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ABSTRACT OF THE THESIS 
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Tumor suppressor RASSF2 (Ras association domain family member 2) is a key regulator 

of the mammalian Hippo pathway, which controls the cell cycle by balancing cell proliferation 

and apoptosis. RASSF2 expression is often suppressed in human cancers at both the mRNA and 

protein levels, however little is known about its regulation. In the present study, we found that 

RASSF2 protein is rapidly degraded by ubiquitin-mediated proteasomal degradation. 

Interestingly, RASSF2 protein with a deletion of the SARAH domain (Sav, RASSF2, Hpo) is 
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more stable than the wildtype RASSF2, suggesting that the SARAH domain may be a target for 

negative regulation. Therefore, we hypothesized that one or more ubiquitin E3 ligase(s) 

specifically target the SARAH domain of RASSF2 to promote its degradation. We employed a 

shRNA-mediated approach to knockdown E3 ligases that are potentially specific to the SARAH 

domain of RASSF2 and monitored the changes in RASSF2 protein stability. As a result, we have 

identified E3 ligase ITCH as a negative regulator of RASSF2 protein stability. Knockdown of 

ITCH in the Kasumi-1 cell line which normally harbors low RASSF2 expression, successfully 

increased RASSF2 protein levels. We further show that ITCH overexpression negatively 

modulates the stability of both RASSF2 and an additional Hippo pathway member, MST1, in a 

manner dependent on the E3-ligase enzymatic activity. Our results suggest that small molecule 

inhibitors targeting ITCH enzyme activity may provide a novel approach for cancer therapy 

through the ability to restore expression of RASSF2 and other Hippo signaling pathway proteins 

to normal levels in cancer cells. 
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INTRODUCTION 

Cancer is a genetic disease caused by mutations in cellular regulatory genes that control 

cell proliferation, differentiation and apoptosis (Guo et al., 2014). These gene are divided into 

two groups: oncogenes and tumor suppressor genes. The combination of overexpressed 

oncogenes and downregulated tumor suppressors leads to hallmarks of cancers, including 

uncontrolled cell proliferation, resistance to apoptosis, immortalization, sustained angiogenesis, 

tissue invasion, and metastasis (Hanahan and Weinberg, 2000). One goal of cancer therapy is to 

selectively inhibit mutated oncogenes and restore inactivated tumor suppressors to stop tumor 

growth and progression (Liu et al., 2015). Clinically, a wide range of oncogenes are targeted by 

existing chemotherapy drugs to induce tumor cell death (Luo et al., 2009). However, the 

therapeutic development of tumor suppressor restoration is rather difficult because using 

synthetic small molecule drugs to recover or mimic the function of a mutated or deleted tumor 

suppressor is challenging. Recent studies show that inhibiting the negative regulators of a 

repressed tumor suppressor would restore the levels of the tumor suppressor, which might be 

clinically significant (Guo et al., 2014). Among the hallmarks of cancers, we have focused on 

identifying the negative regulators of tumor suppressor genes that regulate cell proliferation. 

One evolutionarily conserved mechanism that regulates cell proliferation is the Hippo 

signaling pathway (Supplementary Figure 1). First identified in Drosophila, the Hippo signaling 

pathway controls organ size by balancing cell proliferation and apoptosis in a wide range of 

animal species (Harvey et al., 2013). Disruption of this signaling pathway leads to enormous 

organ size. In fruit flies, loss-of-function of the Hippo kinases caused enlarged eyes and wings; 

in mice, overexpression of the transcriptional activators resulted in enlarged heart and liver size 

(Yu and Guan, 2013). The Hippo signaling pathway is comprised of a core kinase cascade that 



2 
 

consists of two types of kinases, STE20-like protein kinase 1 and 2 (MST1 and 2), which are 

orthologues of Drosophila Hippo (Hpo), and large tumor suppressor kinase 1 and 2 (LATS1 and 

2), together with adaptor proteins Salvador (Sav1) and MOB kinase activator (Mob1) (Harvey et 

al., 2013; Callus et al., 2006; Praskova et al., 2008). MST1/2 and LATS1/2 kinases 

phosphorylate and prevent Yes-associated protein (YAP) and transcriptional co-activators with 

PDZ-binding motif (TAZ) from translocating into the nucleus (Pan, 2010). To promote cell 

proliferation, YAP/TAZ bind TEA domain transcription factors (TEAD) in the nucleus and 

induce expression of growth-promoting genes. Retaining YAP/TAZ in the cytoplasm prevent 

transcription of cell proliferation related genes which leads to cell cycle arrest and increased 

apoptosis (Pan, 2010).  

Kinases of the hippo pathway are rarely mutated but often suppressed transcriptionally 

and post-translationally in human cancers, which lead to uncontrolled cell proliferation. 

Promoters of kinases MST1/2 are frequently hypermethylated in human soft tissue sarcoma 

(Seidel et al, 2007); LATS2 proteins are targeted and degraded rapidly which promotes tumor 

growth in breast cancer cells (Ma et al., 2015). However, little is known about how mechanisms 

of the Hippo signaling pathway are altered during tumorigenesis. In fact, the core Hippo kinase 

cascade interacts with a diverse group of proteins and is regulated by a wide range of signaling 

pathways (Barry and Camargo, 2013). Investigating the regulators of the Hippo kinases would 

allow us to better understand the role of Hippo signaling pathway in tumorigenesis. 

One type of key regulators of the hippo pathway is Ras association domain family 

(RASSF) proteins, which are non-enzymatic scaffolding proteins and have no DNA binding 

properties (Barnoud et al., 2016). All RASSF proteins (RASSF1 - 10) contain a Ras association 

domain, which allows RASSF proteins to bind Ras GTPases (Van der Weyden and Adams, 
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2007). Ras GTPases are oncoproteins that regulate cell proliferation, differentiation and 

apoptosis in response to extracellular stimuli such as growth factors (Rajalingam et al., 2007). 

While each RASSF member interacts with Ras in different manners, they are all classified as 

tumor suppressors in that they mediate the growth inhibitory responses associated with Ras (Van 

der Weyden and Adams, 2007). RASSF1 is the most well-defined RASSF protein which binds to 

Ras to induce apoptosis in a fibroblast cell line (NIH 3T3) (Vos et al., 2000). RASSF1 also 

complexes with Sav and Hpo to mediate cell cycle arrest (Guo et al., 2007) and is often 

inactivated by methylation at its promoter in human cancers (Agathangelou et al., 2005). A 

recently identified RASSF protein, RASSF2, is a Ras-GTPase effector protein that interacts with 

K-Ras. Although mutations in oncogenic K-Ras are commonly associated with increased cell 

growth in tumorigenesis (Brooks et al., 2001), K-Ras can induce apoptosis by interacting with 

RASSF2. In human embryonic kidney cell line (HEK 293T), RASSF2 interacts with K-Ras to 

induce apoptosis and cell cycle arrest (Vos et al., 2003); in human prostate tissue, RASSF2 

promotes nuclear localization of prostate apoptosis response protein 4 (PAR-4) to induce 

apoptosis in the presence of activated K-Ras (Donninger et al., 2010). Similar to RASSF1, 

RASSF2 is rarely mutated but often inactivated by methylation in a wide range of cancers 

(Donninger et al., 2012). Expression of RASSF2 is repressed in colorectal tumour cell lines and 

can be recovered by demethylating drug 5-aza-2-deoxycytidine (5azaDC) treatment, suggesting 

that the repression was caused by hypermethylation (Hessen et al., 2005). Methylation-specific 

PCR revealed RASSF2 hypermethylation of primary gastric cancer cells spans from the 5’ and 3’ 

regions of the CpG island to the transcription start site of RASSF2 (Endoh et al., 2005).  

 Among the RASSF family, RASSF1 - 6 also contain a ~50 residues long SARAH 

domain, named after its identification in three different proteins, Sav, RASSF and Hpo (Scheel 
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and Hofmann, 2003). The SARAH domain mediates homo- and heterodimerization of SARAH-

domain containing proteins, which are essential for autoactivation and protein-protein 

interactions (Scheel and Hofmann, 2003). RASSF2 regulates the hippo pathway by binding MST 

1 and MST2, which also contain a SARAH domain, through heterodimerization of SARAH 

domains (Cooper et al., 2009). RASSF2 complexes with MST1 through SARAH 

heterodimerization to activate the kinase activity of MST1 (Song et al., 2009); RASSF2 also 

stabilizes and protects MST2 from degradation via SARAH domain interaction (Cooper et al., 

2009). SARAH domain is crucial for RASSF2-MST interactions because deleting the SARAH 

domain of RASSF2 prevent binding with MST1 and 2 (Cooper et al., 2009).  

RASSF2 with SARAH domain deletion has a significantly higher protein expression, but 

similar mRNA level compared to full length RASSF2 (Zhang lab, unpublised). This suggests 

that RASSF2 with SARAH domain deletion is more stable and is degraded at a slower rate. One 

major mechanism that regulates protein stability is ubiquitin-mediated proteasomal degradation, 

in which ubiquitin proteins are covalently attached to proteins as tags for degradation (Schrader 

et al., 2009). Ubiquitination is initiated by monoubiquitylation at the lysine residues at the N 

terminus of the targeted protein, catalyzed by ubiquitin-activating enzymes (E1s), followed by 

formation of polyubiquitin chains catalyzed by ubiquitin-conjugating enzymes (E2s) and 

ubiquitin ligase enzymes (E3s) (Komander and Rape, 2012). The ubiquitin modification then 

recruits the proteasome machinery to degrade the targeted protein (Schrader et al., 2009). Of the 

three ubiquitin enzymes, E3 ligases are the most variable such that they are important for 

determining substrate specificity (Bielskienėa et al., 2015). Because there are a broad variety of 

E3 ligases and a high degree of specificity, they are often used as drug targets (Bielskienėa et al., 

2015). Compared to general proteasomal inhibitors, such as bortezomib, targeting a specific E3 
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ligase allows the stabilization of a particular protein and avoids unwanted effects on other 

proteins (Sun, 2006). A famous example is Nutlin-3, a small molecule drug, which inhibits 

MDM2, a E3 ligase specific to tumor suppressor p53 (Vassilev et al., 2004). Inhibition of 

MDM2 increase expression of p53 in cancer cells and induces apoptosis, which makes Nutlin-3 a 

potential cancer therapy drug (Shaikh et al., 2016).  

We hypothesized that E3 ligase(s) specific to the SARAH domain promotes the 

degradation of RASSF2. Since RASSF2 is often downregulated in human cancers, inhibition of 

SARAH-specific E3 ligase would increase levels of RASSF2. Recovering the levels of RASSF2 

in cancer cells would reactivate MSTs kinases to induce apoptosis and cell cycle arrest through 

the hippo kinase cascade. Cullin-4A was identified as a novel E3 ligase specific to RASSF1 

(Jiang et al., 2011), but it is not specific to the SARAH domain. Since the SARAH domain is an 

unique motif found only in proteins of the Hippo pathway, E3 ligase(s) specific to SARAH 

domain of RASSF2 may also regulate other SARAH-containing Hippo proteins. This would 

allow us to regulate the Hippo pathway selectively without affecting other cellular proteins. 

Thus, identification of E3 ligase specific to SARAH domain of RASSF2 might provide 

therapeutic insights in treating human cancers. 

The E3 ligase ITCH is a member of the Nedd4-like family of HECT (homologous to the 

E6-associated protein carboxyl-terminus) E3 ligases (Perry et al., 1998). The protein structure of 

ITCH contains a protein kinase C-related C2 domain at the N-terminus, 4 WW domains (W = 

tryptophan), and a HECT ubiquitin ligase domain at the C-terminus. The WW domains allow 

ITCH to bind proteins with the proline-rich motif PPxY (P = proline, x = any amino acid, Y = 

tyrosine). Among the Hippo signaling pathway, ITCH is known to regulate LATS1 via a protein-

protein interaction facilitated by the binding of the WW domains of ITCH with the PPxY domain 
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of LATS1 (Ho et al., 2011). ITCH ubiquitinates LATS1 and promotes degradation of LATS1 in 

a proteasome-dependent manner, which lead to increased in cell proliferation and tumorigencity 

both in vitro and in vivo. Overexpression of ITCH in normal immortalized human breast 

epithelial cell-line (MCF10A) led to faster cell proliferation and transformation; depletion of 

ITCH slowed tumor growth in NOD/SCID mice (Ho et al., 2011). Since ITCH overexpression is 

observed in various types of cancer, ITCH may have an important role in promoting cancer 

development by disrupting cell cycle control.  

In this study, we have identified ITCH as a novel negative regulator of RASSF2. Our 

data show that ITCH reduces the stability and half-life of RASSF2. Depletion of ITCH recovered 

RASSF2 levels significantly. We also found that ITCH has negative effects on the stability of 

MST1, a major RASSF2 binding partner that is known to stabilize RASSF2. Collectively, ITCH 

was identified as a potential negative regulator of multiple proteins of the Hippo signaling 

pathway, allowing for a better understanding of the Hippo signaling pathway regulation.   
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MATERIALS AND METHODS 
 

Plasmid Constructs and Transfection 

Recombinant RASSF2 and RASSF2ΔSARAH with flag-tag were cloned in MSCV-

puromycin vectors as described previous by the Zhang lab. MST1-K59R cDNA was kindly 

provided by Jonathan Chernoff (Addgene plasmids #12203 and 12204), and retroviral constructs 

were generated by the Zhang lab. E3 ligase shRNAs in pLKO.1-puro vectors were purchased 

from La Jolla Institute for Allergy and Immunology TCR. Clone IDs and sequences of shRNA 

constructs are listed in Supplementary Table 2. Flag-hPIASx alpha was a gift from Ke Shuai 

(Addgene plasmid # 15209). ITCH and ITCH C882A mutant constructs are kind gifts of Dr. 

Yun-Cai Liu (La Jolla Institute for Allergy and Immunology).  

 

293T cells at 50-60% confluency in DMEM were transfected with various plasmid 

constructs (10 – 12 ug) in 1 mL of Opti-MEM, mediated by PEI (4ug/ug of DNA). Media was 

replaced with RPMI after 24 hours. Transfected were then harvested or treated with 

cycloheximide (20uM) or lactacytin (10uM).  

 

Antibodies 

The following antibodies were used: β-actin (A1978, Sigma-Aldrich, Inc.), α-tubulin 

(12G10, Developmental Studies Hybridoma Bank, University of Iowa), Flag (M2, Sigma-

Aldrich, Inc.), ITCH (ATIP4, sc28367, Santa Cruz Biotechnology, Santa Cruz, CA), MST1 

(2682S, Cell Signaling Technology), RASSF2 (AF5639, R&D Systems).  
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Cell Culture 

Kasumi-1 cells were maintained in RPMI 1640 containing 10% FBS and 1% Penicillin 

Streptomycin at an optimal cell density of 1 - 9 x 105 cell/mL. 293T cells were maintained in 

DMEM-glucose containing 10% BCS and 1% Penicillin Streptomycin at 10 - 60% confluency. 

 

RT-qPCR 

Total RNA was isolated from transfected or transduced cells using TRIzol reagent. 

Phenol-chloroform was used to separte RNA from DNA and proteins, followed by ethanol 

precipitation. cDNA was generated from 1 ug of RNA per sample with the First Strand DNA 

Synthesis Kit from Molecular Cloning Laboratories. Samples were run with a SYBR Green 

system in duplicate in a Bio-Rad CFX Real-Time System thermos cycler. Relative gene 

expression was determined as 2-ΔΔCt, normalized to GAPDH and RNA polymerase expression.  

 

Transduction 

293T cells at 50 - 60% confluency in DMEM were transfected with PSPAX2 (packaging 

vector; 6 ug), PMD2.G (envelope vector; 3 ug) and DNA construct with puromycin resistance 

(control ShRNA 002, 202, ITCH shRNA 1-4; 3 ug) in 1 mL of Opti-MEM, mediated by PEI. 

Media was replaced with RPMI after 24 hours. The overnight RPMI media was filtered and 

polybrene was added at a final concentration of 8 ug/mL. K562 cells at 4 - 5 x 105 cell/ml were 

infected with the filtered polybrene-containing RPMI media. Infection was repeated after 24 

hours. After 24 hours, media was replaced with fresh RPMI containing puromycin at a final 

concentration of 2 ug/mL for 72 hours.  



9 
 

Western Blot 

Total of 35 ug per sample were loaded into 10% SDS-PAGE gel and transferred onto a 

PVDF membrane using wet transfer method. The membrane was washed twice with TBST, 

blocked in TBST with 5% BSA, and stained with various antibodies overnight at 4 oC. The 

membrane was washed twice with TBST and stained in 680 nm anti-rabbit and/or 800 nm anti-

mouse secondary antibodies in dilution of 1:20,000 in dark for one hour. The membrane was 

then washed three times with TBST. LI-COR was used to analyze the antibody staining.   



10 
 

RESULTS 

 

RASSF2ΔSARAH is Degraded at a Slower Rate 

To analyze the protein stability of RASSF2 Full and RASSF2ΔSARAH, cells transfected 

with constructs shown in Figure 1A were treated with cycloheximide to block translation. As 

shown in the western blot of Figure 1B, expression of RASSF2ΔSARAH was higher than 

RASSF2 Full expression in untreated cells (time = 0 hr). Following cycloheximide treatment, 

RASSF2 ΔSARAH protein level decreased at a much slower rate than that of RASSF2 Full 

(Figure 1B and C). The half-life of RASSF2 was around 3.8 hrs, while half-life 

RASSF2ΔSARAH exceeded 24 hrs. At 8 hrs after cycloheximide treatment, expression of 

RASSF2 Full dropped to 10% while expression of RASSF2 ΔSARAH remained at control level 

(time = 0 hr). This suggests that deleting SARAH domain from RASSF2 increases the protein’s 

stability.  

RASSF2 Degradation is Proteasome-Dependent 

To examine if the fast degradation of RASSF2 is proteasome-dependent, cells transfected 

with plasmids expressing RASSF2 Full and RASSF2ΔSARAH were treated with lactacytin to 

block proteasome degradation. As shown in the western blot of Figure 2A, protein levels of 

RASSF2 decreased rapidly in DMSO mock-treated control. In the lactacystin-treated cells, there 

was an accumulation of ubiquitinated proteins which indicates that the proteasome was inhibited. 

Upon blockage of proteasome degradation, RASSF2 protein levels remained unchanged over the 

time course of 8 hours, indicating that the fast degradation of RASSF2 is proteasome dependent. 

In contrast, levels of RASSF2ΔSARAH showed no visible change in the DMSO mock-treated 
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and lactacystin-treated cells (quantification in Figure 2B). This suggests that SARAH domain is 

required for the proteasome-dependent degradation of RASSF2.  

shRNA-mediated screening of 8 E3 Ligases 

After confirming RASSF2 degradation is proteasome-dependent, we performed a 

shRNA-mediated knockdown screening to identify E3 ligases potentially interacting with 

RASSF2. We created a list of potential candidates based on proximity-based biotin labeling, 

mass spectrometry and devising from the literatures (Supplementary Table 1). For each E3 ligase 

knockdown, four shRNAs with different sequences in pLKO.1-puro vector were used 

(Supplementary Table 2). CUL4A and ZFP91 only had 1 shRNA each due to the toxicity of 

other 3 shRNAs (Figure 3A&B). To determine if each E3 ligase promotes the degradation of 

RASSF2, we co-transfect cells with plasmids expressing flag-tagged RASSF2 Full or flag-tagged 

RASSF2ΔSARAH and 4 shRNAs per E3 ligase. MST1-K59R, kinase dead mutant of MST1, 

was used as a positive control because it protects RASSF2 from degradation. Knockdown of 

CUL4A did not increase RASSF2 and seems to have negative effect on RASSF2 stability 

(Figure 3A). Knockdown of ZFP91 did not affect RASSF2 protein levels, suggesting ZFP91 may 

not even have a role in RASSF2 stability (Figure 3B). For knockdowns of MDM2, MDM4, 

RNF169 and DCAF11, each of these E3 ligases had 1 shRNA that slightly enhanced RASSF2 

protein levels (Figure 3E, F, G&H). Having only 1 shRNA successful in recover RASSF2 levels 

is not convincing because observed changes could be caused by non-specific effect of the 

shRNA. Moreover, the knockdown efficacy of these E3 ligases was not consistent with the 

increase in RASSF2 protein levels (data not shown). Therefore, we ruled out CUL4A, ZFP91, 

MDM2, MDM4, RNF169 a d DCAF11. Among all candidates, we found that knockdown of 

PIAS2 and ITCH using all 4 shRNAs consistently enhanced the protein levels of RASSF2 
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compared to the empty vector control (Figure 3C&D). Role of PIAS2 and ITCH were further 

analyzed.  

E3 Ligase PIAS2 Does Not Promote the Degradation of RASSF2 

To confirm PIAS2 is a negative regulator of RASSF2, RASSF2 levels were quantified 

from 3 separated knockdowns of PIAS2. Knockdown of PIAS2 with shRNA 1, 2, and 4 

enhanced RASSF2 protein levels but did not reach statistical significance (Figure 4A&B) and 

failed to produce consistent results, with S.E.M. maxing at 0.73 (Figure 4B). Its effect on 

RASSF2 stability was not consistent with its knockdown efficacy. PIAS2 shRNA 3 was able to 

achieve a ~70% knockdown efficacy (Figure 4C), but failed to recover RASSF2 protein levels 

(Figure 4A). Furthermore, overexpression of PIAS2 did not decrease RASSF2 protein levels 

when compared to the empty vector control (Figure 4D). These suggest that PIAS2 does not 

target RASSF2 for degradation. 

E3 Ligase ITCH is a Negative Regulator of RASSF2  

To confirm ITCH is a negative regulator of RASSF2, RASSF2 levels were quantified 

from 3 separate knockdowns of ITCH. Knockdowns of ITCH with all 4 shRNAs enhanced 

RASSF2 protein levels, with all shRNAs reaching statistical significance (Figure 5A&B). The 

repeats of knockdowns also produced consistent results, with S.E.M ranging from 0.17 to 0.4 

(Figure 5B). The increase of RASSF2 protein levels was also consistent with ITCH knockdown 

efficacy, with ITCH shRNA 3 achieving the most knockdown (~60%) (Figure 5C) and 

enhancing RASSF2 protein levels the most (~2.7-fold) which reached statistical significance 

with p-value < 0.003 (Figure 5B). These data indicate that ITCH targets RASSF2 for 

degradation. To investigate whether ITCH promotes degradation of endogenous RASSF2 in an 
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AML cell line, we knocked down ITCH in Kasumi-1 cells with shRNAs. Previous data from our 

lab showed that RASSF2 transcriptional levels in Kasumi-1 cells were relative low compared to 

non-AML cell lines. Examining the effect of ITCH knockdown in Kasumi-1 cells directly tested 

the idea of inhibiting negative regulator of RASSF2 to recover RASSF2 protein levels in cancer 

cells where RASSF2 is transcriptional repressed. We found that knockdown of ITCH enhanced 

endogenous RASSF2 levels by 1.5 to 2.5 fold but were not statistical significant (Figure 6A&B). 

Although the increase of RASSF2 protein levels did not reach statistical significance, it is 

consistent with the knockdown efficacy. ITCH shRNA3 achieved the most knockdown (> 90%) 

and increased RASSF2 protein levels the most (2.3-fold). Since RASSF2 transcriptional 

expression is significantly suppressed in Kasumi-1 cells, it is possible that 2.5 fold increase is the 

maximum amount of recovery that can be achieved.  

 
E3 Ligase Enzymatic Activity of ITCH Regulates the Stability of RASSF2 

To further confirm that ITCH is actively promoting degradation of RASSF2, we 

examined the stability of RASSF2 by co-expressing RASSF2 and ITCH. Overexpression of 

ITCH reduced protein levels of RASSF2 by 50% at 72 hours post-transfection (Figure 7A&B). 

The half-life of RASSF2 dropped from 3.8 hours in the empty vector transfected cells to 1 hours 

in the ITCH overexpressed cells, as observed in the cycloheximide assay (Figure 7C&D). 

Furthermore, overexpression of ITCH C822A, a ligase dead mutant of ITCH, did not produce the 

negative effect of ITCH WT on the stability and half-life of RASSF2 (Figure 7B&D). This 

suggests that ITCH modulates the stability and half-life of RASSF2 with its E3 ligase enzymatic 

activity. Compared to the empty vector control, ITCH C822A seemed to have stabilizing effects 

on RASSF2 proteins. At 72 hours post-transfection, more than 90% of RASSF2 proteins 
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remained in ITCH C822A transfected cells, as opposed to ~70% in the empty vector control 

(Figure 7B). The three biological replicates of RASSF2 levels in ITCH C822A transfected cells 

at 72 hours post-transfection have a small S.E.M. of 0.03, suggesting that it is unlikely to be a 

coincidence. Similarly, the half-life of RASSF2 proteins in ITCH C822A transfected cells 

exceeded 4 hours, compared to 3.8 hours in the empty vector (Figure 7D). ITCH C822A not only 

did not promote degradation of RASSF2, it may have the opposite effect.  

MST1 Protects RASSF2 from ITCH-Induced Degradation Independent of Its Kinase Activity 

Since MST1 is known to bind and stabilize RASSF2, we examined if MST1 could 

protect RASSF2 from ITCH-induced degradation. At 72 hours post-transfection, only 35% 

RASSF2 proteins remained in ITCH overexpressed cells as compared to 72% in control cells 

(Figure 8A). In contrast, 76% of RASSF2 proteins remained in MST-K59R and ITCH co-

expressed cells, which is similar to the 72% in control cells, indicating that overexpression of 

MST1 can prevent ITCH-induced RASSF2 degradation. Since the MST1 construct used was 

MST1-K59R, the kinase dead mutant, these data also suggest that MST1 can protect RASSF2 

from ITCH-induced degradation independent of its kinase activity. To confirm our findings, we 

performed a 6-hour incubation cycloheximide assay to block translation, allowing us to examine 

changes in RASSF2 protein levels without the interruption of newly translated proteins. As 

shown in the Western blot of Figure 8B, after 6 hours of cycloheximide incubation, only 18% 

RASSF2 proteins were left in ITCH overexpressed cells as opposite to 26% in control cells. This 

indicates that overexpression of ITCH increased RASSF2 degradation rate. Besides, 

overexpression of ITCH may also have a negative effect on MST1 stability. At 72 hours post-

transfection, the relative levels of endogenous MST1 protein dropped from 0.91 in the empty 

vector control to 0.54 in ITCH WT transfected cells (Figure 8A). The cycloheximide assay 
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suggests that ITCH WT increased the rate of degradation of MST1. Upon 6 hours of 

cycloheximide treatment, endogenous MST1 levels in the empty vector control did not decrease 

but were reduced to 62% in ITCH WT transfected cells (Figure 8B). Moreover, MST1 levels 

were not directly affected by RASSF2 levels. In the empty vector control, low level of RASSF2 

(0.26-fold after 6hrs CHX) alone did not reduce MST1 levels (1.4-fold after 6hrs CHX) (Figure 

8B). It was only when ITCH was overexpressed, MST1 levels decreased (0.6-fold after 6hrs 

CHX) (Figure 8B). These data suggest that ITCH may also play a role in negatively regulating 

MST1.  
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DISCUSSION 

Tumor suppressor RASSF2 is an important regulator of the Hippo pathway that is often 

downregulated in human cancers. Understanding its post-translational regulation will shed light 

on ways to recover RASSF2 levels. Previous data from our lab showed that the protein levels of 

RASSF2 with SARAH domain deletion (RASSF2ΔSARAH) were 10-fold higher than full 

length RASSF2. This suggests that the SARAH domain might be a target for degradation. 

Identifying SARAH domain-specific negative regulators will allow us to exploit the regulation of 

RASSF2 and recover RASSF2 protein levels in cancer cells.  

The cycloheximide assay suggests that RASSF2ΔSARAH is more stable (Figure 1B&C), 

which agrees with our hypothesis that SARAH domain may be important in the degradation of 

RASSF2. Since protein turnover in eukaryotic cells is tightly regulated by the ubiquitin 

proteasome degradation pathway (Schrader et al., 2009), we hypothesized that SARAH domain 

is responsible for targeting of RASSF2 to the proteasome. To analyze the stability of RASSF2, 

we inhibited the proteasome with lactacystin and found that RASSF2 full length protein was 

degraded slower compared to without drug treatment, suggesting that the SARAH domain is a 

motif responsible for targeting RASSF2 to the proteasome (Figure 2). On the other hand, the 

stability of RASSF2 without SARAH domain remain unchanged. Since SARAH-specific 

proteasomal machinery cannot target RASSF2 without the SARAH domain, the presence of 

proteasome inhibitor would be irrelevant. 

One known protein that protects RASSF2 from degradation is MST1, which binds and 

stabilizes RASSF2 both in vitro and in vivo. Overexpression of MST1 increases RASSF2 protein 

half-life in cycloheximide treated HEK293T cells; RASSF2 protein expression is significantly 



17 
 

reduced in MST1 double knockout mice (Song et al., 2010). Although Song et al. did not 

describe the mechanism of RASSF2 regulation, Cooper et al. (2009) suggested that MST1-

RASSF2 interaction is dependent on the SARAH domain of RASSF2 that mutation within 

SARAH domain (L290P) of RASSF2 abolish its interaction with MST1. Therefore, the binding 

of MST1 at SARAH domain of RASSF2 might be protecting RASSF2 from degradation of its 

negative regulator. Indeed, data from our lab shows that the stability of RASSF2 is independent 

of MST1 kinase activity because MST1 kinase dead mutant, MST1 K59R, is sufficient to 

increase the stability of RASSF2. This implies that SARAH domain-mediated protein-protein 

interactions have a role in stabilizing RASSF2. 

In the shRNA-mediated screening, upon knockdown of SARAH domain-specific E3 

ligase targeting RASSF2, RASSF2 protein levels should increase, while RASSF2ΔSARAH 

protein levels remained unchanged. Our data interpretation was limited by the high stability of 

RASSF2ΔSARAH that it is difficult to detect changes in its protein levels. Therefore, we 

focused on quantifying full length RASSF2 protein levels in each shRNA knockdown assay. Out 

of 8 E3 ligases tested, knockdown of E3 ligases PIAS2 and ITCH seemed to have enhanced 

RASSF2 protein levels (Figure 3C&D). Knockdown of these two E3 ligases were repeated and 

quantified. Knockdowns of PIAS2 did not enhance RASSF2 protein levels consistently (Figure 

4A, B&C) and overexpression of PIAS2 did not reduce RASSF2 protein levels (Figure 4D). It 

also seems that PIAS2 has increased the stability of RASSF2 at 48 and 72 hours post-

transfection. Together, these data have confirmed that PIAS2 is not a negative regulator of 

RASSF2. In contrast, knockdowns of ITCH enhanced RASSF2 protein levels consistently 

(Figure 5A, B&C), which suggest that ITCH potentially targets RASSF2 for degradation. 

However, ITCH knockdown did not recover RASSF2 protein levels as much as MST1-K59R did 
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(Figure 3A). Since this screening was based on transfection on 293T cells, cells were not drug-

selected. The ITCH remained in non-transfected cells might continue to promote degradation of 

RASSF2. Additionally, it may also suggest that there are more than one negative regulators 

targeting RASSF2 for degradation. Knockdown of ITCH in Kasumi-1 cells, an acute myeloid 

leukemia (AML) cells with low RASSF2 expression, enhanced endogenous RASSF2 protein 

levels (Figure 6A&B), providing insights in recovering RASSF2 protein levels by inhibition of 

its negative regulator.  

 Our data indicate that the E3 ligase function of ITCH is essential in promoting RASSF2 

for degradation. Overexpression of ITCH ligase dead mutant, ITCH C822A, did not resemble the 

negative effect of WT ITCH on the stability and half-life of RASSF2 (Figure 7C&D). 

Interestingly, overexpression of ITCH C822A mutant seems to increase RASSF2 stability and 

half-life. It has been reported that ITCH C822A mutant inhibited the ubiquitination of ITCH-

targeted proteins (Fang et al., 2002). It is possible that ITCH C822A inhibited RASSF2 

ubiquitination by endogenous E3 ligases, leading to less RASSF2 degradation. To confirm this, 

levels of flag-RASSF2 ubiquitination upon overexpression of WT ITCH or ITCH C822A mutant 

should be quantified by anti-flag immunoprecipitation. Since most protein ubiquitination 

requires the E3 ligases to directly interact with their targeted proteins, ITCH C822A may be 

blocking endogenous ITCH from binding to RASSF2. To test this, we can perform 

immunoprecipitation to see if ITCH directly interacts with RASSF2. 

 We also found that MST1 can protect RASSF2 from ITCH-induced degradation (Figure 

8A&B). However, its mechanism is not known. Since RASSF2 and MST1 bind and stabilize 

each other (Cooper et al., 2009) and we found that overexpression of ITCH led to destabilization 

of both RASSF2 and MST1 (Figure 8A&B), there are at least 3 reasonable mechanisms. First, 
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ITCH reduced RASSF2 levels, which further led to the decrease in MST1 stability. However, 

our data showed that changes in RASSF2 levels did not have direct effect on MST1 protein 

stability (Figure 8B). Decrease in MST1 protein levels was observed only when ITCH was 

overexpressed, which leads to the second possible mechanism that ITCH first promotes the 

degradation of MST1 then leads to the reduction in RASSF2 levels. Lastly, it is also possible that 

ITCH is indeed SARAH-domain specific and can promote the degradation of both RASSF2 and 

MST1, considering that MST1 also contain the SARAH domain. To test these two possible 

mechanisms, we can examine the effect of ITCH on MST1 stability by overexpressing ITCH in 

293T cells, which have moderate endogenous MST1 and low endogenous RASSF2 expression. 

This will allow for the observation of MST1 stability without the inference of RASSF2 levels 

changes. We can also determine if ITCH interacts and ubiquitinates full length RASSF2, 

RASSF2ΔSARAH and MST1 by immunoprecipitation. If ITCH is SARAH-domain specific, 

RASSF2ΔSARAH should not be ubiquitinated upon overexpression of ITCH. Whether or not 

full length RASSF2 and MST1 are targeted and ubiquitinated by ITCH will provide information 

on the mechanism of ITCH regulating these two proteins.  

 Among the Hippo signaling pathway, ITCH was found to interact and ubiquitinate 

LATS1. The WW domains of ITCH bind to the PPxY motif of LATS1, facilitating direct 

interaction (Ho et al., 2011). Generally, LATS1 is considered a downstream effector of 

MST1/RASSF2. In fact, recent study has found that proteins of the Hippo signaling pathway 

form a complex at the plasma membrane, mediated by the physical interaction of FAT1 (FAT 

Atypical Cadherin 1) and MST1 (Martin et al., 2018). Instead of a step-wise cascade with 

separated protein-protein interactions, the Hippo signaling pathway is a signalome where 

proteins closely interact. Therefore, we speculate that the PPxY motif of LATS1 acts as a 
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docking site to recruit ITCH, allowing ITCH to regulate both LATS1 and MST1. Since LATS1 

directly interacts with MST1, and with MST1 recruiting RASSF2, ITCH can potentially regulate 

all LATS1, MST1 and RASSF2 (Supplementary Figure 2A). In this case, because 

RASSF2ΔSARAH cannot bind to the SARAH domain of MST1, it cannot be targeted by ITCH 

for degradation (Supplementary Figure 2B). To better understand the role of LATS1, we can test 

if knockdown of LATS1 will prevent ITCH from interacting and ubiquitinating MST1 and 

RASSF2. Our observations have allowed for a better understanding of the Hippo pathway 

regulation. We can further test if inhibiting ITCH with 1,4-naphthoquinones 10e, a specific 

inhibitor of ITCH, can recover protein levels of RASSF2 in low RASSF2-expressing cancer cells 

(Liu et al., 2017). With ITCH being overexpressed in various types of cancer, inhibiting ITCH 

using small molecule drugs can potential provide therapeutic benefits.  
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Figure 1. RASSF2 with SARAH domain deletion is more stable than the full length 
RASSF2. (A) DNA constructs for transfection. Deletion construction, RASSF2 ΔSARAH (Δ = 
deletion), was created by truncating the SARAH domain. (B) 293T were transfected with 
RASSF2 Full or RASSF2 ΔSARAH. Sixteen hours post-transfection, transfected cells were 
treated with 25 uM cycloheximide (CHX), a protein synthesis inhibitor, and harvested at 
indicated time points. Levels of RASSF2 Full and RASSF2 ΔSARAH were determined by 
Western blotting using polyclonal RASSF2 antibodies specific to the RA domain. β-actin was 
used to measure levels of β-actin as a loading control. (C) For both forms of RASSF2, protein 
levels relative to time = 0 hr of CHX treatment were determined and normalized to β -actin. 
Results are the mean of three independent repeats. Error bars represent S.E.M.. *P<0.05 and 
**P<0.01, compared to RASSF2 Full (student’s two tailed t-test). 
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Figure 2. Degradation of RASSF2 full length is proteasome dependent. (A) 293T were 
transfected with RASSF2 Full or RASSF2 ΔSARAH. Sixteen hours post-transfection, 
transfected cells were either mock-treated with DMSO or treated with 10 uM lactacystin, a 
proteasome inhibitor, and harvested at indicated time points. Levels of RASSF2 Full and 
RASSF2 ΔSARAH were determined by Western blotting using polyclonal RASSF2 antibodies 
specific to the RA domain. β-actin was used as a loading control. (B) Protein levels of mock-
treated or lactacystin-treated full length RASSF2 at 8 hours relative to time = 0 hr were 
determined and normalized to β -actin. Results are the mean of three independent repeats. Error 
bars represent S.E.M..  
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Figure 3. shRNA-mediated knockdown E3 ligase screening. 293T were co-transfected with 
flag-tagged RASSF2 Full or flag-tagged RASSF2 ΔSARAH and with shRNA 1, 2 or 3 in 
pLKO.1-puro vector against E3 ligase (A) CUL4A, (B) ZFP91, (C) PIAS2, (D) ITCH, empty 
vector or MST1-K59R. Transfected cells were harvested and lysed 72 hours post-transfection. 
Levels of RASSF2 Full and RASSF2 ΔSARAH were determined by Western blotting using 
monoclonal flag antibodies. Monoclonal α-tubulin antibodies were used to measure levels of β-
actin as a loading control. 
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Figure 3, continued. shRNA-mediated Knockdown E3 ligase Screening. 293T were co-
transfected with RASSF2 Full or RASSF2 ΔSARAH and with shRNA 1, 2 or 3 in pLKO.1-puro 
vector against E3 ligase (E) MDM2, (F) MCM4, (G) RNF169, (H) DCAF11, empty vector or 
MST1-K59R. Transfected cells were harvested and lysed 72 hours post-transfection. Levels of 
RASSF2 Full and RASSF2 ΔSARAH were determined by Western blotting using monoclonal 
flag antibodies. Monoclonal α-tubulin antibodies were used to measure levels of β-actin as a 
loading control. 
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Figure 4. E3 ligase PIAS2 does not promote the degradation of RASSF2. (A) 293T were co-
transfected with flag-tagged RASSF2 Full or flag-tagged RASSF2 ΔSARAH and with shRNA 1, 
2 or 3 in pLKO.1-puro vector against E3 ligase ITCH, empty vector or MST1-K59R. 
Transfected cells were harvested and lysed 72 hours post-transfection. Levels of RASSF2 Full 
and RASSF2 ΔSARAH were determined by Western blotting using monoclonal flag antibodies. 
β-actin was used as a loading control. (B) RASSF2 protein levels of cells transfected with 
shRNA relative to cells transfected with empty vector were determined and normalized to α-
tubulin. Results are the mean of three independent repeats. Error bars represent S.E.M..  
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Figure 4, continued. E3 ligase PIAS2 does not promote the degradation of RASSF2. (C) 
293T cells transfected with shRNAs mentioned in (A) were subjected to RT-qPCR. PIAS2 
expression of shRNA 1, 2, 3 or 4 treated cells was normalized to the control shRNA treated cells. 
(D)  293T were co-transfected with flag-tagged RASSF2 Full or flag-tagged RASSF2 ΔSARAH 
and flag-tagged PIAS2 or empty vector. Transfected cells were harvested and lysed at indicated 
time points post-transfection. Levels of RASSF2 Full and RASSF2 ΔSARAH were determined 
by Western blotting using monoclonal flag antibodies. Monoclonal β-actin antibodies were used 
to measure levels of β-actin as a loading control.  
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Figure 5. E3 ligase ITCH is a potential negative regulator of RASSF2.	(A) 293T were co-
transfected with flag-tagged RASSF2 Full or flag-tagged RASSF2 ΔSARAH and with shRNA 1, 
2 or 3 in pLKO.1-puro vector against E3 ligase ITCH, empty vector or MST1-K59R. 
Transfected cells were harvested and lysed 72 hours post-transfection. Levels of RASSF2 Full 
and RASSF2 ΔSARAH were determined by Western blotting using monoclonal flag antibodies. 
Monoclonal β-actin antibodies were used to measure levels of β-actin as a loading control. (B) 
RASSF2 protein levels of cells transfected with shRNA relative to cells transfected with empty 
vector were determined and normalized to α-tubulin. Results are the mean of three independent 
repeats. Error bars represent S.E.M.. *P<0.05 and **P<0.01, compared to RASSF2 in cells 
transfected with empty vector (student’s two tailed t-test). 
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 Figure 5, continued. E3 ligase ITCH is a potential negative regulator of RASSF2. (C) 
Transfected cells in (A) were subjected to RT-qPCR. ITCH expression of shRNA 1, 2, 3 or 4 
treated cells was normalized to the control shRNA treated cells. 
  

C

0

0.2

0.4

0.6

0.8

1

1.2

Ctrl shRNA shRNA 1 shRNA 2 shRNA 3 shRNA 4

Re
la

tiv
e 

IT
CH

 E
xp

re
ss

io
n



29 
 

Figure 6. Knockdown of ITCH increases levels of endogenous RASSF2 in Kasumi-1 cells. 
(A) Kasumi-1 cells were transduced with shRNA 1, 2 or 3 in pLKO.1-puro vector against E3 
ligase ITCH or with a control shRNA. Following 72 hours of puromycin selection, transduced 
cells were harvested and lysed for Western blotting. Levels of endogenous RASSF2 and ITCH 
were determined using polyclonal RASSF2 antibodies and monoclonal ITCH antibodies 
respectively. Monoclonal β-actin antibodies were used to measure levels of β-actin as a loading 
control. (B) RASSF2 protein levels of shRNA 1, 2 or 3 treated cells relative to the control 
shRNA treated cells were determined and normalized to β -actin. Results are the mean of two 
independent repeats. (C) Kasumi-1 cells transduced with shRNAs mentioned in (A) were 
subjected to RT-qPCR. ITCH expression of shRNA 1, 2 or 3 treated cells was normalized to the 
control shRNA treated cells. 
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Figure 7. E3 ligase activity of ITCH regulates the stability of RASSF2.	(A) 293T were co-
transfected with plasmid containing Flag-tagged RASSF2 and empty vector, ITCH WT or ITCH 
C822A mutant. Transfected cells were harvested and lysed at indication time points post-
transfection. Levels of RASSF2 and ITCH were determined by Western blotting using 
monoclonal Flag antibodies and monoclonal ITCH antibodies respectively. Monoclonal α-
tubulin antibodies were used to measure levels of α-tubulin as a loading control. (B) RASSF2 
protein levels of cells transfected with ITCH WT or ITCH C822A mutant relative to cells 
transfected with empty vector were determined and normalized to α-tubulin. Results are the 
mean of three independent repeats. Error bars represent S.E.M.. *P<0.05 compared to empty 
vector (student’s two tailed t-test).  
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Figure 7, continued. E3 ligase activity of ITCH regulates the stability of RASSF2. (C) 293T 
cells transfected with constructs mentioned in (A) were treated with 25 uM cycloheximide 
(CHX), a protein synthesis inhibitor, and harvested at indicated time points. Levels of RASSF2 
determined by Western blotting using monoclonal Flag antibodies. Monoclonal β-actin 
antibodies were used to measure levels of α-tubulin as a loading control. (D) Levels RASSF2 
relative to time = 0 hr of CHX treatment were determined and normalized to α-tubulin.  
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Figure 8. MST1 protects RASSF2 from ITCH-induced degradation independent of its 
kinase activity. (A) 293T were co-transfected with plasmid containing Flag-tagged RASSF2 and 
empty vector, ITCH WT (3.5ug) and/or MST-K59R (3.5ug) . Transfected cells were harvested 
and lysed at indication time points post-transfection. Levels of RASSF2, ITCH, and MST1-
K59R were determined by Western blotting using monoclonal Flag antibodies, monoclonal 
ITCH antibodies, and polyclonal MST1 antibodies respectively. Monoclonal α-tubulin antibodies 
were used to measure levels of α-tubulin as a loading control. Protein levels relative of RASSF2 
and MST1 relative to 24 hours are indicated by the numbers below each band. (B) 293T cells 
were transfected as mentioned in (A). At 48 hours post-transfection, cells were subjected to 6 
hours of cycloheximide (CHX) incubation at a final concentration of 20uM. Cells with and 
without the CHX treatment were lysed for Western blotting with antibodies mentioned in (A). 
Protein levels relative of RASSF2 and MST1 relative to no-treated cells are indicated by the 
numbers below each band. 
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ITCH WT

- +          - +        - +

1         0.26        1       0.18        1         0.5

1         1.7        0.7         1         1.6        0.4          1         1.7         0.8

1         0.9        0.9         1         0.9       0.5          1          1.4       1.2

1          1.4         1         0.6        1           0.8

Empty 
Vector

Fold increase

Fold increase
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Supplementary Table 1. List of E3 ligases potentially interacting with RASSF2. A proximity 
assay, BioID, was performed to identified E3 ligases potentially interacts with RASSF2. E3 
ligases with no BioID interaction were devised from the literatures.  
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Supplementary Table 2. List of E3 ligase shRNA clone numbers and sequences. 

 
  

Gene Clone ID shRNA Sequence

TRCN0000274820
CCGGTGGTTATGAACTCAGATATACCTCG
AGGTATATCTGAGTTCATAACCATTTTTG

TRCN0000274884
CCGGCGCGACTCCTATGCATAGAAACTC
GAGTTTCTATGCATAGGAGTCGCGTTTTTG

TRCN0000274821
CCGGGCAGACTCCTTCTACCAGTTTCTCG
AGAAACTGGTAGAAGGAGTCTGCTTTTTG

TRCN0000274883
CCGGCGCTATTTGCAGCACCACATTCTCG
AGAATGTGGTGCTGCAAATAGCGTTTTTG

TRCN0000230127
CCGGCGAGTTTAGTTCAAAGCAGTACTCG
AGTACTGCTTTGAACTAAACTCGTTTTT

TRCN0000230129
CCGGATCATTCCAGAGCACTAATTACTCG
AGTAATTAGTGCTCTGGAATGATTTTTTG

TRCN0000230128
CCGGCATTCCACCATACGCCAATATCTCG
AGATATTGGCGTATGGTGGAATGTTTTTG

TRCN0000013352
CCGGGGCTTTGCTGGACGGAATAAACTC
GAGTTTATTCCGTCCAGCAAAGCCTTTTTG

TRCN0000002090
CCGGCCCAAGAATCAGAGGTTATATCTCG
AGATATAACCTCTGATTCTTGGGTTTTT

TRCN0000010680
CCGGCGAAGACGTTTGTGGGTGATTCTCG
AGAATCACCCACAAACGTCTTCGTTTTT

TRCN0000355778
CCGGGACAACATGGGACGTATTTATCTCG
AGATAAATACGTCCCATGTTGTCTTTTTG

TRCN0000355814
CCGGACATGCCATCTACCGTCATTACTCG
AGTAATGACGGTAGATGGCATGTTTTTTG

TRCN0000006531
CCGGCCAGAATATCTTAACCATGTACTCG
AGTACATGGTTAAGATATTCTGGTTTTT

TRCN0000320897
CCGGACTGTTTAGAACCCATATTATCTCG
AGATAATATGGGTTCTAAACAGTTTTTTG

TRCN0000320827
CCGGGTGTGGAGAAACAGCTATTAGCTCG
AGCTAATAGCTGTTTCTCCACACTTTTTG

TRCN0000320898
CCGGGGACAAGAAGATGTTACTAAACTCG
AGTTTAGTAACATCTTCTTGTCCTTTTTG

ZFP91

PIAS2

ITCH

CUL4A
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Supplementary Table 2, continued. List of E3 ligase shRNA clone numbers and sequences.

  

TRCN0000003377
CCGGGATTCCAGAGAGTCATGTGTTCTCG
AGAACACATGACTCTCTGGAATCTTTTT

TRCN0000003378
CCGGCGATTATATGATGAGAAGCAACTCG
AGTTGCTTCTCATCATATAATCGTTTTT

TRCN0000003379
CCGGCTGTGTGTAATAAGGGAGATACTCG
AGTATCTCCCTTATTACACACAGTTTTT

TRCN0000003380
CCGGCTCAGCCATCAACTTCTAGTACTCG
AGTACTAGAAGTTGATGGCTGAGTTTTT

TRCN0000003858
CCGGGTTCACTGTTAAAGAGGTCATCTCG
AGATGACCTCTTTAACAGTGAACTTTTT

TRCN0000003859
CCGGCCCTGATTGTCGAAGAACCATCTC
GAGATGGTTCTTCGACAATCAGGGTTTTT

TRCN0000003860
CCGGACAGTCCTTCAGCTATTTCATCTCG
AGATGAAATAGCTGAAGGACTGTTTTTT

TRCN0000010825
CCGGCAGAGCAGTTAGGTGTTGGAACTC
GAGTTCCAACACCTAACTGCTCTGTTTTT

TRCN0000138006
CCGGGCCACATTGTGAAGAAGCTGACTC
GAGTCAGCTTCTTCACAATGTGGCTTTTTT

TRCN0000138005
CCGGGCAGTGGCCTTTGCTGATATACTCG
AGTATATCAGCAAAGGCCACTGCTTTTTTG

TRCN0000137652
CCGGCCTTTCTTCCTGAGGTCTCTACTCG
AGTAGAGACCTCAGGAAGAAAGGTTTTTT

TRCN0000138772
CCGGGCAGGAGAATCGCTTGAACTTCTC
GAGAAGTTCAAGCGATTCTCCTGCTTTTTT

TRCN0000254744
CCGGGCAACAATTGAAGACATTAAACTCG
AGTTTAATGTCTTCAATTGTTGCTTTTTG

TRCN0000254745
CCGGATCAACTCCACGCAACCTAAACTC
GAGTTTAGGTTGCGTGGAGTTGATTTTTTG

TRCN0000265598
CCGGCCTGCGGAGCCAGACTTTATACTC
GAGTATAAAGTCTGGCTCCGCAGGTTTTT

TRCN0000254743
CCGGGAACAGGACAGTGATAATAAACTCG
AGTTTATTATCACTGTCCTGTTCTTTTTG

MDM2

MDM4

DCAF11

RNF169
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Supplementary Figure 1. Schematic overview of the Hippo signaling pathway. (Left) When 
the Hippo signaling pathway is on, MST1/2 phosphorylate LATS1/2 and MOB1, which 
phosphorylate YAZ/TAZ. Phosphorylated YAZ/TAZ cannot translocate into the nucleus and cell 
proliferation is inhibited. (Right) When the Hippo signaling pathway is off, unphosphorylated 
YAZ/TAZ translocate into the nucleus and bind to TEAD, which induce the expression of cell 
growth-promoting genes.  
Figure adapted from “Targeting the Hippo Signaling Pathway for Tissue Regeneration and 
Cancer Therapy,” by W. C. Juan., and W. Hong. 2016, Genes, 7(9):55. 
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Supplementary Figure 2. Possible Mechanism of ITCH Regulating Hippo Signaling 
Pathway Members. Being part of the Hippo signaling complex, LATS1 and MST1 physical 
interact with each other. ITCH can cohere to the complex through binding of its 4 WW domains 
(diamond) with the 2 PPxY motifs (star) of LATS1. (A) Full length RASSF2 can bind to MST1 
by the dimerization of SARAH domains. ITCH can ultimately ubiquitinate LATS1, MST1 and 
RASSF2, leading to protein degradation in a proteasome-dependent manner. (B) In contrast, 
RASSF2ΔSARAH lacks the SARAH domain and cannot bind to MST1. Hence, 
RASSF2ΔSARAH is not ubiquitinated by ITCH and free from ITCH-induced proteasome 
degradation. 
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