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Abstract

The family of Mps One binder (MOB) co-activator proteinsis highly conserved from yeast to
man. At least two different MOB proteins have been identified in every eukaryote analysed to
date. Initialy, yeast genetics revealed essential roles for Moblp and Mob2p in the regulation of
mitotic exit and cell morphogenesis. Studies in flies then showed that AIMOB1/MATS isacore
component of Hippo signalling. Loss of dMOB.1 resulted in increased cell proliferation and
decreased cell death, suggesting that MOB1 acts as tumour suppressor protein. Recent work
focused primarily on mammalian cells has shown how hMOB1 can regulate NDR/LATS kinases,
afunction that can to be counteracted by hMOB2. Here we summarise and discuss our current
knowledge of this emerging protein family, with emphasis on subcellular localisation, protein-
protein interactions and biological functionsin apoptosis, mitosis, morphogenesis, cell
proliferation and centrosome duplication.
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1. Introduction

Signal transduction cascades control essential biological processes, such as cell division,
morphogenesis, cell growth, and controlled cell death/apoptosis. The vast mgjority of
signalling machineries transmit extra- and intracellular inputs through protein kinases, hence
it is not surprising that protein kinases are one of the largest superfamilies found in the
human genome [1]. Research has shown that members of the AGC kinase subfamily of
protein kinases play diverse and crucia cellular functions[2]. In particular, members of a
subgroup of the AGC group of protein kinases termed the LATS (large tumour suppressor) /
NDR (nuclear Dbf2-related) family of kinases have attracted much attention over the past
few years. Thisfamily of kinasesis highly conserved from yeast to man [3]. Human cells
express four related NDR kinases: NDR1 (also known as serine/threonine kinase 38 or
STK38), NDR2 (or STK38L), LATSL (large tumour suppressor-1) and LATS2. In
Drosophila melanogaster, Trc (tricornered) and Warts kinases correspond to human NDR1/2
and LATSLV/2, respectively. In Saccharomyces cerevisias, Dbf2p/Dbf20p and Cbk1p have
been classified as NDR/LATS kinases, and in Schizosaccharomyces pombethe kinases
Sid2p and Orb6p are the counterparts of mammalian NDR/LATS.

sydLosnue |\ Joyiny siepund DA @doun3 ¢

A decade ago, members of the NDR/LATS family were of central interest to several yeast
geneticists based on the essential roles of Dbf2p and Sid2p in mitotic exit of yeast cells[4].
Over the past years, fly geneticists grew more and more interested in Trc and Warts due to
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the involvement of NDR/LATS kinases in Hippo signalling, a novel tumour suppressor
cascade that controls the proto-oncogene Y orkie (Yki). Yki has attracted alot of attentionin
its own right since the proto-oncogenes Y AP and TAZ are the human orthologues of Yki [2,
5-9]. Significantly, NDR/LATS kinases do not function independently. On the one hand,
members of the Ste20 kinase family are required to phosphorylate and thereby activate
NDR/LATS kinases [3]. On the other hand, binding of members of the MOB (Mps one
binder) protein family is essential for NDR/LATS kinases to fully function (see section 5 for
adetailed discussion).

In budding and fission yeast, MOB proteins are expressed by two independent genes.
Mob1p associates with Dbf2p and Sid2p, and Mob2p binds to Cbk1p and Orb6p,
respectively. In Drosophila the picture is more complicated, as the fly genome encodes
three different MOBSs, termed dM OBs (DrosophilaMOB proteins). In mammals, the
complexity is even higher, because at least six different MOB proteins are encoded by
independent genes. Asif the biological complexity is not challenging enough, the research
community has given each human MOB protein several names. Therefore, the nomenclature
used in this review has been simplified as follows: hMOB1A (aso termed MOBKL 1B,
MATSL, MoblA, hMOB1B and Mob4a), hMOB1B (MOBKL 1A, Moblb, hMOB1A, and
Mob4b), hMOB2 (HCCAZ2, and hMOB3), hMOB3A (MOBKL2A, Mob3A, MOB-LAK,
hMOB2A, Mob1C), hMOB3B (MOBKL2B, Mob3B, hMOB2B, Mohb1D), and hMOB3C
(MOBKL2C, Mob3C, hMOB2C, MoblE). The phylogenetic tree and sequence identities of
MOB proteins expressed in yeast, fly and human cells are displayed in Fig. 1 using this
proposed nomenclature.

2. MOB proteins in budding and fission yeast

In 1998, Luca and Winey described the first MOB protein [10]. By screening for novel
interactors with the M pslp kinase, they discovered Mob1p, standing for M ps one binder 1p.
Their initial data suggested that Moblp is essentia for the survival of cells, and playsarole
in spindle pole body duplication of Saccharomyces cerevisiae(the yeast equivalent of
centrosome duplication in multicellular organisms). However, follow up studies by severa
laboratories revealed that Mobl1p also plays a central rolein the mitotic exit network (MEN)
of budding yeast [11-16]. In summary these studies showed that after the initial activation of
Tem1p, the Cdc15p protein kinase is stimulated, followed by increased activity of the
Mob1p/Dbf2p complex. Thisresultsin the release of protein phosphatase Cdc14p from the
nucleolus into the cytoplasm, thereby leading to a dephosphorylation wave through which
cyclin B/cdc34p is inactivated, finally allowing the exit from mitosis (Fig. 2, see also [4]).
For sometime it was unclear how Moblp in complex with Dbf2p relayed the signal to
Cdc14p [4], however, Mohl et a. (2009) recently showed that the Mob1p/Dbf2p complex
can directly phosphorylate Cdc14p, thereby triggering the required relocalisation of Cdcl4p
at the end of mitosis[17].

In Schizosaccharomyces pombe, Mablp is also essential for controlled exit of mitosis [4].
Given the differences between budding and fission yeast in mitosis, the budding yeast MEN
was termed septation initiation network (SIN) in S pombe Using a similar signalling
cascade as reported for MEN, Moblp in complex with the kinase Sid2p (the fission yeast
counterpart of Dbf2) controls the Clplp phosphatase (the counterpart of Cdcl14p) [18-20].
Significantly, the Mob1p/Sid2p complex also phosphorylates Clplp, thereby affecting the
subcellular localisation of Clplp [21]. In summary, in budding and fission yeast, Mobl1p in
complex with the NDR/LATS kinases Dbf2p or Sid2p is essential for the functionality of
MEN and SIN, respectively [4].
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Significantly, Luca and Winey also laid the foundation for research on the second MOB
proteinin S cerevisiae[10]. In addition to defining the first function of Moblp, they
showed in the same report that Mob2p is a non-essential protein in yeast [10]. Nevertheless,
research revealed an important role for Mob2p in the regulation of asymmetry in budding
yeast by inducing Ace2p daughter-specific genetic programs[22, 23]. Additional studies
showed that Mob2p in complex with Cbk1p (the second NDR/LATS kinasein S cerevisiad
controls polarized growth, hence the signalling network centering around Mob2p was
termed RAM (regulation of Ace2p activity and cellular morphogenesis) [24, 25].In S
pombe, Mob2p was also found in complex with the second NDR/LATS kinase Orb6p [26].
In full support of the findings in budding yeast, studies showed that the Mob2p/Orb6p
complex coordinates a morphogenesis network in S pormbe[ 26, 27].

In summary, budding and fission yeast express two different MOB proteins. Mobl1p binds to
Dbf2p and Sid2p, respectively, thereby having a central function in the control of exit from
mitosis. Mob2p, on the other hand, associates with Cbk1p and Orb6p, respectively, playing
akey part in the regulation of cell morphogenesis networks. Significantly, Moblp does not
interact with Orb6p, and Mob2p does not associate with Sid2p [18, 26]. Therefore, in yeast
Mob1p and Mob2p function in independent, non-interchangeable complexes, thereby
regulating two different biological processes by their binding to the corresponding NDR/
LATSkinases (Fig. 2).

3. MOB proteins in Drosophila melanogaster

In 2005, fly geneticists started the hunt for understanding physiological functions of MOB
proteins in multicellular organisms. Lai et al. (2005) described that dM OB (also termed
MATS for MOB as tumour suppressor) is essential for the control of cell proliferation and
death in D. melanogaster [28]. Significantly, they showed that dAM OB is the counterpart of
hMOB1A, since the loss of dAMOB1 could be rescued by hMOB1A expression. Furthermore,
they reported that complete loss of dMOBL1 is lethal for flies[28]. Lai and colleagues then
studied flies lacking dMOB1 in more detail, revealing that dAMOB1 is essential for early
development, most likely because dMOBL is reguired for proper chromosomal segregation
in developing embryos [29]. However, since the mitotic spindle checkpoint does not seem to
be compromised upon loss of dAMOB1 [29], it is yet unclear how loss of dMOB1 can lead to
aberrant mitoses. One possibility isthat dMOB1 functions in mitosis together with Warts
(the LATSL/2 kinases counterpart in flies) as already shown by Lai and colleagues for the
control of cell proliferation and death [28, 30]. Nevertheless, future research has yet to
determine whether dMOB1 signalsin complex with Wartsin mitosis.

Since hMOB1 can activate LATS1 when targeted to the plasma membrane [31], the Lai
laboratory also analysed the role of dM OB at the plasma membrane [32]. Significantly,
they observed that endogenous dMOB1 islocated at the plasma membrane in developing
tissues. By constitutively targeting dM OB to the plasma membrane, they further showed
that membrane-targeted dM OB 1 can cause reduced tissue growth and organ size by
regulating Warts kinase [32]. Therefore, it isvery likely that at least in flies the plasma
membrane is an important site of action for dMOB1 with respect to its role in tumour
suppression. Taken together, dAMOB1 is how an established core component of Hippo
tumour suppressor signalling by functioning as an activator of Warts, one of two NDR/
LATSkinasesin D. melanogaster |8, 9]. Nevertheless, the current picture is more
complicated, as dMOB1 also interacts genetically with Trc, the second NDR/LATS kinase
in flies [33]. The Trc dominant negative phenotype is enhanced by a mutation in dMOB1,
and larval phenotypes of flieslacking dMOB1 are similar to that of flies without functional
Trc [33]. These findings indicate that dM OB 1 does not specifically bind to asingle NDR/
LATSkinase (Fig. 3), as observed in budding and fission yeast (Fig. 2). Perhaps future
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research on dMOB1 will unveil how dMOB1 can regulate Warts and Trc kinasesin their
respective biological processes, as already reported for their upstream kinase Hippo in
dendritic tiling and maintenance [34].

In contrast to yeast, flies express not two but three different MOB proteins. In spite of
growing interest in dM OB, the biological functions of dIMOB2 and dMOB3 are less
understood. dMOB2 seemsto play arole in wing hair morphogenesis [33]. The Adler
laboratory showed further by co-immunoprecipitation and yeast two hybrid experiments that
dMOB2 can form acomplex with Trc [33]. This suggests that dMOB2 might function in
complex with Trc. Notably, the role of dMOB2 in flies seems to differ from that of dMOB1,
given that mutationsin the dM OB2 gene do not significantly synergise with loss or gain of
Trc kinase in enhancing morphological phenotypes [33]. Nevertheless, overexpression of a
truncated form of dMOB2 leads to fly wing phenotype similar to the Trc mutant [33],
suggesting a potential dominant-negative role of dMOB2 in flies. In this context, it is very
intriguing that the truncated dMOB2 variant displays high sequence similarity with full-
length hMOB2 [35], recently been shown to function as an inhibitor of NDR1/2 kinase
signalling by competing with hMOB1 in mammalian cells [35]. Therefore, it isvery
tempting to speculate that dMOB2 can inhibit Trc by a similar mechanism as reported for
the human counterpart [35]. Research is now required to test whether dMOB2 can
negatively regulate the Trc kinase by competing with dMOB1. Recently, dAMOB2 was also
reported to play arolein the development of photoreceptor cells[36], but the mechanism of
action is currently unknown. Any clear function or binding partner of dMOB3 also remains
elusive, although dMOB3 was initially reported to genetically interact with Trc [33].

In summary, one can conclude that, unlike in yeast, D. melanogasterindividual Mob
proteins interact with both NDR/LATS kinases (Fig. 3). Furthermore, individual NDR/
LATSkinases are able to interact with different Maob proteins (Fig. 3). AMOB1 playsarole
in the control of Trc and Warts kinases. The interaction of dMOB1 with Wartsis much
better understood, since the dAMOB1/Warts complex is a core component of Hippo
signalling, which is an essential tumour suppressor cascade required for the correct
coordination of cell proliferation and apoptosis. Consequently, loss of dMOBL1 resultsin
tissue overgrowth that is associated with increased cell proliferation and decreased cell
death. In addition to dMOB1, dMOB2 seemsto control Trc, but we currently cannot exclude
the possibility that dAMOB2 might also play arole in the regulation of Warts. dMOB3 might
also play apart in Trc and Warts signalling, however, this research aspect is yet to be
addressed. Taken together, the current evidence supports the notion that in multicellular
organisms, the binding of MOB proteinsis not restricted to aunique NDR/LATS kinase.

4. MOB proteins in mammals

4.1 Subcellular localisation and binding partners of mammalian MOB proteins

hMOB1A and hMOB1B (also termed hMOB1) are mainly cytoplasmic proteins [37, 38],
but can hyperactivate NDR/LATS kinases when targeted to the plasma membrane of
mammalian cells[31, 37]. hMOB1 also plays arole in centrosome duplication [38], but
although hMOB1 has been reported to localise on centrosomes [39, 40], it is yet unclear
whether the centrosomal pool of hMOBL is the key player in centrosome duplication.
Recently hMOB1 was also found on kinetochore structures of mitotic cells[39], but the
biological importance of this kinetochore association is yet to be established.

hMOB1 can bind to al four human NDR/LATS kinases [31, 35, 37, 38, 40-48].
Intriguingly, these interactions are mediated through a domain in NDR/LATS kinases which
is conserved from yeast to man [3]. The importance of these interactionsis discussed in
section 5 below. Furthermore, hMOB1A has been reported to associate with various
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proteins, such as NDR2/STK38L, S100A8, TRIP6, TSSC1, Nup98, HDACS3, DEGS, SGK,
and TRAF6 [49]. However, except for the interaction of hMOB1A with NDR kinases [37,
38, 41, 44], the binding of these factors to hMOB1A has not been confirmed by
conventional interaction assays. A second large-scale screen revea ed that hMOB1A appears
to associate with DIPA [50], which may be of interest, since this coiled-coil protein has been
detected on centrosomes [51]. However, the importance of thisinteraction has as yet not
been studied. h(MOB1B has not been found in any screens addressing protein-protein
interactions, most likely because hMOB1B is 95% identical to hMOB1A ([44, 52] see dso
Fig. 1) and hence, researchers did not discriminate between the two proteins when analysing
their samples.

In contrast to al other MOB proteins, a substantial fraction of hMOB2 is detected in the
nucleus [37, 38]. hMOB2 binds to NDR1/2 kinases, but does not associate with LATS1/2
kinases [31, 35, 37, 38, 40, 44]. Significantly, hMOB2 binds to the same domain on NDR1/2
ashMOB1 [35], and this binding opposes the activation of NDR1/2 by hMOB1 (please see
section 5 for amore detailed discussion of this point).

Similar to hMOB1, hMOB3A/B/C are mainly cytoplasmic proteins[38, 53], which neither
bind to NDRL/2 nor to LATS1/2 kinases [35]. hMOB3A/B/C do not activate NDR1/2 and
LATSL/2 kinases [35], in spite of high sequence similarity between hMOB3A/B/C and
hMOBL1 (Fig. 1). (MOB3B seemsto interact with Mitogen activated protein kinase p38
alpha (also termed MAPK14) [54], CNK2/KSR2 [49], and NT5C2 [50]. However, these
interactions have as yet not been confirmed by standard co-immunoprecipitation and co-
fractionation experiments. No binding partners for (MOB3A or hMOB3C have been
reported to date.

4.2 Mammalian MOB proteins in disease

Human cells express two hMOB1 proteins (hMOB1A and hMOB1B) that are 95% identical
at the protein level ([37, 44, 52] see dso Fig. 1). Mutationsin hMOB1A have been found in
human cancer cells[28]. hMOB1A mRNA levels are low in human colorectal and lung
cancer samples[55, 56]. In support of this putative tumour suppressor role, expression of
hMOB1A in flieslacking Mats’dMOB1 (the fly counterpart of hMOB1) is sufficient to
restore normal tissue growth [28], suggesting that hMOB1A isindeed a tumour suppressor
protein. In this context it is noteworthy to mention that inactivation of the murine MOB1B
locus seems to correlate with cancer development [57]. In further support of atumour
suppressor role for hMOB1, hMOB1 phosphorylation of Thr12 was significantly decreased
in human liver cancer samples, displaying a strong correlation with reduction of inactivating
phosphorylation of the proto-oncogene Y AP [58]. However, a clear tumour suppressive
function of hMOB1 has not yet been validated in amammalian system. Most likely, given
that MOB1B phosphorylation on Thr35 was observed in the spleen, brown fat, liver,
pancreas and testis [59], the inactivation of MOB1 in various tissues will have to be
analysed in the context of tumour suppression.

Elevated expression of the mRNA encoding for hMOB?2 is associated with hepatocellular
carcinoma development and progression [60]. However, the hMOB2 mRNA also encodes an
overlapping (but entirely distinct) ORF [60]. Therefore, it is currently unclear whether the
putative 50 kDa HCCA2 (HepatoCellular Carcinoma-associated gene 2) protein or hMOB2
isdriving cancer development. Unfortunately, in spite of the clear differences between
hMOB2 and HCCAZ2, the vast majority of databases still use the synonyms hMOB2 and
HCCAZ2 interchangeably.

Asmentioned in section 4.1, hMOB3B seems to interact with MAPK 14, CNK2/KSR2, and
NT5C2. Given that NT5C2 expression levels have been used as a prognostic marker in lung
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cancer and haematological malignancies [61-63], it is tempting to speculate that the
interaction with NT5C2 might be the most relevant in human disease. In this context, one
should note that altered expression of hMOB3A and hMOB3B has been reported in mantle
cell lymphoma[64, 65]. However, studies addressing the biological significance of changes
in hMOB3A/B expression are missing to date. Any involvement of hMOB3C in human
diseasesis yet to be reported.

Taken together, (MOB1 seems to represent a tumour suppressor protein. Potentially, loss of
MOB1 could result in similar loss of function phenotypes as reported for its binding partners
NDR1 [66] and LATS1/2 [5]. However, MOB1 knock-out animals have not been reported to
date. Transgenic animals allowing researchers to address the physiological functions of
MOB2 and MOB3A/B/C are also not available. We are therefore likely to see exciting new
discoveries related to MOB proteins and their role in cancer biology in the near future.

5. Regulation and functions of mammalian MOB proteins

5.1. Regulation of and by MOB proteins

In 1998, besides describing the MOB proteins Mobl1p and Mob2p, Luca and Winey also
provided the first lead in the regulation of Mobl1p by observing that Moblp is a phospho-
protein [10]. Mah et al. (2001) then reported that Cdc15p (the yeast counterpart of the Hippo
kinase in flies) can phosphorylate Moblp [15]. Next, Wei and colleagues published that the
phosphorylation of dMOB1 by Hippo could play arole in Hippo signalling [30]. Thus,
genetic and biochemical studies of yeast and flies not only revealed the involvement of
MOBsin MEN, SIN, Hippo and morphogenesis networks, but also laid the foundation for
studies addressing how M OB proteins are regulated. Neverthel ess, the precise mechanisms
of MOB regulation have been established in mammalian systems. The Avruch laboratory
studied in detail the phosphorylation of hMOB1 by M ST1/2 kinases (the two human
counterparts of Cdc15p and Hippo kinasesin yeast and flies, respectively) [67]. Praskova et
al. observed that hMOBL1 is specifically phosphorylated on Thr12 and Thr35 by MST1 and
MST2, where active MST2 bound to hMOB1, while kinase-dead MST2 and wild-type
MST1 did not [67]. The significance of these differencesin protein-protein interactionsis
unknown, but does not seem to affect the phosphorylation of (MOB1 by MST1 or MST2.
Therefore, Praskova et a. focused on understanding the importance of the phosphorylation
of hMOB1, and not the differencesin complex formations. Their efforts revealed that the
phosphorylation of hMOB1 on Thr12/Thr35 is required for the interaction of hMOB1 with
NDR/LATS kinases [67], which was confirmed later by another laboratory [68]. Most likely
phospho-hMOB1 has an increased affinity for NDR/LATS kinases due to conformational
changes triggered by the phosphorylation of Thr12/Thr35. Unfortunately, the published
crystal structure of (MOBZ1A does not contain the N-terminal 32 residues [52], therefore
limiting our current understanding on how phosphorylation on Thr12/Thr35 of hMOB1A
could affect the three-dimensional structure of this globular co-activator protein. Insight into
this aspect will be crucial, since the phosphorylation of hMOB1 on Thr12/Th35 appears to
be important in cell proliferation [67], apoptosis signalling [58], and the control of the proto-
oncogene YAP [58]. As mentioned earlier, it is also striking that phosphorylation on Thr35
appears to be tissue specific [59], suggesting tissue specific roles for the phosphorylation of
hMOB1 have to be addressed by future research projects. Furthermore, in yeast, Moblp is
phosphorylated and regulated by the highly conserved Cdk1 kinase [69]. However, the
phosphorylation sites are not conserved between yeast Moblp and human MOB1 [69],
suggesting that this crosstalk might be specific to yeast cells. Nevertheless, it could well be
that hMOBL1 is regulated by additional post-trand ational modifications other than Thr12/
Thr35 phosphorylation. Regulatory modifications of hMOB2 or hMOB3A/B/C have not
been reported.
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Having somewhat understood how hMOB1 can be regulated, another question was (and to
some degrees till is) how hMOB1 could regulate other proteins. As already discussed in
section 4.2, hMOB1 appears to bind to a variety of components, however, the complex
formations with NDR/LATS kinases are the only protein-protein interactions studied in
detail. Combined structural and biochemical studies have shown that hMOB1 bindsto NDR/
LATS kinases through conserved residues on hMOB1 and NDR/LATS kinases [3, 52, 70,
71]. A stretch of conserved hydrophobic and positively charged residues N-terminal of the
catalytic domains of NDR/LATS kinasesiis required for the association of hMOB1 with
NDR/LATS kinases [31, 35, 37, 38, 40, 41]. On the other hand, a conserved cluster of
negatively charged residues on hMOBL1 is needed for the interaction of hMOB1 with NDR/
LATSkinases[38, 52, 71].

The binding of hMOB1 to NDR1/2 kinases through these conserved domains triggers auto-
phosphorylation of NDR1/2 on the activation segment (also known as T-loop
phosphorylation), and also facilitates the phosphorylation of NDR1/2 on the hydrophaobic
motif (HM phosphorylation) by MST kinases [35, 37, 38, 41, 46, 47]. In contrast, binding of
hMOB1 to LATS1/2 kinases seemsto be only required for T-loop phosphorylation, while
HM phosphorylation is independent of hMOB1/LATS complex formation [67]. Somewhat
surprisingly T-loop and HM phosphorylation of LATS1/2 kinases can also occur without
increased hMOB1 phosphorylation on Thr12/Th35 [58], suggesting that NMOBL/LATS
complex formation is not required at all for efficient phosphorylation of LATSL/2 (at least in
hydrogen peroxide trigger signalling). Taken together, these findingsiillustrate that hnMOB1/
NDR and hMOBY/LATS complexes are not equal, thereby allowing cells to trigger different
biological outputs through hMOB1 signalling (see section 5.2 below for a summary).

Another difference between hMOB1/NDR and hMOBL/LATS complexes is how they can
be influenced by hMOB2. Surprisingly, in spite of the highly conserved hMOB1 binding
domain shared between NDR and LATS kinases [3, 31], hMOB2 interacts with NDR1/2
kinases through the hMOB1 binding domain, but does not associate with LATS1/2 kinases
[35]. Significantly, binding of hMOB2 to NDRL1/2 kinases inhibits the phosphorylation of
NDR on the T-loop and HM motifs, thereby blocking kinase activation [35]. Thisinhibition
ismost likely caused by competition between hMOB1 and hMOB2 for direct binding to the
same domain within NDRL1/2 kinases, since ahMOB2 mutant deficient in NDRL1/2 binding
could not interfere with the activation of NDR by hMOB1 [35].

In summary (see also [5]), the efficacy of hMOB1 binding to NDR/LATS kinasesis
dramatically increased upon Thr12/Thr35 phosphorylation of hMOB1 by M ST1/2 kinases.
Increased formation of hMOBL/NDR and hMOBL/LATS complexes resultsin increased T-
loop auto-phosphorylation of NDR/LATS kinases. The interaction of hMOB1 with NDR is
also important for HM phosphorylation of NDR1/2 by MST kinases, while the HM
phosphorylation of LATS1/2 by MST kinases can be uncoupled from hMOBL/LATS
complex formation. A second human MOB protein, (MOB2, also playsarolein the
regulation of NDR/LATS kinase signalling, more specifically in the control of NDR
signalling. h(MOB2 competes with hMOB1 for the binding to a conserved domain of
NDRZL/2 kinases, thereby interfering with the activation of NDR kinases by hMOB1.
Therefore, hMOB2 has been classified as an inhibitor of NDR signalling, while hMOB1 has
been classified as a co-activator of NDR/LATS signalling cascades.

5.2. Biological functions of MOB proteins in mammals

As mentioned before (see section 4), human cells express at least six different MOB
proteins. As outlined above (see section 5.1), reports have revealed hMOB1 and hMOB2
influence NDR/LATS signalling, while hMOB3A/B/C are currently rather uncharacterised
proteins without any known binding partner (Fig. 4). Not surprisingly, given that hMOB1
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can bind to NDR1/2 aswell as LATSL/2 kinases, researchers have found that hMOB1 plays
arolein different biological processes (Fig. 4). Considering that Mob1p has akey rolein the
yeast MEN/SIN pathways[4], it was not surprising that loss of hMOB1 was associated with
altered spindle checkpoint signalling and prolonged tel ophase progression in human cells
[4Q]. In thisreport [40] hMOB1 was published as a centrosomal protein, a subcellular
localisation also reported recently by Wilmeth et a. [39]. However, the Schuster laboratory
also observed endogenous and exogenous hMOB1 on kinetochore structures in early
mitosis, and the spindle midzone/midbody in later mitotic stages [39], suggesting that
hMOB1 might have severa roles during mitotic progression. This conclusion is further
supported by the notion that in budding yeast the L uca laboratory found Moblp associated
with centromeres, thereby regulating the recruitment of factors to kinetochore structures
[72]. Similarly, depletion of hMOB1 aso alters the subcellular localisation of chromosomal
passenger complex proteins [39]. Nevertheless, although these observations make sense
when considering potential functional conservation from yeast to man, the biological
significance has not been reported yet. Therefore, more detailed analyses remain to be
undertaken to decipher the involvement of hMOB1 in mammalian MEN/SIN pathways. This
research avenue could be very interesting, since loss of dMOBL1 results in aberrant mitosisin
fly embryos [29], indicating that researchers will be able to study mitotic functions of

MOBL1 in yeadt, fly and human cells.

Theinvolvement of MOB1 in centrosome duplication (the equivalent of spindle pole body
duplication in yeast) could potentially also be studied in different cellular systems. More
than a decade ago, it was reported that 1oss of Moblp resultsin defective spindle pole body
duplication [10]. Recently, our research has shown that h(MOB1 is required for efficient
centrosome duplication in human cells [38], suggesting perhaps centrosome-associated
hMOBL1 plays arole in centrosome duplication in S-phase. However, AMOB1 localisation
on centrosomes [39, 40] does not necessarily imply the centrosomal pool of hMOBL1 is the
key player in centrosome duplication. Nevertheless, we know that hMOB1/NDR complex
formation is required for centrosome duplication in human cells [38], afunction
counteracted by overexpression of hMOB2 [35]. Most likely centrosome-associated hMOB1
has different functions depending on the cell cycle stage of acell. Likely, in S-phase
centrosome duplication is supported by centrosome-bound hMOB1, and in mitosis
chromosomal passenger proteins are controlled by hMOB1 using centrosomes as a
signalling platform. Significantly, centrosomal hMOB1 may also function in centrosome
disunction (the detachment of mature centriolesin G2/M-phase). The Schiebler and Fry
laboratories reported that depletion of hMOB1 had some effect on Nek2 centrosome
localisation, and thereby could potentially play arole in centrosome disjunction [73]. Taken
together, these publications suggest that we have just started to understand the roles of
different subcellular pools of hMOB1, and many interesting discoveries are till to come.

Significantly, hMOB1 does not only function in mitosis and centrosome biology. Depletion
of hMOB1 also negatively affects apoptotic signalling [47], and might have some effect on
p16/INK4A controlled biological processes [74]. While the involvement of hMOB1 in
apoptosis has been addressed in some detail [47], the crosstalk between hMOB1 and p16/
INK4A signalling remains to be defined clearly. Furthermore, loss of Thr12/Thr35
phosphorylation on hMOB1 has been associated with decreased inhibitory phosphorylation
of the proto-oncogene Y AP [58]. Given that Thr12/Thr35 phosphorylation on h(MOB1 is
required for efficient binding to NDR/LATS kinases [67], this finding suggests that Y AP
phosphorylation is decreased due to reduced hMOB1/NDR and/or hMOBL/LATS complex
formation. Puzzlingly, in spite of decreased Y AP phosphorylation, LATS phosphorylation
was not affected upon loss of hMOB1 phosphorylation [58], suggesting that ancther kinase
than LATS s controlling YAP in liver cells. Perhaps NDR kinase in complex with hMOB1
doesthejob in this setting. Whatever the case, this surprising finding by Zhou et al. [58]
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warrants novel research avenues on mechanisms controlling Y AP activity. Furthermore, the
findings by Zhou et a. [58] highlight that mammalian Hippo signalling appears to be more
complex than Hippo signalling in flies[8, 9]. Last, but not least, it isimportant to note when
summarising biological roles of hMOB1 that Praskova et al. (2008) reported that loss of
Thr12/Thr35 phosphorylation on hMOBL1 resulted in increased cell proliferation of human
cells[67]. This suggests that phospho-hMOB1 can inhibit cell cycle progression. Therefore,
considering that Thr12/Thr35 phosphorylation on hMOB1 isrequired for efficient binding to
NDR/LATS kinases [67, 68], it might be that uncontrolled increase of hMOB1/NDR and
hMOB1/LATS complex formation has a negative effect on the cell cycle. Of course, another
possibility could be that an as yet unidentified hMOB1 binding partner is the main player in
hMOB.1 controlled cell proliferation. Whatever the case, various biological processes are to
be (re-)addressed in order to decipher the function of endogenous hMOB1, with focus on
physiologically relevant interactions of hMOB1 with kinases and other signalling
components.

Asdiscussed in sections 4 and 5.1, hMOBL1 is not the only MOB protein that playsarolein
centrosome duplication and apoptosis signalling (Fig. 4). Significantly, overexpression of
wild-type hMOB2 was sufficient to block centrosome overduplication and strongly delay
induction of apoptosis upon activation of death receptor signalling [35]. Importantly, we
defined how hMOB2 functions in these settings. By using a hMOB2 mutant deficient in
NDR1/2 binding, we showed that hMOB2 directly competes with hMOB1 for binding to
NDR1/2 [35], thereby negatively regulating two crucial biological processes, namely
centrosome and apoptosis biology. In other words, while hMOB1 can stimulate T-loop
autophosphorylation and facilitate HM phosphorylation of NDR/LATS[3, 38, 47, 67],
binding of h(MOB2 to NDR1/2 kinases inhibits NDR activation [35]. Therefore, h(MOB1 and
hMOB2 appear to have opposing functions, with hMOB1 as co-activator and hMOB?2 as
inhibitor of NDRL1/2 kinases.

Besides functioning in centrosome and apoptosis biology [35], hMOB2 also hasaroleto
play in controlling cell morphology. Lin et a. (2011) reported recently that manipulation of
MOB2 expression resulted in altered neurite formation in a mouse neuroblastoma cell line
[75]. Depletion of MOB2 caused decreased neurite outgrowth, while overexpression of
MOB2 dramatically elevated neurite formation [75]. The authors also provide evidence
suggesting that MOB2 co-operates with NDR2 kinase in neuritogenesis [ 75]. However,
since they did not address the interaction of MOB2 with NDR2 by mutants deficient in
binding, it is currently unclear how direct this synergetic effect actually is. Furthermore,
considering that hMOB2 has been defined by different experimental approaches as an
inhibitor of NDR signalling [35], the positive co-operation between MOB2 and NDR2 in
neuritogenesis as reported by Lin et a. [75] is difficult to explain by adirect protein-protein
interaction between MOB2 and NDR2. Nevertheless, in the context of describing afunction
conserved from yeast to mammalss, it makes sense that MOB2 plays arole in the control of
cell morphological changes. In budding and fission yeast, Mob2p (the putative counterpart
of dMOB2 and hMOB?2 in flies and humans, see Fig. 1) is a central component of the RAM
network regulating cell morphogenesis (see section 2, and Fig. 2). Mob2p in complex with
Cbk1p or Orb6p (the second NDR/LATS kinasein S cerevisaeand S. pombe, respectively)
controls polarized growth (see section 2). Furthermore, T-loop and HM phosphorylation of
Cbk1p isfully dependent on Mob2p in budding yeast [24]. Therefore, when translating the
available data from yeast studies into a specific mammalian system, it might well be that
MOB2 can act as a co-activator of NDR kinases during the regulation of highly specific
morphological changes. Nevertheless, although studiesin yeast showed that Mob2p has
important roles in the control of morphological changes, studies addressing the involvement
of MOB2 in morphogenesis networks have just started to emerge using cell systems from
multicellular eukaryotes.
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6. Conclusions

In summary, members of the MOB protein family have been shown to regulate mitosis, cell
proliferation, apoptosis, centrosome biology and morphological changes. In budding and
fission yeast, Moblp and Mob2p control MEN/SIN and RAM/morphogenesis pathways by
their association with the Dbf2p/Sid2p and Cbk1p/Orb6p kinases, respectively (Fig. 2). In
D. melanogaster, AMOB1 plays a central rolein Hippo signalling by forming a complex
with Warts kinase, thereby controlling the balance between cell proliferation and death (Fig.
3). dAMOB2 and dMOB3 might function together with the Trc kinase in controlling
morphological changes, but specific studies addressing the biological roles of dMOB2 and
dMOB3 are yet to come. In human cells, hMOB1A and hMOB1B (aso referred to as
hMOB1) function in cell proliferation, apoptosis and centrosome duplication by binding to
NDR/LATS kinases (Fig. 4). hMOB2 opposes the function of the h(MOBZL/NDR complex in
apoptosis and centrosome biology, but possibly co-operates positively with NDR2 in the
formation of neurites. The biological roles of (MOB3A, hMOB3B and hMOB3C are
unknown at the moment.

Asdiscussed in this review, budding and fission yeast express two different MOB proteins.
Intriguingly, in yeast Mob1p and Mob2p function in independent and non-interchangeable
complexes, thereby regulating different biological processes by their binding to the
corresponding NDR/LATS kinases (Fig. 2). In contrast, in multicellular organisms, the
binding of MOB proteinsis not restricted to a unique NDR kinase (Figs. 3 and 4). For
example, flies express three MOB proteins. dMOBL1 interacts with Trc and Warts, the two
NDR/LATSkinasesin D. melanogaster. dMOB2 can bind to Trc, and dMOB3 maybe also
associates with Trc. In mammals, the situation is even more complex: hMOB1 forms a
complex with all four NDR/LATS kinases, namely NDR1/2 and LATS1/2. hMOB2 binds
selectively to NDRL1/2, and does not interact with LATSL/2. hMOB3A/B/C do not associate
with any NDR/LATS kinase, although hMOB3A/B/C are more similar to hMOB1 than
hMOB2 isto hMOBL1 (Fig. 1). Given that the binding partners of hMOB3A/B/C are
currently unknown, it is not surprising that functions of hMOB3A/B/C are also yet to be
defined. Since potential binding partners have been identified, future progressis warranted
in this direction.

In the future, the biological roles of hMOB1 and hMOB2 also need to be addressed in more
detail. One pressing question is whether NDR/LATS kinases are the only binding partners of
hMOB1/2 in human cells. Potential additional interactors have been found in large scale
interaction screens, but it is not yet clear whether any of these novel protein-protein
interactions is relevant for hMOB1 signalling. Even for some of the already defined
functions of hMOB1 and hMOB2 more research is needed to determine whether hMOB1/
NDR, hMOB2/NDR and hMOB1/LATS protein complex formations are important. Another
essential point for future research is the development of animal models that allow
researchers to study loss and gain of function phenotypes upon manipulation of MOB1 and
MOB2 expression. Many different research avenues are now needed to address the
complexity of MOB signalling in mammalian systems. More detailed studies of dMOB2 and
dMOB3in D. melanogaster could also be of help in this respect. Taken together, several
features of MOB proteins are conserved from yeast to man, but research in multicellular
organisms suggests that MOB signalling is more complex in flies when compared to yeast,
and even more complex in human cells when compared to flies and yeast. Thus, one future
challengeis to understand this complexity.

Given that MOB proteins are involved in cellular processes that are deregulated in human
disease, research on MOB proteinsistimely and relevant. Importantly, by understanding
how MOB proteins function in cells, we might also enable studies pursuing novel research
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avenues. For example, MOB1 is essential for cytokinesisin blood stream forms of
Trypanosoma brucei [ 76], the protozoan parasite that is the causative agent of African
trypanosomiasis. Initially, it was believed that MOB1 functions in complex with TBPK50
[76], one of two NDR/LATSkinasesin T. bruce/ [77]. However, arecent report by the
Hammarton laboratory suggests that both NDR/LATS kinasesin T. brucel, TBPK50 and
TBPK53, can function independent of MOB1 [78]. This suggests that MOB1 could be
targeted independently to block proliferation of 7. bruce, thereby making MOB1 a potential
drug target candidate, in addition to TBPK50 kinase, which is already a promising drug
target candidate in trypanosomes. Therefore, further research on various MOB proteins from
different species could provide important leads in the discovery of anti-parasitic
therapeutics, in addition to establishing how members of the MOB protein family fulfil their
essential cellular functions.
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dMOB2 34% 45 % 30 %
dMOB3 51% 28 % 64 %

Figure 1. Phylogenetic relationshipswithin the MOB protein family

Top: Phylogenetic tree using Clustal W phylogenetic calculation based on the neighbour-
joining method. Budding and fission yeast scMoblp and spMaoblp, respectively, group
together with dMOB1 and hMOB1A/B (MOB1 subgroup), while scMob2p and spMob2p
fall into agroup together with dAMOB2 and hMOB2 (MOB2 subgroup). dMOB3 together
with hMOB3A/B/C forms a third group (MOB3 subgroup). Bottom: Display of primary
sequence identities within the MOB protein family. h(MOBL1 is closest related to scMoblp,
spMoblp, and dMOBL1 in the respective species. hMOB2 is not as well conserved as
hMOB1, sinceit aligns similarly with several MOB proteinsin yeast and flies. The MOB3
subgroup displays close identity between dMOB3 and hMOB3A/B/C.
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Figure 2. MOB signalling in mitosis and mor phogenesisin Saccharomyces cerevisiae

(A) Moblp together with the Ste20-like kinase Cdc15p activates the Dbf2p NDR/LATS
kinase. The Moblp/Dbf2p complex phosphorylates the phosphatase Cdc14p, thereby
triggering mitotic exit of yeast cells. (B) Mob2p cooperates with the Ste20-like kinase Kiclp
to stimulate the Cbk1p NDR/LATS kinase. The Mob2p/Cbk1p complex targets Ace2p and
other factors to regulate Ace2p activity and cellular morphogenesis (RAM). Of note, Mob1p
functionsin complex with Dbf2p and not Cbk1p, and Mob2p functions together with Cbk1p
and not Dbf2p. Signalling components are not interchangeable. Ste20-like kinases arein
yellow. NDR/LATS kinases are green, and MOB proteins are shown in red.
Phosphorylations are indicated by “P” in blue.
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Figure 3. MOB signalling in Drosophila melanogaster

dMOBL/MATS together with the Ste20-like kinase Hippo activates both NDR/LATS
kinases, namely Trc and Warts. While the Trc branch isimportant for morphological
changes such as outgrowth of epidermal hair and dendritic tiling in sensory neurons, the
Warts branch is required for dendritic maintenance in sensory neurons, in addition to
controlling the balance of cell proliferation and apoptosis as part of Hippo signalling. In
Hippo signalling, the dM OB 1/Warts complex phosphorylates the proto-oncogene Y ki,
which in turn inactivates the transcriptional co-activator Yki. Substrates of the dAMOB1/Trc
complex are unknown. dMOB2 might function together with Trc in controlling
morphogenesis. The role of dAMOB3 is not yet understood. Ste20-like kinases are in yellow.
NDR/LATS kinases are green, and MOB proteins are shown in red, purple and light blue.
Phosphorylations are indicated by “P’ in blue.
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Figure4. MOB signalling in human cells

hMOB.1 together with the Ste20-like kinases MST1/2 activates all four NDR/LATS kinases,
namely NDR1/2 and LATSL/2. While the NDR branch isimportant for centrosome and
apoptosis biology, the LATS branch is required for controlling cell proliferation and
apoptosis as part of Hippo signalling. In mammalian Hippo signalling, the (MOBLLATS
complex phosphorylates the proto-oncogenes Y AP and TAZ, which in turn inactivates these
transcriptional co-activators. Substrates of the hMOB1/NDR complex in centrosome
duplication and apoptosis signalling are unknown. hMOB2 counteracts hMOB1/NDR
signalling by competing with hMOB1 for binding to NDR. Functions and binding partners
of hMOB3A/B/C are currently unknown. Ste20-like kinases arein yellow. NDR/LATS
kinases are green, and MOB proteins are shown in red, purple and light blue.
Phosphorylations are indicated by “P’ in blue.

Cell Signal. Author manuscript; availablein PMC 2012 July 17.



