with tissue clearing 

reagents ClearSee® (Fujifilm) before observation was made on a confocal microscope (Leica, 

TCS SP5). 

2.6 Assays for Protein-protein interaction 

 

2.6.1 Yeast two hybrid 

Yeast strain Y2H Gold (Clontech) was used for transformation. Positive and negative control 

plasmids (pGBKT7-53/pGADT7-T and pGBKT7-Lam/pGADT7-T) were co-transformed into 

Y2H Gold as controls. Yeast cells were cultured in SD/-T/-L liquid media, and 10-fold serial 

dilutions were spotted onto selective SD/-T/-L and SD/-T/-L/-H/-A/AbA/X -Ŭ-Gal plates for 

reporter gene expression, and plates were scanned after four days. 

2.6.2 Bimolecular fluorescence complementation 
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A. tumefaciens strain GV3101 was prepared for infiltration into tobacco leaves. Confocal 

microscopy (Zeiss LSM 710) was used to observe fluorescence after infiltration. For DAPI 

staining, 5 µg/mL of DAPI was infiltrated into the leaves and incubated for two hours before 

observation under UV light. 

2.7 Protein expression and purification 

The E. coli expression vectors containing relevant genes were expressed in BL21 (DE3) cells. 

Protein expression was induced with 0.7 mM IPTG, and proteins were purified using His 

GraviTrap (Cytiva). 

2.8 In vitro  kinase assay 

In vitro kinase assays were performed with 200 ng of purified æN-FvM4K1, æN-AtSIK1 or 

mutant proteins for auto-phosphorylation assays. To assess phosphorylation of MOB1 proteins 

or their mutants or æN-AtHXK1, 1000 ng of substrate protein was added to the reaction in 

kinase buffer (20 mM Tris-HCl, pH 7.5, 10 mM MgCl , 100 ÕM ATP, 10 mM EDTA, 10 mM 

NaF). The reaction was incubated at 30°C for 30 minutes, and proteins were resolved on a 10% 

SDS-PAGE gel. Phosphorylation was detected by Western blot using a phospho-threonine 

antibody (anti-pT) (Cell Signalling) or a phospho-serine antibody (anti-pS) (Sigma), followed 

by ECL detection. Loading controls were assessed via EZBlue staining or Ponceau S staining. 

2.9 Glucose response assay 

The seeds of Col-0, sik1-1, hxk1 and sik1-1/hxk1 were germinated and cultivated on ½ MS 

medium supplemented with varying concentrations of glucose (2%, 4%, and 6%) or sorbitol 

(2%, 4%, and 6%). Seedlings were grown in dark for 13 days. The hypocotyl lengths were 

measured by quantifying approximately 20 seedlings from each glucose treatment across the 

different wild-type and mutant Arabidopsis lines.  

2.10 Bioinformatics analysis  

For phylogenetic analysis, the amino acid sequences of the kinase domain were aligned 

including strawberry FvM4K1 (FvH4_4g29800), Ste20p (Q03497) and Cdc15p (P27636) from 

yeast (Peter et al., 1996; Bardin et al., 2003), Hippo (Hpo, Q8T0S6), Happyhour (Hppy, 

MAP4K, A1ZBH8), (Msn, MAP4K4, Q7KV88) from fruit fly (Wu et al., 2003; Chen et al., 

2015; Ni et al., 2015), hMst1/2 (Mammalian Ste20-like kinases, Q13043, Q13188) (Praskova 

et al., 2004; An et al., 2013), hMAP4K1-7 (Q92918, Q12851, Q8IVH8, O95819, Q9Y4K4, 



50 
 

Q8N4C8, Q9UKE5) from humans (Meng et al., 2015; Ni et al., 2015) and AtSIK1 (Xiong et 

al., 2016), other nine AtMAP4Ks from Arabidopsis (Chen et al., 2018) (At1g53165, 

At3g15220, At5g14720, At4g24100, At4g10730, At1g70430, At1g79640, At1g23700, 

At4g14480) from Arabidopsis ClustalW in MEGA7.0 software. A maximum likelihood (ML) 

phylogenetic tree was constructed using the Poisson substitution model and visualized with 

iTOL (https://itol.embl.de/).  

For 3D protein structure prediction, the kinase domain of FvM4K1 was modeled using 

AlphaFold 

(https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/AlphaFo

ld.ipynb). The predicted structure with the highest mean pLDDT (88.59) was visualized in 

PyMOL, and aligned with the known structure of the Mst1 kinase domain (PDB code: 3COM) 

to indicate the active conformation of FvM4K1. The 3D protein structure prediction of the 

kinase domain of AtSIK1 was found in AlphaFold Protein Structure Database 

(https://alphafold.ebi.ac.uk/) (Jumper et al., 2021; Varadi et al., 2022). 

Statistical analysis was performed using SPSS software. Error bars in the figures represent the 

standard deviation (SD), and the number of replicates is provided in the figure legends. A two-

tailed t-test was used for statistical comparisons between two samples. For comparisons among 

multiple samples, one-way ANOVA followed by Duncan's post hoc test was performed. 

Statistically significant differences (p < 0.05, as indicated in the figure legends) are denoted by 

different letters (e.g., a, b, c) or an asterisk (*). 
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Chapter 3 Further characterization and Identification of a new component 

of the Hippo pathway in Arabidopsis    

3.1 Introduction  

Ste 20 (sterile 20) family encoding serine/threonine kinases functions in fundamental cellular 

processes including cell cycle, apoptosis, and stress responses (Dan et al., 2001). Ste20p from 

budding yeast (S. cerevisiae) is initially identified through a genetic screen for mating defects 

(Bardwell, 2005). In the mating response Ste20p phosphorylates Ste11p triggering a 

downstream kinase cascade for various cellular responses including growth arrest of the cells 

in G1 of cell cycle (Wu et al., 1995). Besides, Ste20p also governs bud site selection (Sheu et 

al., 2000), regulation of exit from mitosis (Höfken and Schiebel, 2002), and apoptosis (Ahn et 

al., 2005).  

Studies in yeast have shown that the serine/threonine kinase family Ste20 (Sterile 20) is a 

central component of the Hippo signalling pathway. Hippo (Hpo), homolog of Ste20 in flies, 

is involved in controlling organ size via proliferation and apoptosis (Wu et al., 2003). Flies 

have five core components in the Hippo signalling pathway: Hpo, its scaffolding protein 

Salvador (Sav), the Nuclear Dbf2-related (NDR) kinase Warts (Wts), its helper Mps One 

Binder 1 (MOB1) protein Mats, and the transcription factor Yorkie (Yki). Hpo, in association 

with Sav, phosphorylates the downstream Wts/Mats complex. This is followed by 

phosphorylation and inactivation of the transcription factor Yki in the cytoplasm by 14-3-3 

mediated ubiquitin degradation, resulting in growth inhibition (Zhao et al., 2011; Zheng and 

Pan, 2019). When Hippo signalling is inactivated, Yki remains unphosphorylated and 

translocates to the nucleus where it binds with Scalloped (Sd) to activate the expression of 

target genes, including Cyclin-E (CycE), Diap1 and Bantam. This activation promotes cell 

proliferation and inhibits apoptosis, resulting in larger wings and other organs due to excessive 

cell growth and proliferation (Zhao et al., 2011; Zheng and Pan, 2019). The Hippo pathway has 

been investigated in mammals for organ growth, cell proliferation and differentiation, tissue 

regeneration, tumorigenesis and other diseases (Fu et al., 2022). Five core components and 

phosphorylation modulated mechanisms remain conserved in Hippo pathway in mammals. 

Recent advances in understanding of the Hippo signalling pathway have led to the identification 

of more than 30 components (Zhao et al., 2011; Zheng and Pan, 2019). There are some 
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examples of upstream and downstream components. Mst (Hpo homology in mammals) is 

activated by kinases TAOK1/2/3 via phosphorylation. Besides, upstream regulators such as 

KIBRA and NF2 facilitate these kinases. In reverse, STRIPAK phosphatase complex 

dephosphorylates and inactivates Mst. The Hippo target genes induce oncogene c-Myc and the 

Mediator complex. If YAP/TAZ (Yki homology in mammals) is in the cytoplasm so that TEAD 

instead interacts with VGLL4 and other unknown corepressors to repress target gene 

transcription (Zheng and Pan, 2019).  

The Hippo pathway is modulated by various metabolites, with glucose playing a significant 

role in regulating the transcription factor YAP, a key effector of the Hippo pathway in mammals. 

This regulation occurs through glycolysis, the hexosamine biosynthetic pathway (HBP), and 

insulin signalling (Ibar and Irvine, 2020b). Insulin, stimulated by glucose, activates the PI3K-

AKT cascade, which inhibits Mst1/2 activity via phosphorylation, and mediates mTORC2 to 

phosphorylate and inactivate Mst1/2 (Romano et al., 2010). Conversely, the Hippo pathway 

influences metabolism by regulating YAP target genes, such as glucose transporters 

(GLUT1/GLUT3) and insulin receptors (IRS1/IRS2) (Cox et al., 2018; Jeong et al., 2018; 

Hwang et al., 2019). Thus, there is a reciprocal regulation between the Hippo pathway and 

glucose metabolism. 

Recent studies have revealed alternative kinase cascades in the Hippo pathway, where 

MAP4Ks function parallel to Hpo/Mst kinases to phosphorylate NDR family proteins, thereby 

activating the Hippo pathway. In Drosophila, the MAP4K subfamily includes Happyhour 

(Hppy) and Misshapen (Msn) (Li et al., 2015; Zheng et al., 2015), while in mammals, it 

comprises MAP4K1-7 (Meng et al., 2015). In Arabidopsis, there are 10 MAP4K kinases in 

addition to AtSIK1 (MAP4K3) (Zhang et al., 2018), raising the question of whether MAP4Ks 

function redundantly with AtSIK1 in the Hippo pathway. 

Studies on the Hippo signalling pathway in plants are limited and primarily focused on the 

model plant Arabidopsis. Beside the Ste20 kinase AtSIK1 (Xiong et al., 2016), the components 

of MOB1 homologs AtMOB1A and AtMOB1B (Guo et al., 2020), and eight NDR homologs 

(Yoon et al., 2021) have been identified so far. Both AtSIK1 and AtNDR2/4/5 interact with 

AtMOB1A&B (Xiong et al., 2016; Zhou et al., 2021a). The double mutant sik1-/-mob1a+/- 

was much smaller than the respective single mutants. Moreover, the homozygous double 

mutant sik1-/-mob1a-/- struggled to survive (Xiong et al., 2016). Similarly, the triple mutant 

atndr2/atndr4/atndr5 produces much shorter siliques with reduced fertility than wild type 
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(Zhou et al., 2021a). These findings confirm that AtSIK1 and AtMOB1s positively regulate 

organ size via the Hippo signalling pathway, different to the negative role of the Hippo 

signalling pathway in animals. However, the interaction between AtSIK1 and AtNDRs has not 

yet been explored although interaction between the homologous proteins Ste20 and NDRs in 

yeast and animals are verified (Zhao et al., 2011; Rock et al., 2013; Zheng and Pan, 2019). 

Although insights from animal studies provide clues for understanding the Hippo pathway in 

plants, certain non-conserved features remain unclear. For example, homology of scaffolding 

protein Sav is not found in plants. Moreover, while components like the 8 NDR family proteins 

and 10 MAP4Ks are identified in Arabidopsis (Zhang et al., 2018; Yoon et al., 2021), their 

connection to the Hippo pathway in plants has yet to be established. Additionally, the 

phosphorylation mechanisms mediated by kinase-scaffold proteins in the Hippo pathway are 

not well understood in plants, and whether metabolism influences this pathway are unknown. 

The aim of this study is to investigate the Hippo pathway in plants. 

In Arabidopsis the Ste20 protein AtSIK1 has auto-phosphorylation activity (Zhang et al., 2018).  

Three dimensional prediction of its kinase domain structure and in vitro kinase assay showed 

that Lys278, Glu295, and Arg370 are three key residues for the kinase activity of AtSIK1 (Mu 

et al., 2022). AtSIK1 is physically associated with AtMOB1s and acts as a positive regulator 

in organ size control in Hippo pathway via cell proliferation and cell expansion (Xiong et al., 

2016). Deletion of SIK1 causes dwarfism with smaller organs resulting from smaller cell size 

and less cell number. Double mutant sik1/mob1a is arrested at the seedling stage, which has 

more severe growth defects than single mutant sik1 or double mutant mob1a/b (Xiong et al., 

2016; Guo et al., 2020). This genetic analysis clearly demonstrates that AtSIK1 and AtMOB1A 

operates in a common pathway which are required for organ size control. Interestingly, AtSIK1 

is highly expressed in the pollen grains and its mutant sik1 has less seeds than number of WT 

(Xiong et al., 2016). This is similar in mob1a mutant (Xiong et al., 2016), suggesting that 

AtSIK1 and AtMOB1A work together through Hippo pathway to regulate pollen and seed 

development. Study also showed that AtSIK1 is involved in pattern-triggered immunity (PTI) 

through phosphorylation hence stabilization of BIK1 (Botrytis-induced kinase 1), a receptor-

like cytoplasmic kinase in PTI. This results in the phosphorylation and activation of NADPH 

oxidase RBOHD to produce reactive oxygen species (ROS) (Zhang et al., 2018). 

Here, we demonstrate that AtSIK1 possesses serine/threonine kinase activity. It auto-

phosphorylate and trans-phosphorylates AtMOB1A&1B, core components in the Hippo 
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pathway. Through these activities AtSIK1 regulates organ size. Further, we identified AtHXK1 

(Hexokinase), a glucose sensor as a new component of the Hippo pathway in Arabidopsis. We 

generated double mutant of sik1hxk1 and carried out in vitro kinase assays. We confirmed that 

AtSIK1 interacts with and phosphorylates AtHXK1 at Ser177, enhancing its regulatory effect 

on organ size without affecting its catalytic activity. Notably, both the sik1-1 single and the 

sik1-1/hxk1 double mutants exhibited reduced sensitivity to high concentration of glucose, 

similar to hxk1 mutants, indicating that the Hippo pathway is involved in glucose signalling 

and metabolism.  

3.2 Results 

3.2.1 AtSIK1 is a Ste20 Serine/Threonine Kinase  

Given that AtSIK1 (AtMAP4K3, At1g69220) is a MAP4K that could act in parallel to Ste20 

kinases in the Hippo pathway (Li et al., 2015; Meng et al., 2015; Zheng et al., 2015) we first  

compared AtSIK1 to well-characterized Ste20 kinases and related MAP4Ks from yeast, fruit 

flies, and mammals, including Ste20p (YHL007c, Q03497) and its homolog Cdc15p 

(YAR019C, P27636) in yeast, Hippo (Hpo, Q8T0S6), Happyhour (Hppy, MAP4K, A1ZBH8), 

Misshapen (Msn, MAP4K4, Q7KV88) in fly, and hMst1/2 (Mammalian Ste20-like kinases, 

Q13043, Q13188), hMAP4K1-7 (Q92918, Q12851, Q8IVH8, O95819, Q9Y4K4, Q8N4C8, 

Q9UKE5) in humans. Additionally, we included nine AtMAP4Ks from Arabidopsis (Zhang et 

al., 2018) (At1g53165, At3g15220, At5g14720, At4g24100, At4g10730, At1g70430, 

At1g79640, At1g23700, At4g14480). A phylogenetic tree was constructed after multiple 

sequence alignment and this revealed that AtSIK1 clusters with the characterized Ste20 kinases 

and MAP4Ks from different species (shaded in gray), whilst the other nine AtMAP4Ks form 

distinct, separate branches (shaded in blue). This suggests that AtSIK1 is likely the primary 

Ste20-like kinase functioning in the Hippo pathway in Arabidopsis, distinguishing it from other 

MAP4Ks in the plant (Fig. 3-1A). In the gray group, AtSIK1 in an individual branch has similar 

distance to three different branches representing Hpo and its homologous, Hppy and its 

homologous, Msn and its homologous, respectively, consistent with its function like Ste20 

kinase in Hippo pathway. 

Using AlphaFold 2 the three-dimensional structure of the full-length protein and the kinase 

domain of AtSIK1 were further predicted. As showed in Fig. 3-1B, AtSIK1 possesses the 

typical G-loop (cyan) and A-loop (grey). The catalytic pocket including ATP binding structure 

was in the central core (shaded pink). As showed in Fig. 3-1C, when Lys278 (K278), the 
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conserved ATP binding site (Glantschnig et al., 2002; Wu et al., 2003) is mutated to Glutamic 

acid the amino group is replaced by carboxyl group, this destroys proton transfer within the 

catalytic pocket, affecting phosphorylation reaction (Fig. 3-1C, top two panels) (Kamps and 

Sefton, 1986). The Thr405 of AtSIK1 within the A-loop is the autophosphorylation site which 

is conserved in Hpo of Drosophila (Deng et al., 2013) and Mst1/2 of mammal (Fig. 3-1B-C) 

(Praskova et al., 2004; Ni et al., 2013). The mutation of Thr405 to Ala405 results in replacement 

of hydroxy group, restricting binding with phosphate group, hence no phosphorylation could 

occur (Fig. 3-1C, bottom two panels). 

To see if AtSIK1 is a serine/threonine kinase in vitro kinase assay was performed. A truncated 

æN-AtSIK1 lacking the N-terminus and a kinase dead mutant æNAtSIK1K278E were expressed 

in BL21(DE3) (Fig. 3-1D, bottom panel) since full length of AtSIK1 cannot be expressed in 

E.coli (Xiong et al., 2016). As displayed in Fig. 3-1D the phosphorylation of æNAtSIK1 was 

detected with both anti-phosphor-threonine antibody (anti-pT) and anti-phosphor-serine 

antibody (anti-pS), no bands were detected for æNAtSIK1K269E regardless anti-pT and anti-pS 

antibodies were used. We next mutated Thr405 to Ala (T396A) and generated æNAtSIK1T405A. 

We also combined both mutations and generated double mutant æNAtSIK1K278ET405A. The anti-

pT antibody detected weak phosphorylation of æNAtSIK1T405A but not in æNAtSIK1K278ET405A 

(Fig. 3-1D, left panel). These results clearly demonstrated that AtSIK1 is a serine/threonine 

kinase, both Thr405 and Lys278 play essential roles in phosphorylation of AtSIK1 and Lys278 

is more effective than Thr405.  
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Figure 3-1. AtSIK1 is a Ste20 kinase, Lys278 and Tyr405 are essential for its enzyme activity. 

(A) Phylogenetic tree. Phylogenetic analysis of the kinase domain sequences of AtSIK1 (At1g69220) from 

Arabidopsis, Ste20p (Q03497) and Cdc15p (P27636) from yeast, orthologous kinases Hpo (Q8T0S6), Hppy 

(A1ZBH8), and Msn (Q7KV88) from Drosophila, and hMst1/2 (Q13043, Q13188) and MAP4Ks (Q92918, 

Q12851, Q8IVH8, O95819, Q9Y4K4, Q8N4C8, Q9UKE5) from humans using MEGA7.0 software, highlighting 

evolutionary relationships.  

(B) Predicted 3D Structure of AtSIK1 Kinase Domain by AlphaFold 2. The conserved region and sites are 

coloured and labelled as indicated. The G-loop (cyan) and the conserved residue Lys278 for kinase activity close 

to the G-loop (yellow), the A-loop (grey) and Thr405 (yellow), the auto-p site in the A-loop, the catalytic pocket 

in the central core and the ATP-binding site (lilac) within it are indicated. 

(C) Mutant Visualization by AlphaFold 2 and PyMOL. The structural positions of Lys278 and Thr405, as well as 

their mutated forms (K278E and T405A) are shown. These specific mutations likely alter the kinase activity. The 

oxygen/nitrogen atom is coloured with red/blue, respectively. 

(D) In Vitro Kinase Assay. The kinase activity of AtSIK1 and its mutants (ȹN-AtSIK1, ȹN-AtSIK1T405A, ȹN-

AtSIK1K278E, and ȹN-AtSIK1K278ET405A were shown. Phosphorylation is detected using anti-phospho-threonine 

and anti-phospho-serine antibodies. Left Panel: bands indicate phosphorylation for the wild-type and T405A 

mutant, but no such bands is found for the K278E or the double mutant, suggesting K278 is crucial for kinase 

function. Right Panel: anti-phosphor-serine antibody detects a faint band for æN-AtSIK1. Bottom Panels: Ponceau 

S staining of the PVDF membrane confirms equal protein loading across samples. 
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Proteins were expressed in BL21(DE3) and purified. Arrows indicate the positions of AtSIK1 and its variants. 

MM, protein molecular marker. 

3.2.2 AtSIK1 Controlling Organ Size Depends on its Kinase Activity 

To validate the in vitro kinase assay results we transformed AtSIK1 and its single and double 

mutants AtSIK1K278E, AtSIK1T405A and AtSIK1K278ET405A in the Arabidopsis atsik1-1 mutant. 

These transgenic plants were identified by PCR amplification using 35s promoter forward 

primer and gene specific reverse primer after selected on the ½ MS containing 30 µg/mL 

hygromycin (Fig. 3-2B). Although SIK1 fully rescued the growth defects of atsik1-1, mutants 

expressing SIK1K278E, SIK1T405A and SIK1K278ET405A were indistinguishable from the atsik1-1 

mutant showing no rescue of growth (Fig. 3-2A, C&D).  

Therefore, AtSIK1 is a functional kinase, its kinase activity and auto-phosphorylation rely on 

Lys278 and Thr405, respectively. Importantly, both kinase activity and auto-phosphorylation 

are essential for the role of AtSIK1 in regulating organ size. 

 

Figure 3-2. AtSIK1 kinase activity relies on K278 and T405 for function.  

(A) Phenotype of WT, sik1-1 and transgenic sik1-1 plants expressing AtSIK1 and its point mutants. Top panel, 

four-week-old Arabidopsis plants of Col-0, sik1-1 and transgenic sik1-1 expressing SIK1, SIK1K278E, SIK1T405A 

and SIK1K278ET405A. Bar = 10 mm. Bottom panel, nine-week-old transgenic Arabidopsis plants. Bar = 20 mm. 

(B) Genotyping by PCR to confirm sik1-1 background and presence of plasmid harbouring SIK1 and its mutants 

in the transgenic sik1-1 plants. Primers sik1-1_LP, sik1-1_RP and LBb1.3 detects genotype of sik1-1, 35Sp-F and 

SIK1-R detects presence of exogenous AtSIK1. Sequences of all primers are listed in Table S1. 

(C-D) Maximum rosette radius (C), and plant heights (D). 
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Error bars are means ± SD (n=6). The different letters indicate statistically difference between transgenic 

Arabidopsis expressed by SIK1 and its pointed mutants at p < 0.05 calculated by one-way ANOVA with Duncan 

test using SPSS. 

3.2.3 AtSIK1 Phosphorylates AtMOB1A and AtMOB1B 

Since Ste20 family kinases, like Hpo and Mst1/2, are known to phosphorylate their interacting 

partners (Wu et al., 2003; Praskova et al., 2008), it is likely that AtSIK1 also phosphorylates 

AtMOB1A and AtMOB1B. To test this, we performed Y2H and in vitro kinase assay. After 

ruling out false positives via the Y2H self-activation test (Fig. 3-3A), we observed colonies 

growth on nutrient-deficient SD/-T/-L media (Fig. 3-3B, left panel). However, on selective 

media (SD/-T/-L/-H/-A/AbA/X-Ŭ-Gal), colonies expressing combinations of 

AtSIK1T405A/AtMOB1A and AtSIK1T405A/AtMOB1B grew well and turned blue, similar to 

pairs between AtSIK1 and AtMOB1s. Interestingly, colonies harbouring 

AtSIK1K278E/AtMOB1s and AtSIK1K278ET405A/AtMOB1s grew and turned blue at only OD600 

= 1, followed by no growth lacking blue reaction after dilutions (Fig. 3-3B, right panel). These 

findings indicate that mutation in AtSIK1K278E disrupts interaction with AtMOB1s, while 

AtSIK1T405A retains its interaction capability. Thus, the interaction between AtSIK1 and 

AtMOB1s depends on Lys278, linked to kinase activity, rather than Thr405 in the A-loop for 

auto-phosphorylation. 

To directly demonstrate the role of phosphorylation in the interaction we expressed and purified 

the relevant proteins and conducted in vitro kinase assay. As observed in Fig. 3-3C 

phosphorylated bands of AtMOB1A&B (1st, 5th lanes) were obviously detected with anti-pT at 

the presence of AtSIK1, confirming that AtSIK1 phosphorylates both AtMOB1A and 

AtMOB1B (top panel). In contrast, when AtSIK1T405A was substituted for AtSIK1, 

phosphorylated bands of AtMOB1s were much faint, reduced by 80% of WT phosphorylation 

(Fig. 3-3C). No bands were detected for AtMOB1A&B when AtSIK1K278E were used (Fig. 3-

3C), indicating these mutants had little or no ability to phosphorylate AtMOB1s. These findings 

demonstrate that the interaction between AtSIK1 and AtMOB1s depends on both trans- and 

auto-phosphorylation of AtSIK1. 
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Figure 3-3. Interaction between AtSIK1 and AtMOB1A&B relies on the kinase activity of AtSIK1.  

(A) Self-activation test. BD-53 and BD-lam are positive and negative controls respectively. SD/-T, SD/-T/-L/-A 

were nutrient selective media. 
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AtSIK1.

(A)Self-activationtest.BD-53andBD-lamarepositiveandnegativecontrolsrespectively.SD/-T,
SD/-T/-L/-Awerenutrientselectivemedia.

(B)Yeasttwohybridassay.Leftpanel,yeastcoloniesonSD/-T/-Lselectivemediashowingyeast

growth;rightpanel,yeastcoloniesonSD/-T/-L/-H/-A/AbA/X-Ŭ-Galshowinginteraction.

AureobasidinA(AbA,200ng/mL)andX-Ŭ-Gal(40Õg/mL)wereaddedtomedia.Allcolonies

weregrowntoreachOD600=1,dilutions1/10,1/100werespottedontheplates.pGBKT7-53and
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(B)Yeasttwohybridassay.Leftpanel,yeastcoloniesonSD/-T/-Lselectivemediashowingyeast

growth;rightpanel,yeastcoloniesonSD/-T/-L/-H/-A/AbA/X-Ŭ-Galshowinginteraction.

AureobasidinA(AbA,200ng/mL)andX-Ŭ-Gal(40Õg/mL)wereaddedtomedia.Allcolonies

weregrowntoreachOD600=1,dilutions1/10,1/100werespottedontheplates.pGBKT7-53and

pGADT7-TwerepositivecontrolpairwhilepGBKT7-lampGADT7-Tnegativecontrol.

(C)InvitrokinaseassaytodetectphosphorylationofAtMOB1AandAtMOB1BbyAtSIK1andits

variants.Toppanel,detectionbyWesternblotwithanti-phosphor-threonineantibodywith

quantificationofphosphorylationofAtMOB1AandAtMOB1BbySIK1andothervariantsbelow;

lowerpanel,PonceauSstainedblot.GreenarrowsindicatethepositionsofæN-AtSIK1andblue

arrowsAtMOB1AandAtMOB1B.AllproteinswereexpressedinBL21(DE3)andpurified.

Thephosphorylation(bandintensity)ofAtMOB1AandAtMOB1BbySIK1ontheblotwas

regardedas1.ThephosphorylationofthemutantsAtMOB1sbyotherSIK1variantswascalculated

asthepercentageofthepeakintensityofAtMOB1sbySIK1.ErrorbarsaremeansSD(n=3).
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(B) Yeast two hybrid assay. Left panel, yeast colonies on SD/-T/-L selective media showing yeast growth; right 

panel, yeast colonies on SD/-T/-L/-H/-A/AbA/X -Ŭ-Gal showing interaction. Aureobasidin A (AbA, 200 ng/mL) 

and X-Ŭ-Gal (40 µg/mL) were added to media. All colonies were grown to reach OD600=1, dilutions 1/10, 1/100 

were spotted on the plates. pGBKT7-53 and pGADT7-T were positive control pair while pGBKT7-lam pGADT7-

T negative control.  

(C) In vitro kinase assay to detect phosphorylation of AtMOB1A and AtMOB1B by AtSIK1 and its variants. Top 

panel, detection by Western blot with anti-phosphor-threonine antibody with quantification of phosphorylation of 

AtMOB1A and AtMOB1B by SIK1 and other variants below; lower panel, Ponceau S stained blot. Green arrows 

indicate the positions of æN-AtSIK1 and blue arrows AtMOB1A and AtMOB1B. All proteins were expressed in 

BL21(DE3) and purified.  

The phosphorylation (band intensity) of AtMOB1A and AtMOB1B by SIK1 on the blot was regarded as 1, and 

the relative phosphorylation of the mutants AtMOB1s by the SIK1 variants was calculated and shown as means ± 

SD (n=3).  

To identify which specific amino acid residues in AtMOB1A&B were phosphorylated by 

AtSIK1, we looked into previous studies on hMob1, which identified Thr12 and Thr35 as 

phosphorylation sites, with Thr35 being more important (Praskova et al., 2008). we mutated 

conserved Thr35 of AtMOB1s (Fig. 3-4A) to alanine (AtMOB1AT35A and AtMOB1BT36A) and 

expressed them in E. coli (Fig. 3-4B, bottom panel). After purification, in vitro kinase assay 

was carried out (Fig. 3-4B, top panel) where 200 ng of AtSIK1 and 1 ɛg of AtMOB1A&B, 

AtMOB1A&BT35A were added. Compared to AtMOB1A&B counterparts, AtMOB1sT35A 

phosphorylation was reduced by 20%-30% despite still can be detected (Fig. 3-4C). 

Consequently, AtSIK1 phosphorylates both AtMOB1A&B, with Thr35 in AtMOB1A&B as 

key phosphorylation sites.  

  

Figure 3-4. AtMOB1A and AtMOB1B are phosphorylated at Thr35. 
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Figure4-4.AtMOB1AandAtMOB1BarephosphorylatedatThr35.

(A)ProteinsequencealignmentofhMOB1sandAtMOB1s.Thephosphor-ThrinhMOB1swereconservedwithonesin
AtMOB1s.GreenhighlightwaslabelledtheconservedThr12inMOB1s
(B)InvitrokinaseassaytodetectphosphorylationsitesofAtMOB1A&BatThr35.Toppanel,detectionbyWesternblot
byanti-phosphor-threonineantibody,bottompanel,PonceauSstainedblot.GreenarrowsindicatethepositionsofæN-
AtSIK1andbluearrowsAtMOB1AandAtMOB1B.AllproteinswereexpressedinBL21(DE3)andpurified.
(C)QuantificationofphosphorylationofWTandmutantsofAtMOB1AandAtMOB1Bin(B).Thephosphorylation
(bandintensity)ofAtMOB1AandAtMOB1Bontheblotwasregardedas100%.Thephosphorylationofthemutants
AtMOB1sTAwascalculatedasthepercentageofthepeakintensityofAtMOB1s.ErrorbarsaremeansSD(n=3).**
indicatesdifferencebetweensamplesatp<0.01int-test.
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(A) Protein sequence alignment of hMOB1s and AtMOB1s. The phosphor-Thr in hMOB1s were conserved with 

ones in AtMOB1s. Green highlight was labelled the conserved Thr12 in MOB1s  

(B) In vitro kinase assay to detect phosphorylation sites of AtMOB1A&B at Thr35. Top panel, detection by 

Western blot by anti-phosphor-threonine antibody, bottom panel, Ponceau S stained blot. Green arrows indicate 

the positions of æN-AtSIK1 and blue arrows AtMOB1A and AtMOB1B. All proteins were expressed in 

BL21(DE3) and purified.  

(C) Quantification of phosphorylation of WT and mutants of AtMOB1A and AtMOB1B in (B). The 

phosphorylation (band intensity) of AtMOB1A and AtMOB1B on the blot was regarded as 100%. The 

phosphorylation of the mutants AtMOB1sTA was calculated as the percentage of the peak intensity of AtMOB1s. 

Error bars are means ± SD (n=3). ** indicates difference between samples at p< 0.01 in t-test. 

3.2.4 AtSIK1 and AtHXK1 function in the same pathway to control organ size  

It is well established that sugar plays a crucial role in plant growth and development (Xiao et 

al., 2000). Mutants lacking AtHXK1 (Hexokinase), a well characterized sugar sensor in 

Arabidopsis are dwarfed with small and dark green leaves owing to limited cell expansion 

under high light conditions although they produce the same number of leaves  (Moore et al., 

2003).  Interestingly, these growth defects with smaller organ are strikingly similar to those 

observed in the sik1-1 mutant lines (Xiong et al., 2016). Hexokinase is close to the Hippo 

pathway as published paper reports hHXK2 is upregulated by YAP in mammal (Zheng et al., 

2017a). These connections led us to hypothesize that AtHXK1 may function in the AtSIK1 

mediated Hippo pathway, contributing to organ size control. 

To test this hypothesis, we generated a double mutant, sik1-1/hxk1 which lacks transcripts of 

both AtSIK1 and AtHXK1 (Fig. 3-5B). Detailed observation of the double mutant was carried 

out. This indicates that it exhibited more pronounced growth defects compared to the single 

sik1-1 (SALK_046158) and hxk1 (SALK_070739) mutants, presenting as dwarf with 

significantly smaller vegetative and reproductive organs compared to wild-type (WT) plants. 

The sik1-1/hxk1 plants had shorter roots and smaller leaves (Fig. 3-5). Additionally, the flowers, 

petals, calyxes, siliques at 5 days after pollination (DAP), and seeds of the double mutant were 

all notably reduced in size (Fig. 3-6). For instance, compared to the sik1-1 single mutant, the 

petal area was decreased by 32.5% and the 5 DAP silique length was reduced by 24%. 

Moreover, compared to the hxk1 single mutant, the petal area and the 5 DAP silique length 

were inhibited by 65.36% and 47.63%, respectively (Fig. 3-6 B&D). 

These results clearly demonstrate that the simultaneous loss of SIK1 and HXK1 leads to a more 

severe reduction in the size of both vegetative and reproductive organs in Arabidopsis. This 

indicates that AtHXK1 and SIK1 are likely work in the same pathway and have additive roles 

in regulating organ size control. 
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Figure 3-5. Double Mutant sik1-1/hxk1 has Much Smaller vegetative Organs. 

(A) Double mutant sik1-1/hxk1 exhibits more severe growth defeats with smaller organs compared to the single 

mutant sik1 and hxk1. Upper panel, 8-day-old plate grown (1/2 MS+1% sucrose) seedlings of Col-0, hxk1, sik1-1, 

and sik1-1/hxk1, Middle panel, 4-week-old soil grown plants, bottom pane, 8-week-old plants. Scale bar = 10 mm.  

(B) Genotyping by PCR confirming homozygous double mutant sik1-1/hxk1. Primers sik1-1_LP, sik1-1_ RP, 

LBb1.3 detects genotype of sik1-1, hxk1_LP, hxk1_RP, LBb1.3 detects genotype of hxk1, SIK1 and HXK1 gene 

specific primers detects transcripts of SIK1 and HXK1. Sequences of all primers are listed in Table S1.  

(C) Phenotypic analysis of the 4th and 5th leaves of 5-week-old soil grown plants of WT, hxk1, sik1-1 and sik1-

1/hxk1 from left to right. Scale bar =10 mm. 

(D) Area of 4th leaf.  

(E) Area of 5th leaf.  

(F-G) Measurements of leaf maximum rosette radius and plant heights. 

Error bars are means ± SD (n=10). Different letter indicates statistically significant difference between WT, hxk1, 

sik1-1 and sik1-1/hxk1 plants at p < 0.05 calculated by one-way ANOVA with Duncan test using software SPSS. 
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Figure4-5.DoubleMutantsik1-1/hxk1ResultedinMuchSmallervegetativeOrgans.

(A)Doublemutantsik1-1/hxk1causedmoreseveregrowthdefeatswithsmallerorganscomparedtosinglemutants.col-0,

singlemutantsik1-1,hxk1anddoublemutantsik1-1/hxk1are8-day-seedlings,4-week-seedlingand8-week-seedling

fromuptodown.Scalebar=10mm.

(B)GenotypingbyPCRconfirminghomozygousdoublemutantsik1-1/hxk1.Primerssik1-1_LP,sik1-1_RP,LBb1.3,

hxk1_LP,hxk1_RP,SIK1andHXK1genespecificprimersarelistedinTableS1.

(C)Phenotypicanalysisofthe4thand5thleavesof5-week-oldplantsofWT,hxk1,sik1-1andsik1-1/hxk1fromleftto

right.Scalebar=10mm.

(D)Areaof4thleaf.

(E)Areaof5thleaf.

(F-G)Measurementsofleafmaximumrosetteradiusandplantheights.

ErrorbarsaremeansÑSD(n=3);(n=10)inothers.Differentletterindicatesstatisticallysignificantdifferencebetween

WT,hxk1,sik1-1andsik1-1/hxk1plantsatp<0.05calculatedbyone-wayANOVAwithDuncantestusingsoftware

SPSS.
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Figure 3-6. Double Mutant sik1-1/hxk1 has Much Smaller reproductive Organs. 

(A) Double mutant sik1-1/hxk1 exhibits more severe growth defeats with smaller reproductive organs compared 

to the single mutant sik1 and hxk1. From upper to bottom panel, flowers, petals, calyx, siliques after 5 days after 

pollination (DAP) and seeds from col-0, sik1-1, hxk1 and sik1-1/hxk1. Bar = 1 mm.  

(B-E) Measurements of petal area, calyx area, 5 DAP silique length and seed area.  

Error bars are means ± SD (n=10) Different letter indicates statistically significant difference between WT, hxk1, 

sik1-1 and sik1-1/hxk1 plants at p < 0.05 calculated by one-way ANOVA with Duncan test using software SPSS. 

3.2.5 Double Mutant sik1-1/hxk1 has reduced seed production  

One of the most notable characteristics of the sik1-1/hxk1 double mutant was a significant 

reduction in seed production (Fig. 3-7A). Both single mutant hxk1 and sik1-1 had 28.65% and 

52.81% less seeds, respectively compared to WT. However, in double mutant this reduced even 

further where its seed count was reduced by 68.5%, 33% and 56% compared to WT, sik1-1 and 

hxk1 (Fig. 3-7C). Several undeveloped and aborted seeds (white arrowheads) were observed in 

5 DAP siliques of sik1-1/hxk1 and sik1-1 mutants which accounted 70.5% of total seed number 

in sik1-1/hxk1 reaching up to (Fig. 3-7A&B). This likely contributes to the 68.5% reduction in 

the seed number found in the mature siliques. 
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Figure4-6.DoubleMutantsik1-1/hxk1ResultedinMuchSmallerreproductiveOrgans.

(A)LackingbothSIK1andHXK1resultedinsmallerreproductiveorgansofArabidopsis.Flowers,petals,calyx,

siliquesafter5dayafterpollination(DAP)andseedsfromcol-0,sik1-1,hxk1andsik1-1/hxk1.Bar=1mm.

(B-E)Measurementsofpetalarea,calyxarea,5DAPsiliquelengthandseedarea.

ErrorbarsaremeansÑSD(n=3)in(M,N);(n=10)inothers.Differentletterindicatesstatisticallysignificant

differencebetweenWT,hxk1,sik1-1andsik1-1/hxk1plantsatp<0.05calculatedbyone-wayANOVAwithDuncan

testusingsoftwareSPSS.
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To investigate the cause of this reduced fertility in the double mutants we observed the opened 

flowers and noticed an abnormal positioning of the reproductive organs. In the sik1-1/hxk1 and 

sik1-1 mutants, the anthers were shorter and positioned below the level of the stigma (indicated 

by arrows), preventing effective pollination. In contrast, in WT and hxk1 plants, the stigma is 

surrounded by anthers and covered with pollen grains, facilitating fertilization (Fig. 3-7A). 

These findings suggest that SIK1 plays a crucial role in seed production, likely in collaboration 

with HXK1, and that defects in floral organ positioning may contribute to reduced fertility in 

the sik1-1/hxk1 mutant. 

 

Figure 3-7. Double Mutant sik1-1/hxk1 Resulted in Less Seeds. 

(A) Lacking both SIK1 and HXK1 resulted in less seeds of Arabidopsis. Flowers, 5 DAP siliques from col-0, sik1-

1, hxk1 and sik1-1/hxk1. Bar = 1 mm. Arrows indicate the position of the anthers in flowers. White arrowheads 

highlight undeveloped seeds at 5 DAP in mutants. 

(B-C) Measurement of undeveloped seeds ratio and seeds number per silique. 

Error bars are means ± SD (n=3) in (M, N); (n=10) in others. Different letter indicates statistically significant 

difference between WT, hxk1, sik1-1 and sik1-1/hxk1 plants at p < 0.05 calculated by one-way ANOVA with 

Duncan test using software SPSS. 

3.2.6 AtSIK1 Interacts with and Phosphorylates AtHXK1 

Given our results indicating that AtHXK1 is involved in the AtSIK1 mediated Hippo pathway, 

we performed yeast two-hybrid and bimolecular fluorescence complementation (BiFC) assays 

to explore the interaction between AtSIK1 and AtHXK1. The Y2H assay demonstrated that 

colonies co-expressing AtSIK1 and AtHXK1 grew and turned blue on the reporter gene 

selective media (SD/-T/-L/-H/-A/AbA/X -Ŭ-Gal), confirming their interaction (Fig. 3-8A). This 

interaction was further validated in tobacco leaf cells using BiFC. YFP fluorescent signals were 
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Figure4-7.DoubleMutantsik1-1/hxk1ResultedinLessSeeds.

(A)LackingbothSIK1andHXK1resultedinlessseedsofArabidopsis.Flowers,5DAPsiliquesfromcol-0,

sik1-1,hxk1andsik1-1/hxk1.Bar=1mm.Arrowsindicatethepositionoftheanthersinflowers.White

arrowheadshighlightundevelopedseedsat5DAPinmutants.

(B-C)Measurementofundevelopedseedsratioandseedsnumberpersilique.

ErrorbarsaremeansÑSD(n=3)in(M,N);(n=10)inothers.Differentletterindicatesstatisticallysignificant

differencebetweenWT,hxk1,sik1-1andsik1-1/hxk1plantsatp<0.05calculatedbyone-wayANOVAwith

DuncantestusingsoftwareSPSS.
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detected in the nucleus, overlapping with DAPI staining when AtSIK1 and AtHXK1 were co-

expressed (Fig. 3-9). These findings indicate that AtSIK1 is physically associated with 

AtHXK1, and this interaction occurs in the nucleus. 

AtSIK1 is a homologue of Ste20 proteins, and this family of kinases are known to 

phosphorylate their interacting partners. Therefore, the nature of interaction between AtSIK1 

and AtHXK1 is likely through phosphorylation. To confirm this we generated kinase-dead 

mutant AtSIK1K278E, the auto-phosphorylation-deficient mutant AtSIK1T405A, and the double 

mutant AtSIK1K278ET405A. Combinations between these mutant and AtHXK1 showed neither 

growth nor blue coloration on the selective media in Y2H, demonstrating that interaction 

between AtSIK1 and AtHXK1 requires both its kinase activity and autophosphorylation of 

AtSIK1 (Fig. 3-8A). 

 

Figure 3-8. AtSIK1 interacts with AtHXK1 depending on kinase activity of AtSIK1  

(A) Only colonies expressing SIK1 and HXK1 grew and turned blue on the reporter gene selective media, while 

colonies harbouring all SIK1 variants and HXK1 cannot. 

(C) The coexpression of HXK1 mutation at Ser177 and SIK1 in colonies struggled to growth lacking blue reaction. 

Yeast two hybrid assay. Left panel, yeast colonies on SD/-T/-L selective media showing yeast growth; right panel, 

yeast colonies on SD/-T/-L/-H/-A/AbA/X -Ŭ-Gal showing interaction. Aureobasidin A (AbA, 200 ng/mL) and X-

Ŭ-Gal (40 µg/mL) were added to media. All colonies were grown to reach OD600=1, dilutions 1/10, 1/100 were 

spotted on the plates. All colonies were grown to reach OD600=1, dilutions 1/10, 1/100 were spotted on the plates. 

pGBKT7-53 and pGADT7-T were positive control pair while pGBKT7-lam pGADT7-T negative control.  

(B) Self-activation test. BD-53 and BD-lam are positive and negative controls respectively. SD/-T, SD/-T/-L/-A 

were nutrient selective media. 

Next, we carried out BiFC assay to validate the data above from Y2H. However, contrasting 

results were observed where YFP signals were detected in the nucleus even when the kinase-

dead AtSIK1K278E was co-expressed with AtHXK1 (Fig. 3-9), indicating that this mutant could 

still physically interact with AtHXK1, and the site of interaction remained in the nucleus. This 
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Figure4-8.AtSIK1interactswithAtHXK1dependingonkinaseactivityofAtSIK1

(A)OnlycoloniesexpressingSIK1andHXK1grewandturnedblueonthereportergeneselective

media,whilecoloniesharbouringallSIK1variantsandHXK1cannot.

(C)ThecoexpressionofHXK1mutationatSer177andSIK1incoloniesstruggledtogrowthlacking

bluereaction.

Yeasttwohybridassay.Leftpanel,yeastcoloniesonSD/-T/-Lselectivemediashowingyeastgrowth;

rightpanel,yeastcoloniesonSD/-T/-L/-H/-A/AbA/X-Ŭ-Galshowinginteraction.AureobasidinA

(AbA,200ng/mL)andX-Ŭ-Gal(40Õg/mL)wereaddedtomedia.Allcoloniesweregrowntoreach

OD600=1,dilutions1/10,1/100werespottedontheplates.Allcoloniesweregrowntoreach

OD600=1,dilutions1/10,1/100werespottedontheplates.pGBKT7-53andpGADT7-Twere

positivecontrolpairwhilepGBKT7-lampGADT7-Tnegativecontrol.

(B)Self-activationtest.BD-53andBD-lamarepositiveandnegativecontrolsrespectively.SD/-T,

SD/-T/-L/-Awerenutrientselectivemedia.

(A) (B)

(C)






























































































































