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ABSTRACT 

MOB (Mps One Binder) is a conserved gene family found in all major kingdoms. 

The MOB genes are essential components acting in mitotic exit and cytokinesis in both 

budding and fission yeasts. They are further identified as tumor suppressors in 

Drosophila (D.) melanogaster. Recently, they are found to be involved in the emerging 

Drosophila Hippo-LATS tumor suppressor pathway. Seven human homologs of yeast 

MOB (hMOB1A, 1B, 2A, 2B, 3, 4, 5) have been discovered. The hMOB1B is the gene 

that has been extensively studied and is reported to be required for the activation of 

LATS (Large Tumor Suppressor)/NDR (Nuclear Dbf2-related) protein kinase family, 

however, the functional significance of the gene remains unknown. This study is the first 

to elucidate the biological and biochemical functions of all seven human MOBs. By 

examining hMOB mRNA expression in various human tissues, we found that the hMOBs 

have exhibited different expression patterns. We also investigated the subcellular 

localization of hMOBs during interphase through immunofluorescent analysis. While 

hMOB2A is localized in the cytoplasm, hMOB4 is exclusively found in the nucleus. All 

of the other hMOBs are localized in both cytoplasm and nucleus. Furthermore, we 

identified hMOB1A and hMOB1B as the main binding partners of LATS and NDR in 

vitro. Additionally, we successfully identified a region on hMOB1B for the interaction 

with LATS or NDR and determined the crucial residue that is responsible for the binding 

of LATS2 with hMOB1B. Most significantly, we found that over-expression of 

hMOB1B in human cancer cells inhibits cell proliferation and induces cell death. 

Moreover, hMOB1B when targeted to the plasma membrane dramatically enhances the 
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phenotype. Conversely, small interfering (si) RNA-mediated suppression of either 

endogenous hMOB1A or hMOB1B causes increased cell proliferation, whereas 

suppression of both hMOB1A and hMOB1B demonstrates a more significant 

enhancement in tumor cell growth. Moreover, co-expression of both LATS and hMOB1B 

targeted to the plasma membrane completely abolishes cell proliferation. Our findings 

provide convincing evidence that hMOB1A and hMOB1B function as negative regulators 

of cell proliferation and as pro-apoptotic proteins. Understanding hMOBs functions in the 

cell and their possible role in tumorigenesis can provide important information for the 

diagnosis and treatment of human cancers. 
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CHAPTER 1 

INTRODUCTION 

1.1. Cancer 

According to statistics from the Canadian Cancer Society, almost 40% of women 

and 45% of men in Canada will develop cancer during their lifetimes [1]. Cancer is a 

disease of chaos. It breaks down the existing biological order within the body and 

disrupts the controls that are normally responsible for determining when and where cells 

multiply throughout the body. Most cancers are caused by errors in the genetic material. 

Transformed cells have the ability to mimic normal growth signaling, resist growth-

inhibitory signals, evade apoptosis, deregulate replication, maintain angiogenesis near 

tumor sites, and promote tissue invasion and metastasis at a late stage of tumor 

development [2]. These hallmarks of cancer are the results of the alterations in oncogenes 

and tumor suppressor genes. Cancer-promoting oncogenes are mostly activated, while 

tumor suppressor genes are usually inactivated or mutated in cancer cells. Dysregulation 

of oncogenes or tumor suppressor genes can lead to malfunctioning of physiological 

processes including uncontrollable cell proliferation, defective apoptosis and 

inappropriate cell migration.   
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1.2. Tumor Suppressor Gene 

1.2.1. Concept of the Tumor Suppressor Gene 

Tumor suppressor genes are defined as genes in which loss of function by 

mutations or inactivation result in tumor formation [3]. A tumor suppressor gene often 

follows many important features. Most tumor suppressor genes are recessive genes. That 

is, mutation in both alleles is required before an effect is manifested, as described by 

Knudson’s “two-hit hypothesis”. If one allele of the gene is inactivated, the second can 

still produce the correct protein. In fact, most tumor suppressor genes are haplosufficient 

as opposed to oncogenes, which are haploinsufficient. Secondly, inheriting a mutated 

allele will greatly increase the risk of tumor development due to the fact that only one 

additional mutation is necessary for the complete loss of gene function. In addition, 

tumor suppressor genes are frequently inactivated in sporadic cancers and have the ability 

to inhibit tumor cell growth in vitro. Moreover, mice with null mutations in the tumor 

suppressor gene show a predisposition to cancer that mimics a human cancer syndrome 

[4-6].   

1.2.2. Tumor Suppressor Genes in Cancer 

The primary function of tumor suppressor genes is to block the development of 

cancer through diverse mechanisms. Some of them function to directly suppress the 

proliferation of cells in response to a variety of growth-inhibitory and differentiation-

inducing signals while others are components of the cellular control circuitry that inhibits 

proliferation in response to metabolic imbalances and genomic damage. Mutation of 
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tumor suppressor genes have been found in various types of cancers [4,5]. For example, 

mutations of tumor suppressor gene p53 are frequently found in more than 50% of 

hereditary and sporadic cancers [4,7,8]. Homozygous loss of p53 has been implicated in 

colon, breast and lung cancers, whereas mutation of p53 has been reported in leukemias, 

lymphomas, sarcomas, and neurogenic tumors [4,9,10]. Moreover, malfunctioning of 

tumor suppressor genes also increases the difficulties in the radiation and chemotherapy 

treatments for cancer patients [4].   

1.2.3. Function of Tumor Suppressor Genes 

Tumor suppressor genes are perceived as our anti-cancer defenses. They operate 

in a variety of intracellular sites by controlling circuits that are responsible for governing 

cell proliferation and survival.  

Accumulating evidence suggests that tumor suppressor genes are cell cycle 

regulators. Some of the CKIs (Cyclin-dependent Kinase Inhibitors) such as p16INK4 and 

p27Kip1, and cell cycle checkpoint genes such as ATM, Chk1/2 and BUB1 are also tumor 

suppressor genes. Deletions, mutations or reduced expression of these genes have been 

reported in a variety of human cancers [4,11-14]. Additionally, loss of the tumor 

suppressor genes p53 or BRCA1/2 in mammalian cells negatively affects the cell cycle 

by creating polyploidy, genomic instability and defective cytokinesis [15-17].   

Furthermore, tumor suppressors such as p53, ARF, BRCA1 can induce apoptosis 

by directly or indirectly affecting the components of the programmed cell death network. 

For example, over-expression of p53 can suppress tumor growth by inducing apoptosis 
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through transcriptional activation of many downstream genes such as BAX and PUMA 

[18], whereas BRCA1 can indirectly stimulate p73, a p53 family member, through c-Abl 

to induce apoptosis upon receiving stress signals [19]. Additionally, they can also 

modulate cell differentiation, angiogenesis, DNA damage repair, and tumor cell 

migration and metastasis [2,4]. 

 

1.3. Large Tumor Suppressor (LATS)/Nuclear Dbf2-related (NDR) Gene Family 

The LATS/NDR gene family is part of the serine/threonine AGC (protein kinase A 

(PKA)/PKG/PKC) class of protein kinases [20]. LATS/NDR family kinases are 

structurally similar, consisting of a highly conserved kinase domain (Figure 1). They also 

require phosphorylation at a conserved Ser/Thr residue for activation. The LATS/NDR 

family is evolutionarily conserved and they have homologs in major kingdoms including 

D. melanogaster [tricornered (trc) and lats/Warts], Saccharomyces (S.) cerevisiae (Dbf2, 

Dbf20 and Cbk1), and S. pombe (Sid2 and Orb6).  These kinases are important for 

cellular processes that regulate cell growth, metabolism, proliferation and survival [20]. 
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Figure 1. LATS/NDR family of protein kinases.   
The members of LATS/NDR family are highly conserved in evolution. This alignment 
illustrates the relationship of the different family members from mammalian (h), D. 
melanogaster (d), S. cerevisiae (sc), and S. pombe (sp).  Schematic diagrams depict the 
kinase domains (black). On the right, the percentage of sequence identity and similarity 
between the kinase domains of LATS/NDR family members and the domain of D. 
melanogaster LATS is indicated.



 



 

  6

1.3.1. LATS 

1.3.1.1. Molecular and Cellular Functions of LATS 

The Large Tumor Suppressor (lats), also called Warts, was originally discovered 

in Drosophila. The lats mutants have displayed developmental defects, uncontrollable 

proliferation and the formation of large tumors in many tissues [21,22]. In mammals, 

there are two homologues, LATS1 and LATS2. LATS1 shares 74% sequence homology 

with Drosophila lats. Though the overall sequence only has an approximately 52% 

homology, the C-terminal kinase domain is highly conserved between LATS1 and 

LATS2 (85% homology) [23]. Both LATS proteins participate in a wide variety of 

cellular processes. LATS1 suppresses cell growth through inducing cell cycle arrest at the 

G2/M phase by interrupting the Cdc2/Cyclin B complex thereby inhibiting cell 

proliferation [24,25]. Additionally, LATS1 negatively regulates cytoskeleton protein 

LIMK1. Activation of LATS1 during cytokinesis inhibits LIMK1, which in turn activates 

cofilin and enhances actin polymerization at the contractile ring to separate the mother 

and the daughter cells [26]. Over-expression of LATS1 also up-regulates the pro-

apoptotic protein BAX in human mammary tumor cells and the activity of caspase-3 in 

human colorectal tumor cells to induce apoptosis [24,25]. Meanwhile, LATS2 has been 

demonstrated to regulate cell growth by inducing cell cycle arrest at the G1/S phase 

through the disruption of the CDK2/Cyclin E complex or at the G2/M phase by inhibiting 

Cdc2 kinase activity, by an as yet unknown mechanism [27,28].  Moreover, LATS2-

deficient MEFs (Mouse Embryonic Fibroblasts) exhibit defects in growth control and 
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centrosome duplication, which results in misalignment of chromosomes and failure of 

cytokinesis [23]. Furthermore, LATS2 promotes apoptosis through downregulation of the 

anti-apoptotic proteins BCL-2 and BCL-XL, or stimulation of caspase cleavage [28,29]. 

Though the precise mechanism of LATS-mediated apoptosis is still unclear, LATS has 

been shown to be involved in the modulation of programmed cell death. Knockout of 

LATS2 in mice is lethal due to severe under-development of the nervous system, while 

LATS1-deficient mice were viable but developed tumors at multiple sites [23]. Evidently, 

LATS has a great impact on a variety of cellular processes. 

1.3.1.2. LATS in Cancer 

LATS1 and LATS2 are not only regulators of cell cycle; they are also involved in 

tumorigenesis. It was first reported in Drosophila, in which flies deficient in lats 

displayed spontaneous tumor formation [21]. However, supplementation with human 

LATS1 completely suppressed tumor development in Drosophila, suggesting that 

Drosophila lats is conserved with mammalian LATS1 [30]. Inactivation of LATS1 has 

also been linked to genomic instability and polyploidy in the genome, a hallmark of 

tumorgenicity [24]. In fact, genomic instability leads to the impaired induction of p53-

mediated apoptosis [31]. In addition, mice lacking LATS1 have been shown to develop 

soft-tissue sarcomas, ovarian tumors, and developmental defects, demonstrating that the 

LATS1 gene functions as a tumor suppressor [32,33]. Furthermore, mutations or reduced 

levels of LATS1 and/or LATS2 mRNAs or proteins have been found in a variety of 

human cancers including breast and prostate cancers, astrocytomas, acute lymphoblastic 
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leukemia, and soft tissue sarcomas [33-37]. Recently, LATS1 levels are also used as a 

prognostic factor in predicting the outcome for node-positive breast cancer patients, while 

LATS2 levels have been used in predicting the response of breast cancer patients to 

selective chemotherapy [36,38].   

1.3.2. NDR 

NDR is a homolog of LATS and they shares a conserved kinase domain. In 

Drosophila, trc (a Drosophila homolog of NDR) regulates the development of neurons 

and cytoskeletal organization. Mutations in trc had been shown to increase dendritic 

branching and alter dendritic tiling [39]. Additionally, loss of trc functions had been 

demonstrated to alter the distribution of actin filaments and microtubules, which leads to 

splitting of hairs and bristles in flies [40,41]. These findings suggest that trc may be 

involved in the development of Drosophila.  In mammals, there are two human 

homologues of dtrc, NDR1 and NDR2. The kinase domains of LATS1 and NDR1 are 

52% identical, whereas LATS2 and NDR1 are 54% identical [42]. By over-expressing or 

suppressing human NDR1 by siRNA, the kinase has been shown to regulate centrosome 

duplication during the cell cycle [43]. Though several proteins including hMOB1 and 

S100B (a calcium binding protein) have been found to bind to and activate NDR, the 

significance of their interactions still remains unclear [44,45]. Moreover, there is no 

direct evidence that NDR is involved in human cancers. Additional research will 

hopefully shed light to the function of this protein kinase by characterizing the specific 

protein substrates targeted by NDR1 and NDR2.   
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1.4. Mps One Binder (MOB) 

1.4.1. MOB in yeast 

MOB was first discovered as an Mps1 protein kinase binding protein in the 

budding yeast S. cerevisiae by Luca and Wiley in 1998 [46]. Although MOB was 

identified as a binding partner of Mps1, which regulates spindle pole body (SPB) 

duplication and mitotic checkpoint, MOB has no apparent role in spindle assembly 

checkpoint. Two MOB genes were found in budding yeast (MOB1 and MOB2) and 

fission yeast S. pombe (mob1 and mob2).   

In budding yeast, MOB1 is localized at the SPB during most phases of the cell 

cycle, but it is distributed at the bud neck at late mitosis and cytokinesis [47]. MOB1 is 

involved in a signaling pathway, known as Mitotic Exit Network (MEN), which regulates 

exit from mitosis (Figure 2). MOB1 can bind to and activate the Dbf2 or Dbf20 protein 

kinases, two LATS/NDR homologs, which subsequently trigger downstream processes to 

exit mitosis and initiate cytokinesis [47-50]. Mutation in MOB1 has been shown to 

disrupt its interaction with Dbf2/Dbf20 kinases, resulting in impaired actomyosin ring 

contraction, which causes late mitotic arrest and cell separation defect, respectively 

[46,47,50]. In addition, the process of cytokinesis is also interrupted, resulting in 

polyploid cells [47]. Moreover, MOB1 has been demonstrated to be involved in the SPB 

duplication pathway and M-phase checkpoint function by interacting with numerous 

essential pathway players [46,47,51].  
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Figure 2. Signaling pathways of mitotic exit and cytokinesis in yeast and 
mammalian cells. 
This model demonstrates the relationship between the pathways for mitotic exit and 
cytokinesis in yeasts and mammals. Mitotic exit network (MEN) and septation initiation 
network (SIN) signaling cascades in yeasts may be conserved. Mammalian homologs for 
all the components in MEN and SIN are found. GTPase RAB22A stimulates MST2 
(mammalian ste20-like kinase) and plk1 (polo-kinase 1) to phosphorylate LATS (large 
tumor suppressor) and MOB (mps one binder) in order to stimulate hCdc14. 
Subsequently, activated hCdc14 phosphorylates APC (anaphase promoting complex) and 
Wee1 to inactivate Cdk1 and Cyclin B, resulting in mitotic exit and cytokinesis. Solid 
line, published; dashed line, unknown pathway; perpendicular line, inhibition pathway; 
question mark, unknown mechanism. 
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MOB2, 33% identical and 43% similar in sequence to MOB1, is a non-essential 

gene for the growth of yeasts [46]. The MOB2 protein coordinates the separation of the 

mother and daughter cells after cytokinesis and polarized cell growth by activating Cbk1 

protein kinase (a Dbf2-related protein kinase) [52,53]. The MOB2-Cbk1 complex also 

plays a role in the daughter-specific gene expression and septum degradation [52,53]. 

Furthermore, MOB2 and Cbk1 are localized to the bud neck and to the nucleus of the 

daughter cell at the end of mitosis interdependently [53]. By regulating cell separation 

and cell wall reorganization during cytokinesis, MOB2 seems to play a role in the 

degradation of the septum and cortical remodeling. 

In fission yeast, mob1 is involved in a similar signaling network to that in  

budding yeast, known as Septation Initiation Network (SIN), which activates actomyosin 

ring constriction and the formation of septum immediately after the separation of the 

homologous chromosomes (Figure 2) [48]. The mob1 protein is responsible for the 

activation of the protein kinase Sid2 (a Dbf2-related protein kinase). Prior to cytokinesis, 

the mob1-Sid2 complex is accumulated at the division site and transmits the division 

signal from the SPB to the actomyosin ring [54,55]. Throughout the cell cycle, both Sid2 

and mob1 are localized at SPB. However, during medial ring constriction, the proteins 

are distributed at the cell division site [54-56]. One study showed that cells deficient in 

mob1 lead to the failure of septum formation due to the absence of Sid2 kinase activities 

[56]. Hence, the interaction between Sid2 and mob1 is required for a functional SIN.   

 The mob2 gene, with a sequence similar to mob1, activates Orb6 (a Dbf2-related 

protein kinase). The protein complex Orb6-mob2 is responsible for the maintenance of 
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the cell polarity within cell cycle and the onset of mitosis [57]. Over-expression of mob2 

in cells increases cell length during division and also causes a G2 phase delay [57]. 

Evidently, yeast MOB genes play important roles in cell cycle progression and cell 

division. 

1.4.2. MOB in Drosophila melanogaster 

In 2005, four MOB genes, dMOB1/MATS (Mob as tumor suppressor), dMOB2, 

dMOB3, and dMOB4, were identified in D. melanogaster. dMOB1 is the only one that 

has been extensively studied and it has been further suggested to act as a tumor 

suppressor. dMOB1 binds to and activates a Drosophila homolog of yeast 

Dbf2/Sid2/Cbk1/Orb6 protein kinase, Large Tumor Suppressor (lats)/Warts, which has 

also been identified as a tumor suppressor [21,58]. Deficiency of dMOB1 has been shown 

to increase cell proliferation and cause defective apoptosis in addition to the initiation of 

tumorigenesis due to an excessive amount of cell cycle activator Cyclin E and anti-

apoptotic protein dIAP (Drosophila inhibitor of apoptosis) [59]. Surprisingly, the 

supplementation of the human dMOB homolog, hMOB1B, into the dMOB1-deficient cells 

rescued the phenotypes in the mutant flies [59]. Moreover, dMOB1 also regulates the 

cytoskeletons by interacting with Drosophila trc, a member of the NDR family [58]. 

Reducing levels of dMOB3 and dMOB4 in cells has also led to the formation of 

spontaneous tumors in flies [21]. The most recent study showed that dMOB4 fails to bind 

to Drosophila lats and trc but it is able to organize spindle poles, perhaps through 

interacting with an unknown binding partner [60]. 
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1.4.3. Mammalian homologs of MOB 

By doing a BLAST search using dMOB1 sequence, seven human homologs of 

dMOB1 are identified and each of them has a unique characterization (Table 1). Although 

different names have been used for the same MOB in the literatures, we assign the gene 

names according to the GenBank names used for MOBs with modifications. hMOB1A 

(MOBKL1A/MOB4A/MATS2) shares 88%/93% of identity/homology with dMOB1 

while hMOB5 (MOBKL3) only shares 19%/33% identity/homology with dMOB1 

(Figure 3). hMOB1A and hMOB1B (MOBKL1B/MOB1/MATS1/Mob4B) are also found 

to share a sequence of more than 97% identity/similarity, whereas hMOB2A 

(MOBKL2A) and hMOB2B (MOBKL2B) share 84% identity and 91% similarity 

[45,61]. Since hMOB1 is able to rescue the mutant flies, it has led us to query whether 

the functions of human MOBs are conserved.   

The hMOB1B (called hMOB1A in the literature) structure is determined to be 

globular in shape through x-ray crystallography (Figure 4) [61]. Its core is made up of a 

four-helix bundle which is stabilized by a tetrahedrally-coordinated zinc atom [61].  

However, the functional purpose of the helices and the zinc atom is still unclear. By 

revealing the hMOB1B protein structure, it allows us to predict the potential binding 

partners of the MOB family. Stavridi et al.  (2003) also found a conserved surface on the 

structure that is negatively charged [61]. Hence, hMOB1B and its associated kinases may 

be interacting electrostatically through a positively charged region on the kinase and this 

conserved surface of hMOB1B [61]. Additionally, hMOB1 has been suggested to be 

involved  
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Table 1. Characterization of human MOBs. 
Comparison of human homologs of yeast MOBs in percentage of homology, location on 
chromosome, length (amino acid) and molecular weight (Kda). 



 

 
 
 

 
I.D. 

 
Gene 

 Bank Symbol 

 
% identity/ 
homology 

with dMOB1 
 

 
% identity/ 
homology 

with scMOB1

 
Chromosome 

 
GenBank 
accession 
number 

 
Length 

(amino acids) 

 
Molecular 

Weight  
(Kda) 

 

1. hMOB1A 

 

MOBKL1A 

 

88 / 93 

 

50 / 66 

 

4q13.3 

 

NM_173468 

 

216 

 

26 

2. hMOB1B MOBKL1B 86 / 91 50 / 66 2p13.1 NM_018221 216 26 

3. hMOB2A MOBKL2A 51 / 69 43 / 55 19p13.3 NM_130807 217 26 

4. hMOB2B MOBKL2B 54 / 69 39 / 55 9p21.2 NM_024761 216 26 

5. hMOB3 MOBKL2C 47 / 57 36 / 46 1p33 NM_145279 268 32 

6. hMOB4 HCCA2 41 / 51 40 / 42 11p15.5 NM_053005 237 30 

7. hMOB5 MOBKL3 19 / 33 17 / 28 2q33.1 NM_015387 225 27 
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Figure 3. Multiple alignments of human homologs of yeast MOBs sequences. 
Alignment of human (h), Drosophila (d), and budding yeast (sc) MOB protein sequences. 
Identical residues are marked in red, similar residues in blue. The consensus sequence is 
indicated below. ! is any one of IV; $ is any one of LM; % is any one of FY; # is any one 
of DE. 
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Figure 4. Three-dimensional crystal structure of human MOB1B. 

hMOB1B is globular in shape and is comprised of seven α-helices, two 3, 10 helices and 
a β-hairpin. Four of the α-helices formed a helical bundle at the core of the structure and 
it is stabilized by a tetrahedrally coordinated zinc atom. Most of the conserved residues 
are spread over one of the helices in the bundle, two loops and the flat surface of the 
structure. H, α-helix; L, loop; N, N terminus; C, C terminus. Diagram adapted from [61]. 
Copyright 2003, with permission from Elsevier. 
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in a mammalian signaling pathway that is similar to MEN and SIN in yeasts since it is 

well-established that MOB proteins have the ability to act as kinase-activating subunits in 

both yeast and Drosophila systems. By identifying proteins that interact with hMOB1B, 

it may provide great insights about the functions of the MOB family. 

 hMOB1B has been shown to bind to and activate the kinase activities of LATS1, 

LATS2, NDR1 and NDR2 at the plasma membrane upon phosphorylation by mammalian 

sterile-20 like (MST) kinases (Figure 5) [23,45,62-66]. hMOB1B interacts with NDR 

protein kinases at their conserved N-terminal regulatory domain, also known as the 

S100B-MOB association (SMA) domain. The SMA domain consists of basic 

hydrophobic residues and S100B and MOB are the two known proteins that bind to the 

domain [45].  By suppressing either hMOB1B or LATS1 by RNA interference (RNAi) in 

mammalian cells, it leads to prolonged mitotic exit [64], suggesting that the function of 

hMOB1B in the MEN/SIN signaling cascade may be conserved in mammalian cells 

(Figure 2). Though hMOB1B interacts with both LATS and NDR, the functional 

significance of this interaction is unknown. In addition, there is a lack of direct evidence 

that hMOB1B plays a similar role like LATS/NDR in the regulation of cell cycle, cell 

proliferation and apoptosis. 

Less is known about the structure and functions of the other human MOBs. 

Though hMOB5 has been reported to bind to Eps15 and a substrate of striatin family-

protein phosphatase 2A complexes, the significance of this interaction has not been 

determined [67]. In addition, clinical studies showed that hMOB1 is down-regulated in 

colorectal and non-small-cell lung cancers in patients’ tumor samples [68,69]. Nothing is  
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Figure 5. Regulation of Hippo Signaling. 
A model that incorporates recently identified components that modulate growth in 
Drosophila melanogaster through the Hippo pathway and a proposed model that 
regulates growth in mammals in the similar fashion through the Hippo-LATS tumor 
suppressor pathway. Mammalian homologs for all the components of Hippo-LATS tumor 
suppressor pathway are conserved. MST2 (mammalian ste20-like kinase), LATS1/2 
(large tumor suppressor), adaptor proteins hWW45 and MOB form a complex together to 
fully activate LATS1/2 kinase activities. Activated LATS1/2 then inhibits downstream 
transcriptional co-activators, YAP (yes-associated protein) and TAZ (transcriptional co-
activator with PDZ binding motif), from translocating into the nucleus to increase the 
transcription of FGF1 (fibroblast growth factor 1), PDGFβ (platelet derived growth factor 
β), p57 or RASSF4. Solid yellow arrows indicate reported relationships in activation, 
whereas perpendicular solid lines indicate reported relationships in inhibition. 
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known about hMOB2A, 2B, 3, 4 and 5, therefore, it is very important to elucidate the 

functions of all human MOB family to analyze their potential roles in tumorigenesis.   

 

1.5. Hippo-LATS tumor suppressor pathway 

Recently, dlats together with dMOB1 have been revealed to be a critical 

component and central player in the emerging tumor suppressor Hippo-LATS pathway in 

Drosophila, which regulates tissue and organ size by regulating cell proliferation and 

apoptosis (Figure 5) [70-72]. Upon receiving the tumor suppressing signals from 

upstream proteins, lats/Warts inhibits downstream substrates from exerting their 

functions. Though Salvador and Mats are only adaptor proteins, they are required for full 

kinase activation of lats/Warts. Interestingly, mammalian homologs for all the 

components of the Hippo-LATS pathway are conserved (MST1/2 for Hippo, LATS1/2 for 

lats/Warts, hWW45 for Salvador, and MOB for Mats). The central player of this pathway, 

LATS, has been well established as a tumor suppressor in human cancers. Forming a 

complex with MST kinase, adaptor proteins hWW45 and MOB is important for the full 

kinase activation of LATS. Recently, two LATS kinase downstream substrates, yes-

associated protein (YAP) and TAZ, have been identified [73,74]. The mammalian 

homolog of Drosophila Yorkie, YAP, is reported as an oncogene and is implicated in 

both breast and liver tumorigenesis [73,75,76]. TAZ is a transcription co-activator and it 

has been reported to bind with a variety of transcriptional factors including the RUNX 

family and Pax3 [77,78]. Recent studies showed that TAZ promotes cell proliferation and 

possibly epithelial-mesenchymal transition and it may have a role in breast tumorigenesis 
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[74,79]. LATS suppresses tumor growth by phosphorylating and inhibiting 

transcriptional transactivating activity of YAP or TAZ [73,74].  Although hMOB1 has 

been confirmed as an upstream activator of the LATS kinase, whether it is also involved 

in the mammalian Hippo-LATS tumor suppressor pathway is still unknown. In addition, 

seven MOBs have been identified in humans (Table 1 and Figure 3), and which of the 

hMOBs is the real activator of LATS has not been explored. 

 

1.6. Rationale, Hypothesis and Objectives 

Evidently, the MOB family proteins are well conserved across species as 

demonstrated in S. cerevisiae, S. pombe, D. melanogaster, and mammalian cells. The 

findings in budding and fission yeasts illustrate the important role of MOB proteins in 

cell division and cytokinesis. The reports of Drosophila MOB1 as a tumor suppressor and 

its involvement in the emerging tumor suppressor Hippo-LATS pathway show the 

significance of MOB family in tumorigenesis. Although human MOB family members 

bind and activate kinase activities of tumor suppressors LATS1/2 and NDR1/2, there is 

not yet no direct evidence that hMOBs function as tumor suppressors and play a role in 

tumor development. Elucidating the molecular and cellular functions of the seven human 

MOB gene not only extends our knowledge on the basic biology of the cell cycle, but also 

provides important information for diagnosis and treatments of human cancers. 

Accordingly, our hypothesis is that each member of hMOBs will function 

differently and distinctively in the cells and some of the hMOBs may function as tumor 

suppressors in humans. The overall aim of this study is to characterize the human MOBs 



 

  21

family and to demonstrate the involvement of hMOB1A/1B in the regulation of tumor 

cell proliferation and death. To test this hypothesis, the following specific objectives will 

be carried out:  

1. Examination of hMOB mRNAs expression in various human tissues. 

2. Examination of the subcellular localization of hMOBs at interphase. 

3. Examination of the interaction of hMOBs with LATS/NDR family members 

in vitro. 

4. Effect of hMOB1 on cell proliferation. 

5. Effect of hMOB1 on cell death. 

6. Examination of the effect of hMOB1 on the cell cycle. 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1. Polymerase chain reaction (PCR), plasmid construction and purification 

Human MOBs (hMOB1A, hMOB1B, hMOB2A, hMOB2B, hMOB3, hMOB4 and 

hMOB5) EST (expressed sequence tag) clones were purchased from Open Biosystems. 

Each MOB cDNA was first amplified by PCR using specific primers with engineered 

BamHI or NotI sites (Table 2), digested by BamHI/NotI, and subsequently subcloned into 

BamHI/NotI sites of the pcDNA3-HA or pGEX4T1 vector. For membrane targeting, 

hMOB1B was subcloned into pcDNA3-HA vector containing the 

myristoylation/palmitylation (mp) motif of the Lck tyrosine kinase (MGCVCSSN) at the 

N-termini. For lentivirus production, hMOB1B-HA or mp-hMOB1B-HA cDNA was first 

amplified by PCR using specific primers (Table 2), digested by PmeI, and subsequently 

cloned into the PmeI site of the WPI lentiviral vector. Upon ligation, plasmids were 

transformed into XL10-gold bacterial cells, grown on Luria Bertani (LB) agar plates 

supplemented with 50μg/ml ampicillin in an incubator at 37°C, then purified by using the 

Qiagen mini prep kit according to the manufacturers instructions. The DNA was then 

collected by using Buffer EB (pH 8.5) provided in the kit. 

Table 2. List of primers for hMOBs subcloning 

Oligonucleotides Sequence 
BamHI-hMOB1A Forward 5’-CG GGA TCC ATG AGC TTC TTG TTT GGT AG-3’ 

NotI-hMOB1A Reverse 5’-CG GGA TCC TGC GGC CGC TTA TCT GTC TTT 
TGA GGT GAG-3’ 
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BamHI-hMOB1B Forward 5’-CG GGA TCC ACC ATG GAG ATG AGC TTC CTC 
TTC AGC-3’ 

NotI-hMOB1B Reverse 5’-G TAA TCA TGC GGC CGC CAT TTA TCT GTC 
TTT TGA TCC AAG-3’ 

BamHI-hMOB2A Forward 5’-CG GGA TCC ATG TCC AAC CCC TTC CTG-3’ 

NotI-hMOB2A Reverse 5’-G TAA TCA TGC GGC CGC TCA GTG GCA CAT 
CCG GGC GGT-3’ 

BamHI-hMOB2B Forward 5’-CG GGA TCC AAG ACC ATG TCC ATA GCC CTG-
3’ 

NotI-hMOB2B Reverse 5’-G TAA TCA TGC GGC CGC TTA GTG ACA CAT 
CCT GCT-3’ 

BamHI-hMOB3 Forward 5’-CG GGA TCC ATG GCC CTG TGC CTG AAG-3’ 

NotI-hMOB3 Reverse 5’-G TAA TCA TGC GGC CGC TTAGTG ACA CAT 
CCT GCT-3’ 

BamHI-hMOB4 Forward 5’-CG GGA TCC ATG GAC TGG CTC ATG GGG-3’ 

NotI-hMOB4 Reverse 5’-G TAA TCA TGC GGC CGC TCA TCT CTC CTT 
CAC GTG-3’ 

BamHI-hMOB5 Forward 5’-CG GGA TCC ATG GTC ATG GCG GAG GGG 
ACG-3’ 

NotI-hMOB5 Reverse 5’-G TAA TCA TGC GGC CGC TCA TGC TTC ACT 
TTC CCC AGA-3’ 

PmeI-hMOB1B-HA 
Forward 

5’-AGC TTT GTT TAA ACC ATG TAC CCA TAC GAC 
GTC CCA GAC TAC GCG ATG GAG ATG AGC TTC 
CTC TTC AGC-3’ 

PmeI-mp-hMOB1B-HA 
Forward 

5’-AGC TTT GTT TAA ACC ATG GGA TGC GTC TGT 
AGC AGT AAC TAC CCA TAC GAC GTC CCA GAC 
TAC GCG ATG GAG ATG AGC TTC CTC TTC AGC-3’ 

PmeI-hMOB1B Reverse 5’-AGC TTT GTT TAA ACC TTA TCT GTC TTT TGA 
TCC AAG-3’ 

NotI-hMOB1B-100 
Reverse 

5’-G TAA TCA TGC GGC CGC TTA ACC ATC TGC 
CCA GTG ATA TTC-3’ 

BamHI-hMOB1B-101 
Forward 

5’-CG GGA TCC ATG ACT AAT ATT AAA AAG CCA 
ATC-3’ 

NotI-hMOB1B-142 
Reverse 

5’-G TAA TCA TGC GGC CGC TTA TTT GGG AAA 
TGG GAC ACC AAT C-3’ 

BamI-hMOB1B-143 
Forward 

5’-CG GGA TCC ATG AAC TTT ATG TCT GTG GCA 
AAG-3’ 

*Bolded letters denote the restriction enzymes sites. 
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2.2. Site-directed mutagenesis 

Site-directed mutagenesis for hMOB1B mutations was done by using the 

QuikChange mutagenesis kit (Stratagene). The hMOB1B-pGEX4T1 plasmid was used as 

the template. The following primers were used: hMOB1B-P48A and hMOB1B-Y114A 

(Table 3). DpnI was also used in the process to digest the parental supercoiled plasmid 

DNA. Site-directed mutagenesis for LATS2 mutations was done by overlapping PCR 

using specific primers: LATS2-R657A (Table 3). LATS2 EST clones were used as 

templates. The cDNAs were then subcloned into pcDNA3.1-hygro-3 × FLAG vector.  

Table 3. List of primers for in vitro mutagenesis 

 Oligonucleotides Sequence 
LATS2-R657A Forward 5’-CAG AAA GAG TCT AAT TAC AAC GCG TTA 

AAG AGG GCC AAG ATG-3’ 
LATS2-R657A Reverse 5’-C CAT CTT GGC CCT CTT TAA CGC GTT GAT 

ATT AGA CTC TTT CTG-3’ 
hMOB1B-P48A Forward 5’-CAA GCT GTT ATG TTG GCT GAG GGA GAG 

GAT CTC-3’ 
hMOB1B-P48A Reverse 5’-GAG ATC CTC TCC CTC AGC CAA CAT AAC 

AGC TTG-3’ 
hMOB1B-Y114A Forward 5’-C AAA TGT TCT GCA CCA AAA TTC ATT GAC 

TAT TTG ATG ACT TGG-3’ 
hMOB1B-Y114A Reverse 5’-CCA AGT CAT CAA ATA GTC AAT GAA TTT 

TGG TGC AGA ACA TTT G-3’ 
*Bolded letters denote the mutations. 

 

2.3. Cell culture and transfection 

HeLa (human cervical cancer cell line), COS-7 (monkey kidney cells) and MCF7 

(human tumorigenic mammary adenocarcinoma cell line) cells were maintained in 

Dulbecco’s modified Eagle’s medium (DMEM) (Sigma) containing 10% fetal bovine 
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serum (FBS), and 1% penicillin-streptomycin (Invitrogen) in a 37°C, 5% CO2 incubator. 

HCT116 cells (human colorectal carcinoma cell line) were maintained in McCoy’s 5A 

medium (Sigma) containing 10% FBS, and 1% penicillin-streptomycin (Invitrogen) in a 

37°C, 5% CO2 incubator. 

For cell transfection, cells were counted with a hemocytometer and seeded in 

tissue culture dishes with growth medium without any antibiotics one day before 

transfection. The appropriate plating density depends on the growth rate and the 

condition of the cell lines, and the size of the culture plate. Cells should be 50-80% 

confluent on the day of transfection. On the day of transfection, plasmid DNA was mixed 

with serum-free medium and FuGENE 6 (Roche) or Lipofectamine 2000 (Invitrogen) 

transfection reagent. The complex mixture was then added dropwise to the cells and the 

plate was swirled immediately after to ensure even dispersal. The cells were then 

incubated in a 37°C, 5% CO2 incubator until they are ready for assay. 

2.4. Extraction of total RNA 

Cells were grown in 6-well plate to 70-90% confluency prior to RNA extraction. 

Growth medium was completely aspirated from the plate and then 1ml of TRIzol reagent 

(Invitrogen) was added to the cells. Immediately, cells were scraped from the plate and 

transferred to a microfuge tube. 100μl of BCP (1-bromo-3-chloropropane) (Molecular 

Research Center) was added to the tube. The tube was shaken vigorously for 15secs and 

centrifuged at 12,000g for 15mins at 4°C. After centrifugation, the upper colorless 

aqueous phase was transferred to a new tube containing 500μl isopropanol and 
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subsequently centrifuged. Total RNA was further washed with 75% ethanol and then 

resuspended with diethyl pyrocarbonate (DEPC)-treated dH2O. The quality or integrity of 

RNA was examined by electrophoresis on 1.5% agarose gel. 

2.5. Reverse transcriptase-polymerase chain reaction (RT-PCR) 

To determine the level of mRNA expression of each MOB, primers specific for 

the 3’ untranslated region (UTR) (not conserved in hMOB sequence) of each MOB 

(Table 4) and RNAs from 20 human tissues (Human Total RNA Master Panel II, 

Clontech) were used to perform RT-PCR. About 5μg of RNA were reverse transcribed 

and 1/10 of cDNAs were then used to amplify hMOBs by PCR according to the 

SuperScript One-Step RT-PCR Systems with Platinum Taq DNA Polymerase 

(Invitrogen). Following is the PCR program used: 1 cycle of 95°C for 2mins, 35 cycles of 

95°C for 45secs, 55°C for 30secs, 68°C for 1min, and 1 cycle 68°C for 7mins. The PCR 

products were then analyzed on a 0.8-1.5% agarose gel to visualize the target RT-PCR 

products. β-actin (0.1μl of cDNA) was used as an internal control in each RT-PCR 

reaction. 

Table 4. List of primers for RT-PCR. 

Oligonucleotides Sequence 
hMOB1A-3’UTR Forward 5’-AGG ATG CAG AGC TGT GCA AAT TG-3’ 
hMOB1A-3’UTR Reverse 5’-ATC ATA GAT ATG TTA CAA CAT GC-3’ 
hMOB1B-3’UTR Forward 5’-ATG TTT CTT CTA GAA CAC AG-3’ 
hMOB1B-3’UTR Reverse 5’-CAA TCT GAT TGT GTT ATT AG-3’ 
hMOB2A-3’UTR Forward 5’-CGT GAA CTC TGT AAT TCT ATG TG-3’ 
hMOB2A-3’UTR Reverse 5’-CCC TGG ATA CAG TCA GCT GAA TG-3’ 
hMOB2B-3’UTR Forward 5’-TGC TCC ACC TCA CCC TTT GG-3’ 
hMOB2B-3’UTR Reverse 5’-CCT GAA AGG AAG GCT TAT TG-3’ 
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hMOB3-3’UTR Forward 5’-GCC CAG GTC TGG ACT TTT TTG G-3’ 
hMOB3-3’UTR Reverse 5’-CCA ACA TTT ATG GTA GGC CTA C-3’ 
hMOB4-3’UTR Forward 5’-GCC CCC CGG GCC GGA CAG GGG C-3’ 
hMOB4-3’UTR Reverse 5’-CCC CAC CTC TGA GCT GCC AAC-3’ 
hMOB5-3’UTR Forward 5’-GGG AAT CAT AGG AAA AAT GT-3’ 
hMOB5-3’UTR Reverse 5’-CTC AAT TGG GGA AAG TTA AC-3’ 
 

2.6. Fusion protein production and Glutathione-S-transferase (GST) pull-down 

assays 

To produce GST fusion proteins, each hMOB cDNA cloned in pGEX4T1 vector 

was transformed into BL21 bacterial cells. The GST fusion proteins were then induced by 

incubating BL21 carrying the plasmid of interest in growth medium containing 0.4mM 

isopropyl-β-D-thiogalactoside (IPTG) at 37 0C for 3 hours or 4 0C overnight , and were 

subsequently purified with glutathione sepharose 4B beads. 

For the GST pull-down assay, 100μg of protein lysates expressing LATS1/2-

FLAG or NDR1/2-FLAG were mixed with 10μg of GST (control) or hMOBs GST fusion 

proteins on beads and incubated at 4°C with rotation for 2 hours. The beads were then 

washed several times with 1% Nonidet (N)P-40 lysis buffer with 1 × Complete EDTA-

free protease inhibitor cocktail tablet (Roche), resuspended in 2 × SDS sample buffer, 

boiled, centrifuged, and the supernatants were subjected to SDS-PAGE and western blot 

analysis using M2 α-FLAG monoclonal antibody (Sigma). The proteins on membranes 

were also visualized by using 0.1% Ponceau S solution. 
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2.7. Protein extraction and western blotting 

For protein extraction, cells were grown to 80-90% confluence in tissue culture 

dishes. Prior to procedure, one Complete EDTA-free protease inhibitor cocktail tablet 

(Roche) was dissolved in either RIPA or NP40 lysis buffer and placed on ice. Tissue 

culture dishes with cells were placed on ice and the cells were washed twice with cold     

1 × PBS. Immediately, lysis buffer was added and cells were scraped with a cell scraper 

and transferred to a chilled microfuge tube. After 30mins of incubation on ice, cells were 

centrifuged at 12 000g at 4°C for 10mins and supernatant was transferred to a fresh 

chilled tube on ice. Protein concentration was measured using DC protein assay kit (Bio-

Rad) and a spectrophotometer. Protein samples were then prepared for SDS-PAGE.   

5 × protein loading buffer with 4.2% β-mercaptoethaol was added to the protein 

lysates, which were then boiled at 100°C for 5mins. Protein lysates were then resolved by 

10-12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 

transferred to a Hybond-ECL nitrocellular membrane (Amersham). The membranes were 

blocked with TBS-T containing 5% skimmed milk powder for 1 hour at room 

temperature, and probed with primary antibodies, [Y11 α-HA (Santa Cruz), MOB1B 

(Abcam), M2 α-FLAG (Sigma) or β-actin (Santa Cruz)] at 4°C overnight or for 1 hour at 

room temperature. The membranes were then washed with TBS-T buffer (2 × 10min) and 

probed with horseradish peroxidase (HRP)-conjugated goat anti-mouse or anti-rabbit IgG 

secondary antibodies (Jackson ImmunoResearch) for 1 hour at room temperature. 

Proteins were visualized on Hyperfilm-ECL (Amersham) using chemiluminescence 

reagent (Amersham). Some membranes were re-probed for other protein detection. 
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Membranes were blocked with diaminobenzidine (DAB) buffer for 20mins at room 

temperature and then washed with TBS-T buffer. Then the membranes were blocked and 

re-probed with primary and secondary antibodies as appropriate.   

2.8. Lentivirus production, purification, and titering 

1.5 × 107 293T cells were seeded in a 150-mm plate coated with 0.1mg/ml poly-

L-lysine and incubated at 37°C overnight. Cells were transfected with Lipofectamine 

2000 mixed with 7.5μg of WPI or hMOB1B-HA-WPI or mp-hMOB1B-HA-WPI transfer 

vector, 5.6μg of PAX (packing plasmid) and 1.9μg of MD2G (envelope plasmid). About 

20-24 hours post transfection, the growth medium was replaced with 9ml of OPTI-MEM 

I medium (serum free) (Sigma) containing 10mM sodium butyrate to enhance virus 

production. Two days after transfection, the media containing lentivirus were collected, 

passed through a 0.45μm filter, and concentrated using a Centricon-20 ultra-filtration 

column (Millipore Corp.). For virus titration, 4 × 105 HeLa cells were seeded into each 

well of a 24-well plate. Cells were infected with a series of dilutions of lentivirus mixed 

with 8μg/ml polybrene. GFP-positive cells (cells containing lentivirus) and GFP-negative 

cells were counted under fluorescent and light microscope. The percentage of GFP-

positive cells was calculated. The virus titer was calculated according to the following 

formula: transduction units/ml = (cell number at the time of infection) × (percentage of 

GFP-positive cells) × dilution factor. 
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2.9. siRNA knockdown of hMOB1A and hMOB1B 

The ON-TARGETplus siRNA duplexes targeting four different regions of 

endogenous human MOB1A or MOB1B mRNA and a negative control siRNA with 

scrambled sequence absent in the human genome were purchased from Dharmacon RNA 

Technologies (Table 5). For cell transfection, 2 × 105 HeLa cells were seeded into each 

well of a 6-well plate and cells were transfected with a concentration of 25-50nM siRNA 

mixed with Lipofectamine 2000. Two days post transfection, RNA was extracted, and 

knockdown of hMOB1A and hMOB1B was confirmed by qRT-PCR. 

Table 5. List of siRNA sequences specific for targeting hMOB1A or hMOB1B. 

Oligonucleotides Sequence 
hMOB1A-sense sequence1  5’-GGU UAA AUG UUG AUA CGA AUU 
hMOB1A-antisense sequence1 5’-P UUC GUA UCA ACA UUU AAC CUU 
hMOB1A-sense sequence2 5’-GCA CCA AAG UAU AUU GAU UUU 
hMOB1A-antisense sequence2 5’-P AAU CAA UAU ACU UUG GUG CUU 
hMOB1A-sense sequence3 5’-GCA GAU GGA ACG AAC AUA AUU 
hMOB1A-antisense sequence3 5’-P UUA UGU UCG UUC CAU CUG CUU 
hMOB1A-sense sequence4 5’-AUG AAU GGG UUG CAG UUA AUU 
hMOB1A-antisense sequence4 5’-P UUA ACU GCA ACC CAU UCA UUU 
hMOB1B-sense sequence1 5’-GAG ACA AGC UGU UAU GUU GUU 
hMOB1B-antisense sequence1 5’-P CAA CAU AAC AGC UUG UCU CUU 
hMOB1B-sense sequence2 5’-UUA ACC AGA UCA ACA UGU UUU 
hMOB1B-antisense sequence2 5’-P AAC AUG UUG AUC UGG UUA AUU 
hMOB1B-sense sequence3 5’-CAA AGA CUA UUC UAA AGC GUU 
hMOB1B-antisense sequence3 5’-P CGC UUU AGA AUA GUC UUU GUU 
hMOB1B-sense sequence4 5’-GAA GCA AGC UGU CCA GUC AUU 
hMOB1B-antisense sequence4 5’-P UGA CUG GAC AGC UUG CUU CUU 
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2.10. Quantitative reverse transcriptase real-time (qRT)-PCR 

To examine the mRNA expression of hMOB1A or hMOB1B, triplicates of 0.2μg 

of the extracted total RNAs were subject to qRT-PCR by using the SuperScript III 

Platinum SYBR Green One-step qRT-PCR kit (Invitrogen) and gene-specific forward 

and reverse primers (Table 6). qRT-PCR was run at 1 cycle of 50°C for 5mins, 95°C for 

5mins, and 40 cycles of 95°C for 15s, 60°C for 30s, and 40°C for 1min using an ABI 

PRISM 7700 sequence detection system. 18S rRNA was used as internal control in each 

sample. The mRNA level of HeLa-hMOB1 relative to that in HeLa-control cells was 

calculated according to the following formula: 2-(hMOBs ΔCt-Control ΔCt), where ΔCt = cellular 

gene average Ct – rRNA average Ct. The mean and standard deviation were calculated 

from Ct values of triplicates real time RT-PCRs for each RNA sample. 

Table 6. List of oligonucleotide primers for qRT-PCR 

Oligonucleotides Sequence 
qMOB1A-3’UTR Forward 5’-GTG ATC CAG CTT CAG GAG GAA GC-3’ 
qMOB1A-3’UTR Reverse 5’-CCT TTT ATC TGT CTT TTG AGG TG-3’ 
qMOB1B-3’UTR Forward 5’-GAG GAG GCC CAC CTC AAC ACC TC-3’ 
qMOB1B-3’UTR Reverse 5’- GGT AAC TGT GTT CTA GAA GAA AC-3’ 
 

2.11. Cell proliferation assay 

To examine the effect of hMOB1B over-expression on cell proliferation, 

triplicates of 2 × 104 HeLa cells stably expressing WPI (vector), hMOB1B or mp-

hMOB1B were seeded into each well of a 24-well plate. Cells were then counted 

beginning 2 days after seeding and continued for 5 consecutive days. To analyze the 

effect of hMOB1 knockdown on cell proliferation, 2 × 104 HeLa cells were seeded into 
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each well of a 24-well plate one day prior to transfection. Next day, 25-50nM siRNAs 

against hMOB1A, hMOB1B alone or both were mixed with Lipofectamine 2000 and 

OPTI-MEM I medium (serum free) and then added into each well. Cells were counted 

everyday for 4 consecutive days post transfection. To investigate the effect of hMOB1B 

together with LATS1 or LATS2 over-expression on cell proliferation, triplicates of 4 × 

104 HeLa cells were seeded into each well of a 12-well plate one day prior to infection. 

Next day before infection, cell numbers were counted. hMOB1B, mp-hMOB1B, LATS1, 

LATS2, LATS1 with hMOB1B, LATS1 with mp-hMOB1B, LATS2 with hMOB1B or 

LATS2 and mp-hMOB1B lentivirus at a multiplicity of infection (MOI) of 1 together 

with WPI lentivirus at a MOI of 2 was mixed with 8μg/ml of polybrene and OPTI-MEM 

I medium (serum free) and subsequently added into each well. Growth medium was 

added into each well after 24 hours. Cells were counted on day 5 after infection. All 

experiments were repeated at least twice. 

2.12. Cell death assay 

Trypan blue exclusion method was used for measuring cell death caused by over-

expression of hMOB1. One day prior to lentiviral infection, 2 × 104 MCF7 or HCT116 

cells were seeded into each well of a 24-well plate. Before infection, cell numbers were 

counted. WPI, hMOB1B or mp-hMOB1B lentivirus at a MOI of 1 was mixed with 

8μg/ml of polybrene and OPTI-MEM I medium (serum free) and subsequently added into 

each well. Growth medium was added into each well after 24 hours. Four days post 

infection, both detached and adherent cells were collected and centrifuged. Cell pellets 
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were resuspended in 100μl of DMEM, and subsequently mixed with 100μl of 0.4%-

trypan blue solution (Sigma) for cell counting. Dead cells are usually stained by trypan 

blue. The percentage of blue cells was then calculated.     

2.13. Indirect immunofluorescence assay 

One day prior to transfection, 2 × 104 HeLa cells were seeded into each well of a 

24-well plate containing coverslips coated with 1μg/ml of fibronectin (Sigma) and 0.01% 

poly-L-lysine (Sigma). About 0.2μg/ml of hMOBs-HA plasmid DNA was mixed with 

0.6μl of FuGENE 6 reagent, incubated for 15mins at room temperature, and subsequently 

added to cells in each well. Two days post transfection, cells were fixed with 3% 

formaldehyde in phosphate buffered saline (PBS), and permeabilized by incubation in 

0.2% Triton X-100 in PBS for 2mins. After incubation in blocking and hybridization 

solution (BHS) for 40mins, the coverslips were subsequently incubated in rabbit anti-HA 

(Y11) polyclonal primary antibodies followed by Alex Fluor 488 anti-rabbit IgG 

(Molecular Probes) secondary antibody. Nuclear or chromosomal DNAs were then 

stained with 3μg/ml DAPI (Sigma).  Images were obtained with a Nikon Eclipse TE 

1000-U Inverted Fluorescent Microscope. 

2.14. Fluorescent activated cell sorting (FACS) analysis of cell cycle 

HeLa cells stably expressing WPI (vector), hMOB1B-HA or mp-hMOB1B-HA or 

HeLa cells 4 days after transfection with hMOB1A/B siRNAs were trypsinized, 

resuspended in growth medium (DMEM), and counted with a hemocytometer. About 

1×106 Cells were centrifuged at 1000g for 5mins and washed twice with cold 1 × PBS.  
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After the final wash, cells were resuspended gently with 2ml of cold 1 × PBS. In a 

gradient fashion, 3 times 2ml of 95% cold ethanol was added to the cells and resuspended 

gently. The fixed samples were kept at 4°C for a minimum of 1 hour up to several weeks.  

Prior to FACS analysis, fixed samples were centrifuged at 1000g for 5mins and the 

fixative supernatant were aspirated. Cells were resuspended in 100μl of RNase A (Sigma) 

and incubated at 37°C for 30mins. Then 200μl of propidium iodide solution (Sigma) was 

added to the cells and kept at 4°C in the dark for 30mins before FACS analysis. 
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CHAPTER 3 

RESULTS 

3.1. Examination of hMOB mRNA expression in human tissues 

To date, there is no report on the expression of human MOB family in human 

tissues. It is possible that distinct MOB members may have the same function in different 

tissues. Therefore, identifying the expression patterns of hMOBs allows us to have a 

better understanding of their functions. 

In this study, I have examined the mRNA expression of all seven hMOBs by RT-

PCR using RNAs from 20 different human tissues and primers specific for the 3’ 

untranslated regions of each hMOB. The primer pairs were designed so that a PCR 

product of around 500bp can be amplified for all hMOBs and β-actin. As predicted, 

different members of the hMOB family are expressed in various tissues (Figure 6). All 

the hMOBs are differently distributed in the tissues examined. Interestingly, hMOB4 is 

expressed in all 20 of the tissues including kidney tissue which is not expressed in any of 

the other hMOBs. hMOB2B and hMOB4 are the only two members expressed in trachea 

tissue. Except in kidney and trachea tissues, hMOB3, hMOB4, and hMOB5 mRNAs 

were highly expressed in the majority of the tissues tested (Figure 6). As a positive 

loading control, β-actin is similarly and abundantly expressed in all the tissues examined 

(Figure 6).   
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Figure 6. mRNA expression of human MOBs in 20 different human tissues. 
RT-PCR analysis of human MOBs mRNA expression in 20 human tissues. 5μg of total 
human RNA were used for the synthesis of cDNA by RT. cDNAs were then amplified 
with primers specific for human MOBs. β-actin was used as internal RNA loading 
control. Plasmid DNA for each hMOB was used as a control for PCR. 
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3.2. Subcellular localization of hMOBs at interphase 

The function of a gene can often be inferred from the localization of the encoded 

protein within the cell. To better understand the function of each hMOB, we examined 

their subcellular localization at interphase. Since antibodies for all members of hMOB are 

not available, we cloned all the hMOBs cDNA into a vector that contained a N-terminal 

HA tag. All the constructs are sequenced before use. After transfection of hMOBs into 

COS-7 cells, the protein expression of hMOBs was confirmed by western blotting 

(Figure 7). The subcellular localization of hMOB-HA was then examined through 

immunofluorescence staining (Figure 8). We found that most of the hMOB proteins 

(hMOB1A, 1B, 2B, 3 and 5) are detected in both the cytoplasm and nucleus (Figure 8A 

and B). Significantly, hMOB2A is accumulated only in the cytoplasm (Figure 8A), 

whereas hMOB4 is highly enriched in the nuclei of the cells (Figure 8B). The differences 

in localization of the members of hMOB family indicate their distinctive nature and that 

they may possess different functions in the cell. 

 

3.3. Interaction of hMOBs with LATS/NDR family members in vitro 

Evidence has shown that hMOB1A and hMOB1B bind with LATS1/2 and 

NDR1/2 [45,62-70]. However, it is unclear whether other members of the human MOB 

family also interact with LATS and NDR kinases. To address this question, GST pull-

down assays were carried out by incubation of FLAG tagged-LATS1/2 or NDR1/2 over-

expressing COS-7 cell lysate with various hMOB-GST fusion proteins. Our findings    
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Figure 7. Western blot analysis of recombinant human homologs of yeast MOBs. 
10μg of cell lysates extracted from COS-7 cells over-expressing the indicated HA-tagged 
hMOBs were separated on 12% SDS-PAGE and subject to western blot using anti-HA 
monoclonal antibodies first antibody) and HRP-conjugated anti-rabbit IgG (second 
antibody). The blots were striped and re-probed with β-actin antibodies to confirm equal 
loading.  
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Figure 8. Localization of hMOBs at interphase. 
Subcellular localization of hMOBs at interphase. COS-7 cells transfected with DNA 
constructs expressing hMOBs-HA (green) were fixed with 3% formaldehyde and stained 
with anti-rabbit HA antibody followed by Alex Fluor 488 anti-rabbit IgG (green) (A. I-
IV., B. I-III.). DNA (blue) was counterstained with 1μM DAPI (A. V-VIII., B. IV-VI.).  
Images were obtained with a Nikon Eclipse TE 1000-U Inverted Fluorescent Microscope. 
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showed that hMOB1A and hMOB1B are the major binding partners for both LATS1/2 

and NDR1/2 (Figure 9A-D). Interestingly, LATS1 also interacts weakly with other 

hMOB proteins (hMOB2A, 2B, 3, 4 and 5) (Figure 9A) and LATS2 binds to hMOB3 and 

weakly binds to hMOB2A and 4 (Figure 9B). 

Meanwhile, none of the other hMOBs except hMOB1A and 1B is associated with 

NDR1 (Figure 9C). However, NDR2 also interacts with hMOB3 and weakly with 

hMOB5 (Figure 9D). Both LATS1/2 and NDR1/2 belong to AGC group of kinases, and 

are major regulators of multiple cell physiology processes. The interactions observed 

between the LATS/NDR protein kinase family with members of hMOB family lead us to 

wonder if the hMOB family is also involved in those critical cell processes.   

3.3.1. Functional residue of LATS2 interacting with hMOB1B 

Though there are seven human MOB proteins, hMOB1B is the only member that 

has been extensively researched in recent years and its structure has also been revealed by 

x-ray crystallography [61]. We have showed that hMOB1A and 1B rather than other 

hMOBs are the major binding partners of LATS and NDR families. Previous studies had 

also determined a conserved region on NDR and LATS that is responsible for the binding 

with hMOB1B [45,66]. With the alignment of human, mouse and Drosophila LATS 

protein sequences, a critical residue, R694, that is responsible for the binding has also 

been identified on human LATS1 [64]. However, the residue that is required for the 

interaction between LATS2 and hMOB1B has not been elucidated. According to 
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Figure 9. Interaction of hMOBs with LATS/NDR family members in vitro. 
10μg of GST (control) or hMOBs-GST were incubated with 100μg of cell lysate from 
COS7 cells over-expressing LATS1/2 or NDR1/2. GST fusion proteins were precipitated 
with glutathione-Sepharose beads and were separated on 10% SDS-PAGE along with 
one-tenth amounts of cell lysate (1/10 input) as positive control and then subsequently 
subject to western blot using α-FLAG antibody. The membrane was stained with 1% 
Ponceau S to visualize the GST fusion proteins used in the GST pull-down assays. A. 
LATS1. B. LATS2. C. NDR1. D. NDR2.
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the sequences of NDR1/2 and LATS1, we attempted to determine the potential key 

residue on LATS2 that is needed for the binding with hMOB1B by creating a LATS2 

mutant construct. LATS2-R657A mutant construct was designed and purified as proteins 

for GST pull-down assay. Evidently, LATS2 mutant is deficient in binding the hMOB1B-

GST fusion protein (Figure 10B) whereas wild-type LATS2 is able to strongly bind to 

hMOB1B-GST fusion protein (Figure 10A). Therefore, R657 on LATS2 is an essential 

residue for hMOB1B binding. 

3.3.2. Functional domains of hMOBs interacting with LATS1 and NDR1 

In addition to determining the binding domain on LATS and NDR for the 

hMOB1B interaction, we attempted to identify the functional domain on hMOB1B 

responsible for its binding to LATS/NDR. Different domains of hMOB1B constructs 

(amino acids 1-100, 101-142, 143-216, 1-142, 101-216) were designed and purified as 

GST fusion proteins. In vitro GST pull-down assays were carried out using GST fusion 

proteins containing different domains of hMOB (amino acids 1-100, 101-142, 143-216, 

1-142, and 101-216). Our results showed that both LATS1 and NDR1 are only able to 

bind to GST-hMOB1B fusion proteins containing amino acids 1-142 (Figure 11B and D). 

When these 142 amino acids were divided into two segments (amino acids 1-100 and 

101-142), LATS1 and NDR1 kinases fail to interact with either of the segments (Figure 

11A and C). Therefore, the first 142 amino acids of hMOB1B are indispensable for 

LATS or NDR binding. 

To further map the conserved residues within the domain (amino acids 1-142) on 

hMOB1B responsible for the interaction with the kinases, two mutant constructs were  
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Figure 10. Residue R657 of LATS2 is required for hMOB1B binding. 
100μg of lysates of cells over-expressing LATS2 wild type or LATS2 R657A mutant 
were incubated with 10μg of GST (control) or hMOB1B-GST fusion proteins.  GST 
fusion proteins were precipitated with glutathione-Sepharose beads and were separated 
on 10% SDS-PAGE along with one-tenth amounts of cell lysate (1/10 input) and then 
subsequently subject to western blot using α-FLAG antibody. The membrane was stained 
with 1% Ponceau S to visualize the GST fusion proteins used in the GST pull-down 
assays. A. LATS2 wild type. B. LATS2 R657A mutant.   
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Figure 11. Functional domain for hMOB1B interaction with LATS1 or NDR1. 
10μg of GST (control) or different hMOB1B domain constructs (amino acids 1-100, 101-
142, 143-216, 1-142, 101-216) were incubated with 100μg of lysates of cells over-
expressing LATS1 or NDR1. GST fusion proteins were precipitated with glutathione-
Sepharose beads and were separated on 10% SDS-PAGE along with one-tenth amounts 
of cell lysate (1/10 input) and then subsequently subject to western blot using α-FLAG 
antibody. The membrane was stained with 1% Ponceau S to visualize the GST fusion 
proteins used in the GST pull-down assays. A. Interaction of hMOB1B domains (1-100, 
101-142 and 143-216) with LATS1. B. Interaction of hMOB1B domains (1-142 and 101-
216) with LATS1. C. Interaction of hMOB1B domains (1-100, 101-142 and 143-216) 
with NDR1. D. Interaction of hMOB1B domains (1-142 and 101-216) with NDR1. 
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designed according to the sequence alignment of human, yeast, mouse and rat MOB1 

[61]. Two conserved residues, P48 and Y114, of hMOB1B were mutated into alanine 

(A). In vitro GST pull-down assays showed that both hMOB1B-P48A and Y114A 

mutants retain the ability to interact with LATS1 or NDR1 (Figure 12A and B). 

Therefore, a single mutation on hMOB1B does not seem to be sufficient enough to 

abolish the binding between hMOB1B and LATS1 or NDR1 kinase.   

 

3.4. Effect of hMOB1A/1B on cell proliferation 

The LATS/NDR protein kinase family has been implicated in many cellular 

processes and LATS1/2 has been shown to suppress tumor growth [23,24,25,27,30,32]. 

In our in vitro binding assay, both hMOB1A and hMOB1B have demonstrated strong 

interactions with NDR and tumor suppressor LATS. Therefore, this suggests that hMOBs 

may also play a crucial role in cell proliferation and tumor growth. However, no 

functional analysis has been done on hMOBs. If the function of dMOB1 is conserved 

with hMOB1 as demonstrated by Lai et al. in Drosophila [59], over-expression or 

suppression of hMOB1 may have an impact on cell proliferation.  

3.4.1. Over-expression of hMOB1B suppresses cell proliferation. 

Since hMOB1A and hMOB1B share 97% identity and hMOB1B has been widely 

studied [45,61-66], hMOB1B was used in our experiment to examine its effects on tumor 

cell growth in vivo. Additionally, membrane-targeting of hMOB1 has been demonstrated 

to increase LATS1 kinase activity dramatically [66], therefore, we also examined  
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Figure 12. Single mutation of residue P48 or Y114 of hMOB1B is not sufficient to 
abolish the hMOB1B interaction with LATS1 or NDR1. 
10μg of GST (control) or hMOB1B P48A or Y114A mutant construct was incubated 
with 100μg of lysates of cells over-expressing LATS1 or NDR1. GST fusion proteins 
were precipitated with glutathione-Sepharose beads and were separated on 10% SDS-
PAGE along with one-tenth amounts of cell lysate (1/10 input) and then subsequently 
subject to western blot using α-FLAG antibody. The membrane was stained with 1% 
Ponceau S to visualize the GST fusion proteins used in the GST pull-down assays. A. 
Interaction of hMOB1B mutants with LATS1. B. Interaction of hMOB1B mutants with 
NDR1. 
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whether over-expressing hMOB1B with myristoylation/palmitylation (mp) motif has an 

effect on cell proliferation. HeLa cervical carcinoma cells were used for cell proliferation 

assays because it has been previously shown that over-expression of LATS1 or LATS2 

inhibits cell proliferation by inducing cell cycle arrest in HeLa cells [24,80]. First, HeLa 

cells were stably infected with a lentivirus expressing vector (WPI) or hMOB1B or mp-

hMOB1B. The efficiency of the lentivirus infection into HeLa cells was monitored by 

microscopic examination of green fluorescent protein (GFP) which is expressed by the 

lentivirus (Figure 13). Approximately 95-100% of cells were expressing GFP. The HA-

hMOB1B or mp-HA-hMOB1B protein expression was also analyzed by western blotting. 

Unfortunately, we were unable to detect mp-HA-hMOB1B protein using anti-HA 

antibody by western blot or immunofluorescent staining (data not shown). It is possible 

that HA tag is masked by the myristoylation motif which is the sequence for directing the 

protein to the membrane. Therefore, we used a commercially available anti-MOB1B 

antibody to detect mp-HA-hMOB1B. Although we found that this supposedly anti-

hMOB1B antibody can detect hMOB1A, hMOB1B and other hMOBs (data not shown), 

under low exposure, both over-expressed HA-hMOB1B and mp-HA-hMOB1B can be 

readily detected using this anti-hMOB1B antibody. The mp-HA-hMOB1B protein 

migrates slightly slower than the HA-hMOB1B protein on the SDS-PAGE due to the 

additional myristoylation motif, suggesting the antibody did detect both HA-hMOB1B 

and mp-HA-hMOB1B (Figure 14A). Cell proliferation was subsequently analyzed using 

the established stable cell lines. Compared to HeLa-WPI, a significantly slower growth 

rate is observed in HeLa cells  
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Figure 13. Efficiency of lentivirus expression into HeLa cells. 
HeLa cells were infected with lentivirus expressing WPI (vector), hMOB1B, or mp-
hMOB1B. Images were obtained with a Nikon Eclipse TE 1000-U Inverted Fluorescent 
Microscope two days after infection. Approximately 95-100% of HeLa cells were 
expressing GFP. 
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Figure 14. Effect of over-expression of hMOB1B on cell proliferation.   
A. Expression of hMOB1B. Cell lysates from HeLa cells expressing WPI (control), 
hMOB1B or mp-hMOB1B were subject to western blot using a commercial anti-MOB1B 
antibody. B. Cell proliferation assay. Triplicates of 2 × 104 HeLa cells stably expressing 
WPI (vector), hMOB1B or mp-hMOB1B were seeded into each well of a 24-well plate. 
Cells were counted two days after seeding for five consecutive days. The mean ± 
standard deviation (SD) of cell numbers from three independent samples for each day is 
shown. 
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over-expressing hMOB1B (Figure 14B), suggesting that over-expression of hMOB1B 

can inhibit tumor cell proliferation. As expected, compared to hMOB1B over-expression, 

although the protein level of mp-hMOB1B is lower than that of hMOB1B in the cells 

(Figure 14A), mp-hMOB1B caused a more dramatic suppression of cell proliferation.   

3.4.2. Loss of hMOB1 stimulates cell proliferation 

Since hMOB1A and hMOB1B are 97% identical and both strongly bind with 

LATS/NDR family proteins [45,61-66], we predict that they may have similar functions 

in the cell. To further verify the tumor suppression phenotype of hMOB1B, we examined 

the loss of function of hMOB1 on cell proliferation by suppressing endogenous hMOB1A 

or hMOB1B using siRNA. hMOB1A and hMOB1B are highly identical and in fact, they 

are less than 10 amino acids different. Therefore, it is rather hard to distinguish these two 

proteins by hMOB1B antibody. In addition, as stated above, the anti-hMOB1B antibody 

recognizes multiple hMOBs. Therefore, real time qRT-PCR was employed to confirm the 

knockdown of endogenous hMOB1A and hMOB1B to specifically amplify hMOB1A or 

hMOB1B. Two sets of primers specific for hMOB1A or hMOB1B mRNA (see Table 5 

for primer sequences) can amplify a region of about 100bp cDNA after qRT-PCR. 

Transfection of siRNA against either hMOB1A or hMOB1B significantly decreased their 

mRNA levels. The mRNA level of hMOB1A was reduced by over 60% (Figure 15A) and 

hMOB1B is reduced by 84% compared to control HeLa cells (Figure 15B). Moreover, the 

reduction of mRNA levels was enhanced when both hMOB1A and hMOB1B were 

suppressed by siRNA (Figure 15A and B). While  
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Figure 15. Knockdown of hMOB1A and hMOB1B by siRNA. 
HeLa cells were transfected with siRNA against endogenous hMOB1A or hMOB1B or 
hMOB1A and hMOB1B. RNA was extracted and quantified by real time-PCR. A. 
hMOB1A expression. Endogenous hMOB1A mRNA level was reduced for at least 60%. 
B. hMOB1B expression. Endogenous hMOB1B mRNA level was reduced for at least 
80%. 
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knockdown of either hMOB1A or hMOB1B has led to a significant increase in cell 

proliferation, suppression of both hMOB1A and hMOB1B in HeLa cells caused an even 

more dramatic increase in cell proliferation (Figure 16).  These findings suggest that both 

hMOB1A and hMOB1B may be tumor suppressors that can complement each other and 

that loss of hMOB1 causes uncontrolled cell proliferation. 

3.4.3. Over-expression of hMOB1B enhances LATS-induced inhibition of cell 

proliferation 

It was previously shown that LATS requires hMOB1 to activate its kinase activity 

to regulate cell proliferation [64,66].  However, there is no direct experimental evidence 

to show that human LATS and hMOB1 functionally interact with each other in tumor 

suppression. To examine the relationship between LATS kinases and hMOB1B, 

lentivirus expressing LATS [73] were co-infected together with hMOB1B or mp-

hMOB1B into HeLa cells for cell proliferation assay. Compared to the HeLa cells that 

were infected with hMOB1B, mp-hMOB1B, LATS1 or LATS2 alone, over-expression of 

LATS1 or LATS2 with mp-hMOB1B suppresses cell proliferation to a greater extent 

(Figure 17).  In addition, over-expression of LATS2 with hMOB1B reduces cell growth 

more than that of LATS1 with hMOB1B.  Our preliminary experiment suggests that 

hMOB1B negatively regulates cell proliferation by interacting with LATS1 and LATS2 

kinases. 
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Figure 16. Effect of loss of hMOB1 on cell proliferation.  
HeLa cells were transfected with 25-50nM siRNA against non-existing human genes 
(Control), hMOB1A, hMOB1B or hMOB1A and hMOB1B. Cells were counted everyday 
for four consecutive days post transfection. 
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Figure 17. Effect of over-expression of LATS and hMOB1B upon cell proliferation.   

Cell proliferation assay. Triplicates of 4 × 104 HeLa cells were seeded into each well of a 
12-well plate and infected with WPI (vector) lentivirus as control or with individual or 
combination of LATS1 or LATS2 and/or hMOB1B or mp-hMOB1B lentivirus at a 
multiplicity of infection of 1.0. Cells were counted five days after infection. The mean ± 
standard deviation (SD) of cell numbers from three independent samples is shown. 
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3.5. Effect of hMOB1B on cell death. 

Most of the tumor suppressors inhibit tumor cell growth by inducing either cell 

cycle arrest or apoptosis. Previous studies showed that over-expression of LATS1 or 

LATS2 stimulates apoptosis in both MCF7 and HCT116 tumor cells [24,27]. Since 

hMOB1B binds to LATS kinases, we questioned whether hMOB1B is able to induce 

apoptosis in MCF7 and HCT116 tumor cells as well. WPI vector or hMOB1B or mp-

hMOB1B was transiently infected into MCF7 or HCT116 cells and cell death was 

analyzed 4 days after lentiviral infection by the trypan blue exclusion method. Compared 

to control cells without any virus infection, infection of the WPI lentivirus vector did not 

cause any significant cell death. However, over-expression of hMOB1B stimulated cell 

death in both MCF7 (Figure 18A) and HCT116 cells (Figure 18B). Moreover, over-

expression of membrane-targeting mp-hMOB1B caused twice as much cell death of both 

MCF7 and HCT116 cells compared to that of hMOB1B (Figure 18A and B). Our 

findings suggest that over-expression of hMOB1B induces cell death in tumor cells.  

 

3.6. Examination of the effect of hMOB1 on cell cycle progression through FACS 

analysis 

It has been previously shown that LATS1 can inhibit cell proliferation by causing 

G2/M cell cycle arrest [24,27], whereas over-expression of LATS2 induces either G1/S or 

G2/M cell cycle arrest [27,80,81]. Therefore, in this experiment, we also investigated 

whether 
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Figure 18. Effect of over-expression of hMOB1B upon cell death.   

MCF7 or HCT116 cells were infected with WPI (Control), hMOB1B or mp-hMOB1B 
lentivirus at a multiplicity of infection of 1.0. Four days post infection, infected cells 
along with non-infected cells (control) were counted for percentage of cells stained by 
trypan blue (dead cells). The mean ± standard deviation (S.D.) from three independent 
samples is shown. A. MCF7. B. HCT116. 
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hMOB1 would affect cell cycle progression.  HeLa cells infected with WPI lentiviral 

vector, hMOB1B or mp-hMOB1B and HeLa cells transfected with siRNA against both 

hMOB1A and hMOB1B were subject to FACS-based cell cycle analysis. Surprisingly, 

our results indicated that there was no significant change in any phase of the cell cycle 

progression (Figure 19).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  58

 

 

 

 

 

 

 

 

 

Figure 19. Effect of hMOB1 on cell cycle progression.   

FACS analysis of cell cycle profile of HeLa cells infected with lentivirus expressing WPI 
(vector), hMOB1B, mp-hMOB1B or cells transfected with siRNA against a non-existing 
gene in human genome (CON) or both hMOB1A and hMOB1B. Three days after 
transfection, cells were collected and fixed in 1 × PBS and 95% cold ethanol. Prior to 
FACS analysis, cells were treated with RNase A and stained with a propidium iodide 
solution. The stained cells were subsequently analyzed with a flow cytometer. The 
percentage of each cell cycle phase (G1, S, G2/M) was calculated.   
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CHAPTER 4 

DISCUSSION 

This thesis has characterized all seven members of the human MOB family in 

terms of their mRNA expression in various human tissues, their subcellular localization 

and their ability to interact with members of the LATS/NDR kinase family. The most 

significant results of this study are that hMOB1A and 1B are the primary binding partners 

for both LATS and NDR kinases and they have been demonstrated to negatively regulate 

cell proliferation and induce cell death. These findings suggest that hMOB1A and 1B 

may be novel tumor suppressors that regulate critical cellular events. 

 

4.1. Molecular characterization of the human MOB family 

The MOB genes are well conserved across species. Their roles in maintaining cell 

division and cytokinesis are well-established in budding yeast and fission yeast. Their 

tumor suppression function is also evident in Drosophila. However, the functions of the 

seven hMOBs are in mammalian systems including humans are still unclear.   

As a first step in this investigation, RT-PCR analysis was used to determine 

hMOBs expression in 20 different human tissues (Figure 6). All seven hMOBs are 

selectively expressed in the mammalian systems, indicating that each of them might have 

different functions in different tissues. Most interestingly, hMOB2B is the only hMOB 

predominantly expressed in trachea, whereas hMOB4 is the only hMOB expressed in 
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kidney (Figure 6). It is possible that hMOBs may be expressed in other cells and tissues 

not tested in this experiment, such as neurons, breast, skin and pancreatic tissues. Further 

analysis of hMOBs in other human tissues will expand our knowledge of the hMOB 

family in mammals.  

In this study, we have found that hMOB1A/B, 2B, 3, and 5 are localized in both 

the nucleus and cytoplasm, and hMOB4 is predominantly distributed in the nucleus, 

whereas hMOB2A is only apparent in the cytoplasmic compartment (Figure 8). Our 

study represents the first report on the subcellular localization of hMOB2A, 2B, and 3. 

Most interestingly, different from all other hMOBs, hMOB2A is solely localized in the 

cytoplasm, suggesting that it may have unique functions in the cells. However, different 

from our results, previous studies found that hMOB1A and hMOB1B were exclusively 

found in the cytoplasm, and hMOB4 (called hMOB2 in their paper) was detected either 

predominantly in the nucleus or in both nucleus and cytoplasm [65]. The reason for these 

differences is currently unknown. We have confirmed our hMOB cDNA sequences by 

sequencing all the plasmids used and our immunostaining results have also been 

confirmed using three different anti-HA antibodies (12C5, Y11, and H6908). Since 

sequences and GenBank Accession number of hMOB cDNA used in their studies are 

unknown, it is possible that they used different variants of hMOBs in their studies. 

Nevertheless, our studies on the subcellular localization of hMOB family members 

provide very useful information for the further characterization of the functions of 

different hMOBs in the cells.  
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4.2. Interaction of hMOBs with the LATS/NDR kinase family 

Previous evidence has demonstrated that hMOB1 binds to and activates members 

of the LATS/NDR kinase family [45,62-66]. However, there is no evidence whether 

other members of the hMOB family also bind LATS/NDR. Our interaction data have 

demonstrated that only hMOB1A and hMOB1B were able to bind strongly with 

LATS1/2 and NDR1/2 in vitro (Figure 9). Although further in vivo co-

immuniprecipitation assays will finally confirm our results from in vitro, it is generally 

observed that no interaction will be found in vivo if there is no direct interaction of two 

proteins in vitro. Therefore, it is most likely that hMOB1A and hMOB1B are the major 

binding partners of LATS and NDR. Additionally, we have also found that the first 142 

amino acids on hMOB1B are critical for its interaction with LATS1 and NDR1 (Figure 

11). This domain includes most of the conserved residues and the N-terminus of the 

protein. According to the crystal structure of hMOB1B, these 142 amino acids contain a 

negatively charged conserved surface, which is suggested to be the site for kinase 

interaction. However, mutation of a single conserved residue (P48A and Y114A) in this 

region of hMOB1B did not abolish its interaction with LATS1 or NDR1, suggesting that 

the whole structure of the 142 amino acids at the N-terminal region of hMOB1B may be 

important for its interaction with LATS/NDR. This may explain why other members of 

hMOBs (hMOB2A/B, hMOB3-5), which may have distinct protein structures due to non-

conserved residues (Figure 3), did not bind strongly to LATS/NDR. Coincidentally, the 

hMOB1-binding motif on LATS and NDR is made up of basic and hydrophobic residues, 

and hence, is positively charged. Previous study showed that a single mutation of the 
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residue R694 on the positively charged region of LATS1 can completely abolish its 

interaction with hMOB1 and dramatically reduces LATS1 kinase activity [64]. Upon 

comparing the sequences between LATS2 and LATS1, a single mutation of arginine at 

the residue 657 into alanine on LATS2 located on the hMOB1-binding motif was 

constructed and it was shown that the LATS2 R657A mutation is sufficient to abolish the 

hMOB1 interaction (Figure 10). Therefore, the intactness of the negatively charged 

domain is essential for the hMOB1B interaction with positively charged domains of 

LATS1 and NDR1 kinases. Our results are therefore consistent with the crystal structure 

of hMOB1B, and furthermore elucidate a crucial residue R657 of LATS2 for binding. By 

identifying other crucial residues that are important for hMOB1 interaction or LATS2 

activation by hMOB1, this will allow us to have a closer look of the significance of 

hMOB1B and LATS2 interaction and their roles in cellular processes.   

Though the other members of the hMOB family are not major binding partners of 

LATS/NDR kinase family, they may bind with other cellular proteins to exert important 

functions in the cell. A previous study showed that hMOB5 forms a complex with protein 

phosphatase 2A, which may be involved in the modulation of cytoskeleton and 

membrane structures [67]. Moreover, a most recent study in Drosophila demonstrated 

that dMOB4, which fails to bind with LATS and NDR, is involved in the organization of 

spindle poles with an unknown cellular protein [60]. Therefore, identifying the binding 

partners for the other hMOBs is necessary to determine the importance of hMOB proteins 

in cellular functions. 
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4.3. Regulation of cell proliferation by hMOB1 

In this and previous studies, hMOB1 was demonstrated to be the major binding 

partner of the LATS/NDR kinase family. The LATS/NDR kinase family is involved in 

critical cellular processes such as cell proliferation and apoptosis. Activation of these 

kinases requires the interaction with hMOB1, as reported previously [45,62-66].  LATS, 

the governor of G1/S and G2/M cell cycle arrest, is a tumor suppressor and has recently 

been identified as the major player in the emerging Hippo-LATS tumor suppressor 

pathway. Though hMOB1 is required for the activation of LATS, not enough research 

has been done to investigate the functions of hMOB1. Our experimental results carried 

out so far indicate that hMOB1 is also a novel negative regulator of cell proliferation. 

Over-expression of hMOB1B inhibits tumor cell proliferation (Figure 14B), whereas loss 

of hMOB1A or hMOB1B increases cell proliferation (Figure 16). Interestingly, 

suppression of both hMOB1A and hMOB1B leads to a more dramatic phenotype in cell 

proliferation compared to that of a single gene down-regulation. This observation 

suggests that both hMOB1A and hMOB1B are potential tumor suppressors and they 

complement each other in the regulation of cell proliferation. Their high sequence 

similarity, the same binding affinity with LATS/NDR kinase family, their identical 

pattern in tissue expression and the similar effect they have on cellular processes may 

underlie their synergistic effect.  Additionally, over-expression of either LATS1 or 

LATS2 with hMOB1B suppresses cell proliferation tremendously (Figure 17). Since 

LATS requires hMOB1 for full activation, hMOB1A and hMOB1B may conduct their 

tumor suppressing functions through the LATS kinases.   
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Surprisingly, over-expression of hMOB1B targeted to the plasma membrane has 

dramatically suppressed cell proliferation. As reported earlier, interaction of LATS or 

NDR with hMOB1 targeted to the plasma membrane dramatically increased the kinase 

activities of NDR and LATS [65,66]. It is proposed in the mammalian Hippo-LATS 

pathway model that prior to the activation of LATS by hMOB1, LATS and hMOB1 must 

be phosphorylated by MST1 or MST2 kinases near the plasma membrane (Figure 4).  

Our findings are consistent with the previous studies and the suggested model. Therefore, 

we propose that hMOB1A and hMOB1B are also critical components of the newly 

emerging tumor suppressor Hippo-LATS signaling pathway. Since both LATS1 and 

LATS2 monitor the progression of the cell cycle closely [27,65], over-expression or 

suppression of hMOB1 would affect the activities of both LATS1 and LATS2 in the 

regulation of cell cycle (Figure 19). However, no significant differences were reflected in 

our FACS cell cycle profiles as compared to that of the control cells. To further 

investigate whether hMOB1B affects cell proliferation, BrdU (5-bromo-2-deoxyuridine) 

labeling could be employed to detect and quantify DNA synthesis of the proliferating 

cells. BrdU can be incorporated into the DNA during replication and then detected by 

BrdU specific antibodies to measure the amount of the newly synthesized DNA. 

Measurements can be done at different time points and the results compared with the 

control cells. 

An intriguing question that arises from these results is what is the molecular 

mechanism behind the interaction of LATS with hMOB1A and hMOB1B. We have 

found that loss of either hMOB1A or hMOB1B can cause enhanced cell proliferation, 
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suggesting that they may form a dimer to activate LATS. Unfortunately, no investigation 

has been reported on whether the members of hMOB family have the ability to form 

homodimers or heterodimers. Our findings showed that the expression pattern of 

hMOB1A and hMOB1B in the human tissues are very similar and both proteins possess 

identical subcellular localizations and bind strongly to LATS/NDR family protein with 

similar affinity (Figures 6 and 8). The fact that the sequences of hMOB1A and hMOB1B 

are highly similar raises the intriguing possibility that hMOB1A may associate with 

hMOB1B to form a hMOB1 heterodimer to fully activate LATS. Disruption of either 

hMOB1A or hMOB1B may compromise their functions in LATS regulation. Further 

experiments are required to confirm this possibility. Here, we propose that hMOB1A and 

hMOB1B may form a hMOB1 heterodimer and it is phosphorylated by MST1/2 near the 

plasma membrane and subsequently activates LATS kinase to trigger downstream events 

(Figure 20). Therefore, over-expression of both hMOB1A and hMOB1B will lead to 

synergistic effects, whereas suppression of hMOB1A or hMOB1B or both will 

compromise or completely abolish their ability to activate LATS, which causes enhanced 

cell proliferation or tumorigenesis. 

 

4.4. Over-expression of hMOB1 induces cell death 

Our results indicated that over-expression of hMOB1B increases cell death in 

human mammary and colorectal cancer cell lines (Figure 18). It was previously showed 

that LATS is also able to induce apoptosis through p53 in both cell lines tested [24,27].   
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Figure 20. Proposed model for the molecular mechanism of hMOB1A and hMOB1B 
for LATS phosphorylation in the mammalian Hippo-LATS pathway. 
The synergistic effect of hMOB1A and hMOB1B suggests that hMOB1A and hMOB1B 
may form a hMOB1 heterodimer prior to LATS activation to trigger downstream events 
in the Hippo-LATS pathway. Solid yellow arrows indicate reported relationships in 
activation, whereas the dashed arrow and the question mark indicate speculative 
relationships with an unknown mechanism. Perpendicular solid lines indicate reported 
relationships in inhibition.  
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Therefore, hMOB1 may also have the ability to stimulate apoptosis via LATS kinase 

activation.  In addition, we have demonstrated that hMOB1B targeted to the plasma 

membrane significantly increases cell death compared to over-expressing hMOB1B 

alone. Consistent with the proposed model for the Hippo-LATS pathway, hMOB1 may 

be phosphorylated by MST1/2 near the plasma membrane and subsequently activates 

LATS to induce apoptosis. Since previous studies showed that LATS induces apoptosis 

upon its kinase activation and hMOB1 is the upstream regulator of LATS, the observed 

cell death from over-expressing hMOB1B in our study is highly likely to be caused by 

LATS induced apoptosis. Knockdown of LATS in hMOB1B-over-expressing cells will 

finally confirm whether LATS is essential for hMOB1-induced apoptosis. Moreover, 

further direct assay on apoptosis using FACS analysis as described previously in our lab 

[24] or detection for other apoptotic proteins such as caspases or cleaved PARP proteins 

will strengthen our results obtained from cell death assays.   

  

4.5. Future Directions 

In mammals, there are seven members of the MOB family. Little is known about 

their molecular and cellular functions. Our study has taken the first step to explore all 

seven members of the human MOB. Continuation of this exploration will lead us to 

unravel the importance of hMOBs in the cell. Examining hMOBs expression in human 

tissues that have not been tested in this study and observing hMOB subcellular 

localization during different phases of the cell cycle will allow us to extend our 

knowledge on the basic biology of the cell cycle. In addition, identifying the cellular 
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proteins that interact with the members of hMOBs is critical to discover the functions of 

each hMOB member. Our study has also investigated the functions of hMOB1, which 

previously has not been reported. We have provided in vitro evidence that hMOB1 may 

be a tumor suppressor that regulates cell proliferation and apoptosis in cancer cell lines. 

Further examining the roles of hMOB1 in tumorigenesis using a mouse model in vivo or 

screening for mutations or down-regulation of hMOB1 will finally confirm it is a bona 

fide tumor suppressor in mammals. Moreover, hMOB1 may also be involved in other 

cellular processes that modulate tumor development by interacting with other proteins. 

Therefore, discovering novel cellular proteins that interact with hMOB1 will provide 

important information for diagnosis and treatments of human cancer. Furthermore, 

hMOB1 may also be a prognostic factor for predicting tumor development similar to 

LATS1 which is a prognostic factor for breast cancer and LATS2, a predictor for 

treatment in breast cancer [36,38]. A more detailed study of the human MOB family 

regulation at the molecular level will be essential to fully understand the role of this 

family in cancer development. 

 

4.6. In Summary 

The present study characterizes all the members of the mammalian MOB family.  

Their unique expressions in human tissues and their distinct subcellular localizations 

suggest that they may have different functions in the cell. Evidently, hMOB1A and 

hMOB1B are the primary binding partners of LATS and NDR. Additionally, hMOB1 
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regulates cell proliferation in a cervical cancer cell line and coordinates apoptosis in both 

mammary and colorectal cancer cell lines. Since LATS requires hMOB1 to activate its 

kinase activities, hMOB1 possibly exerts its cellular functions through LATS kinase. In 

addition, the first 142 amino acids of hMOB1 are essential for the interaction with LATS 

and NDR. Conserved residue R657 on LATS2 is also crucial for hMOB1 binding. 

Interestingly, hMOB1 targeted to the plasma membrane significantly enhances the 

suppression of tumor growth when over-expressed and the stimulation of cell death when 

down-regulated.  Our findings, in addition to previous ones, support the proposed model 

of the mammalian tumor suppressing Hippo-LATS pathway, in which hMOB1 is 

phosphorylated by MST1/2 near the plasma membrane and subsequently binds and 

activates LATS kinase activities.  Therefore, hMOB1 is also a critical component of the 

emerging Hippo-LATS pathway.  Overall, our results point to the conclusion that 

hMOB1 is a negative regulator of cell proliferation and induces cell death through the 

activation of LATS kinase.   
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APPENDIX – MATERIALS 
 
General Use 
 
Phosphate Buffered Saline (PBS) 

137 mM NaCl 
2.68 mM KCl 
21.7 mM Na2HPO4.H2O 
1.47 mM KH2PO4 
Adjust to volume with dH2O and pH 7.3 

 
 
Cell Lysis 
 
2 × SDS sample buffer 

200 mM Tris-HCl (pH 6.8) 
200 mM DTT 
20% glycerol 
4% sodium dodecyl sulfate (SDS) 
0.02% bromophenol blue 
dH2O 

 
5 × protein loading buffer 

0.29M Tris HCl (pH 6.8) 
8.57% SDS (w/v) 
30% glycerol 
4.2% β-mercaptoethanol 
0.2 mg bromophenol blue 
dH2O 

 
1% Nonidet (N) P-40 Lysis Buffer 

50 mM Tris-HCl (pH 8.0) 
150 mM NaCl 
1% NP40 
10% glycerol 
dH2O 
Keep at 4°C 

 
RIPA Lysis Buffer 

50 mM Tris HCl (pH 8.0) 
150 mM NaCl 
0.02% Sodium azide 
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NP-40 
0.1% SDS 
0.5% Sodium Deoxycholate 
dH2O 
Keep at 4°C 

 
 
Fusion Protein 
 
Coomassie bright blue staining solution 

0.25% Coomassie Bright Blue 
45% Methanol 
10% Glacial acetic acid 
dH2O 
Filter the solution through a Whatman No.1 filter to remove any particle matter 

 
Destaining solution 

25% Methanol 
7% Glacial acetic acid 
dH2O 

 
 
SDS-PAGE and Western Blotting 
 
Resolving Gel (one mini Bio-Rad gel) 

12% gel 15% gel 
dH2O          3.3ml     2.3ml 
30% acrylamide mix     4.0ml     5.0ml 
1.5M Tris (pH 8.8)     2.5ml     2.5ml 
10% SDS       0.1ml     0.1ml 
10% ammonia persulphate    0.1ml     0.1ml 
TEMED      4.0μl     4.0μl 

 
5% Stacking gel (one mini Bio-Rad gel) 

dH2O       3.40ml 
30% acrylamide mix     0.83ml 
1.0M Tris (pH 6.8)      0.63ml 
10% SDS         50μl 
10% ammonium persulfate        50μl 
TEMED           5μl 

 
1 × SDS running buffer 

250mM Tris-Base 
2.5M Glycine 
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1% SDS 
 Adjust to volume with dH2O 
 
1 × SDS-PAGE gel transfer buffer 
 25mM Tris 
 192mM Glycine 
 20% Methanol 
 Adjust to volume with dH2O and pH 8.3 
 
TBS-T 

20 mM Tris base 
137 mM NaCl 
1M hydrochloric acid 
0.1% Tween-20 
Adjust to volume with dH2O and pH 7.6 

 
DAB buffer 
 90% Peroxide buffer 
 10% 10 × DAB substrate solution 
 
Ponceau S solution 
 0.1% Ponceau S 
 Adjust to volume with 1% acetic acid solution 
 
 
Cell Maintenance 
 
HCT116 McCoy’s 5A medium 
 12g McCoy’s medium 
 2.2g Sodium bicarbonate 
 Adjust to volume with dH2O and pH 7.4 
 Filter the solution for sterilization 
 
*All cell lines are passed with Trypsin/EDTA 
*All cell lines are froze in either DMEM or McCoy’s 5A medium with 10% FBS and 
10% DMSO  
 
 
Immunoflorescence 
 
Blocking and hybridization solution (BHS) 

1% BSA 
2% normal goat serum 

Adjust to volume with 1 × PBS 
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pWPI vector: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Legend:  
 
ORI: Origin 

LTR: long term repeat 

psi (ψ): a shorter packaging signal 

RRE: rev response element 

cPPT: central polypurine tract 

EMCV IRES: an internal ribosomal  
entry site (IRES) element from the  
encephalomyocarditis virus (EMCV) 

GFP: green fluorescent protein 

WPRE: woodchuck posttranscriptional  
regulatory element 

SIN: self inactivating  

AmpR: ampicillin resistance  
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