
Citation: Santos, I.B.;

Garrido-Maraver, J.; Gonçalves, C.;

Oliveira, B.I.; Tavares, Á.A. Role of

MOB4 in Cell Proliferation and

Neurogenesis. BioChem 2023, 3,

182–196. https://doi.org/10.3390/

biochem3040013

Academic Editor: Buyong Ma

Received: 29 July 2023

Revised: 30 September 2023

Accepted: 27 November 2023

Published: 6 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Review

Role of MOB4 in Cell Proliferation and Neurogenesis
Inês B. Santos 1,2,3 , Juan Garrido-Maraver 1,2,† , Carolina Gonçalves 1,2,3, Bruna I. Oliveira 1,3

and Álvaro A. Tavares 1,2,3,*

1 Faculty of Medicine and Biomedical Sciences, University of Algarve, 8005-139 Faro, Portugal;
ibsantos@ualg.pt (I.B.S.); jgarmar1@upo.es (J.G.-M.)

2 Centre for Biomedical Research, University of Algarve, 8005-139 Faro, Portugal
3 Algarve Biomedical Center (ABC), University of Algarve, 8005-139 Faro, Portugal
* Correspondence: aatavares@ualg.pt
† Current address: Centro Andaluz de Biología de Desarollo, Universidad Pablo de Olavide,

41013 Sevilla, Spain.

Abstract: Signaling pathways that integrate a large set of inputs (both extra- and intracellular) to
control cell proliferation are essential during both development and adult stages to guarantee organism
homeostasis. Mobs are small adaptor proteins that participate in several of these signaling pathways.
Here, we review recent advances unravelling Mob4 cellular functions, a highly conserved non-
catalytic protein, that plays a diversity of roles in cell proliferation, sperm cell differentiation and is
simultaneously involved in synapse formation and neural development. In addition, the gene is often
overexpressed in a large diversity of tumors and is linked to poor clinical outcomes. Nevertheless,
Mob4 molecular functions remain poorly defined, although it integrates the core structure of STRIPAK,
a kinase/phosphatase protein complex, that can act upstream of the Hippo pathway. In this review
we focus on the recent findings of Mob4 functions, that have begun to clarify its critical role on cell
proliferation and the development of tissues and individuals.
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1. Introduction

Tissue homeostasis requires a fine balance between cellular proliferation, differentia-
tion and cell death. Throughout evolution, several mechanisms have evolved to ensure
the fine-tuning of cell proliferation in multicellular organisms. The Mps-one binder (Mob)
family of genes encodes for a highly conserved group of proteins with a central role in
regulating some of these mechanisms [1,2]. Mob1p, initially identified in S. cerevisiae, was
the first Mob gene to be identified and described to be a part of the mitotic exit network
(MEN) through its interaction with Dbf2-like kinases [3,4]. In the last twenty five years,
Mob homologues have been identified in several model organisms. In eukaryotes, the Mob
family is divided into four classes—Mob1, Mob2, Mob3 and Mob4—with non-overlapping
functions. Seven Mob genes are encoded in the human genome, all with a high degree
of sequence similarity [5,6]. Molecularly, Mob proteins act as adaptor proteins without
catalytical activity, that can bind kinases and modulate their activity.

Mob1, the first Mob identified in metazoans, functions as a core component of the
Hippo signaling pathway [7], which regulates cell proliferation and organ size [8,9]. In-
terestingly, the other members of the Mob family can also modulate the activation of the
Hippo signaling pathway. For example, Mob2 displays an antagonist function of Mob1 by
negatively restricting Hippo signaling [10,11]. On the other hand, in response to apoptotic
stimuli and cell–cell contact, Mob3 protects against the induction of apoptosis, thereby
sustaining cell proliferation and tumor growth [12]. Finally, Mob4, the focus of this review,
can compete with Mob1, thereby restricting Hippo signaling.

The Hippo signaling pathway is a major regulator of cell proliferation, organ size,
cellular homeostasis and regeneration. The pathway is evolutionarily conserved and is
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modulated by a variety of signals such as cell–cell contact, ligands of G-protein coupled
receptors, cell polarity, mechanical cues and cellular energy status [13]. The core of the
Hippo pathway is composed of a kinase cascade wherein MST1/2 kinases phosphorylates
and activates the complex formed by LATS and Mob1, that in turn phosphorylates and
inactivates the oncoprotein YAP/TAZ (yes-associated protein 1/tafazzin) that promotes
the expression of cell proliferative and antiapoptotic genes [13].

The Hippo pathway is negatively regulated by a large protein complex named STRI-
PAK (Striatin-interacting phosphatase and kinase) complex. Core members of STRIPAK
include the catalytical (PP2A-C), scaffolding (PP2A-A) and regulatory (Striatins or PP2A-
B′′′) subunits of the serine/threonine protein phosphatase 2A (PP2A), MST3/4 kinases
(mammalian sterile 20-like kinases 3 and 4) and the adaptor proteins CCM3 (cerebral cav-
ernous malformation 3), Mob4 and STRIP1/2 (Striatin-interacting proteins 1 and 2) [14–16].
The STRIPAK complex regulates several signaling pathways through the modulation of
the phosphorylation levels of its interacting proteins [17,18]. The diversity of proteins
associated with STRIPAK highlights its key roles across various biological systems [19,20].
Importantly, Mob4 as a core component of the STRIPAK complex, can restrict Hippo
signaling through this second mechanism.

2. MOB4: From the Gene to the Function

Initially named as Phocein [21], it was soon renamed Mob4 because of the high
homology it displays with other Mob proteins. The Mob4 gene has been referred in the
literature as Mob1, 2C4D, CGI-95, class II mMOB1, Mob1 homolog 3, Mob3, Mps-one
binder kinase activator-like 3 (MOBKL3) and preimplantation protein 3 (PREI3). In this
work, we follow the HUGO Gene Nomenclature Committee (HGNC) and use Mob4 as the
product of the gene ID 17261 (NCBI Entrez Gene: 25843).

Structurally, the canonical Mob fold consists of a four-helix bundle at its core, with
three short α-helices at the N-terminal extension (amino acids (aa) 1−61) [22]. Of note,
Mob4 share a high structural homology with Mob1, even at the N-terminal, a region where
the various Mob proteins diverge.

The human Mob4 gene is predicted to generate alternatively spliced transcriptional
variants, producing three predicted protein isoforms: a canonical isoform with 26 kDa
(isoform 1) and two smaller variants (Figure 1). One variant results from an alternative
exon, containing a different start codon and thus generating a smaller protein with a
different N-terminal with 22.3 kDa (isoform 2), and a second variant lacking an in-frame
exon generating an isoform with 23.5 kDa (isoform 3) but sharing the N- and C-termini with
the canonical isoform. Like all Mob proteins, Mob4 is highly conserved across evolution;
for example, there is 80% aa identity and 88% similarity between Drosophila melanogaster
Mob4 (dMob4) and its human ortholog (hMob4).

BioChem 2023, 3, FOR PEER REVIEW 3 
 

 

 

Figure 1. hMob4 gene structure and predicted encoded proteins. (A) hMob4 genetic locus at 2q33.1. 

hMob4 gene is predicted to generate three different isoforms: the canonical isoform 1 contains 225 

aa; Isoform 2 loses the first 32 aa in respect to the canonical isoform 1; Isoform 3 lacks an alternate 

in-frame exon (exon 2, light blue), generating a smaller isoform (aa 20–40 missing). (B) Comparative 

alignment of the three Mob4 protein isoforms. Dark and light blue regions correspond to exon 1 and 

2, respectively. Identical aa are indicated by asterisks. 

3. Neuronal Functions of Mob4 

Mob4 was initially identified on screenings in neural cell libraries as a potential in-

teractor of Striatins, by the groups of Ariane Monneron and of David Pallas, inde-

pendently [21,23]. These initial biochemical studies led to the characterization of Mob4 as 

a core component of the STRIPAK complex (Figure 2) and indicated that Mob4 had a pu-

tative role in neuronal function. In agreement with this idea, it was found that mammalian 

Mob4 is highly expressed in melanized dopamine neurons as well as in the central and 

peripheral human nervous system [21,24]. In addition, it is highly enriched in dendritic 

spines, the actin-rich protrusions emerging from dendrites [24–26]. 

Figure 1. Cont.



BioChem 2023, 3 184

BioChem 2023, 3, FOR PEER REVIEW 3 
 

 

 

Figure 1. hMob4 gene structure and predicted encoded proteins. (A) hMob4 genetic locus at 2q33.1. 

hMob4 gene is predicted to generate three different isoforms: the canonical isoform 1 contains 225 

aa; Isoform 2 loses the first 32 aa in respect to the canonical isoform 1; Isoform 3 lacks an alternate 

in-frame exon (exon 2, light blue), generating a smaller isoform (aa 20–40 missing). (B) Comparative 

alignment of the three Mob4 protein isoforms. Dark and light blue regions correspond to exon 1 and 

2, respectively. Identical aa are indicated by asterisks. 

3. Neuronal Functions of Mob4 

Mob4 was initially identified on screenings in neural cell libraries as a potential in-

teractor of Striatins, by the groups of Ariane Monneron and of David Pallas, inde-

pendently [21,23]. These initial biochemical studies led to the characterization of Mob4 as 

a core component of the STRIPAK complex (Figure 2) and indicated that Mob4 had a pu-

tative role in neuronal function. In agreement with this idea, it was found that mammalian 

Mob4 is highly expressed in melanized dopamine neurons as well as in the central and 

peripheral human nervous system [21,24]. In addition, it is highly enriched in dendritic 

spines, the actin-rich protrusions emerging from dendrites [24–26]. 

Figure 1. hMob4 gene structure and predicted encoded proteins. (A) hMob4 genetic locus at 2q33.1.
hMob4 gene is predicted to generate three different isoforms: the canonical isoform 1 contains 225 aa;
Isoform 2 loses the first 32 aa in respect to the canonical isoform 1; Isoform 3 lacks an alternate
in-frame exon (exon 2, light blue), generating a smaller isoform (aa 20–40 missing). (B) Comparative
alignment of the three Mob4 protein isoforms. Dark and light blue regions correspond to exon 1 and
2, respectively. Identical aa are indicated by asterisks.

3. Neuronal Functions of Mob4

Mob4 was initially identified on screenings in neural cell libraries as a potential
interactor of Striatins, by the groups of Ariane Monneron and of David Pallas, indepen-
dently [21,23]. These initial biochemical studies led to the characterization of Mob4 as a
core component of the STRIPAK complex (Figure 2) and indicated that Mob4 had a putative
role in neuronal function. In agreement with this idea, it was found that mammalian Mob4
is highly expressed in melanized dopamine neurons as well as in the central and peripheral
human nervous system [21,24]. In addition, it is highly enriched in dendritic spines, the
actin-rich protrusions emerging from dendrites [24–26].
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Figure 2. Representative scheme of core mammalian STRIPAK complex. The STRIPAK complex
is assembled on a tetramer of Striatin (here represented by STRN3), the scaffolding (PP2A-A) and
catalytic (PP2A-C) subunits of phosphatase PP2A, a kinase (MST3 or MST4), and adaptor proteins
interacting at different regions of the complex, like Mob4. Mob4 connects STRIP1 to STRN3 (adapted
and modified from [22]).

Immunogold labeling detected Mob4 in close vicinity to endocytic-like membranes in
the neuronal dendritic spines, suggesting vesicular trafficking functions [24,25]. Immunocy-



BioChem 2023, 3 185

tochemical studies also confirmed that Mob4 is strictly somato-dendritic, extending down
to the neuronal spines [21]. Noticeably, Mob4 was detected in cell bodies and dendrites
but not in axons [21], similarly to what has been described for striatin. In addition, im-
munoreactivity for Mob4 was only detected in neurons, not in glial cells. Recent studies in
zebrafish confirm that Mob4 is highly expressed in the central nervous system; Mob4 was
detected in the full extension of the neuroectoderm and in the brain in the initial stages of
zebrafish development. Prior to hatching, Mob4 expression is almost limited to the brain,
and its expression remains enriched in the brain after hatching [27]. A neural role for Mob4
was first demonstrated by genetic studies in Drosophila, where it was shown to be a key
regulator of neuronal structure and development [26]. Importantly, these studies showed
that Mob4 is an essential gene, as Drosophila individuals lacking Mob4 do not survive past
the larval stages. The selective somatic downregulation of Drosophila Mob4 resulted in a
disrupted neuronal morphology. Neurons that developed without Mob4 showed abnormal
branching patterns and hyperbranching, and established incorrect connections to target
cells. In addition, the lack of Mob4 resulted in severe defects in microtubule organiza-
tion, synaptic development and axonal transport. Finally, mutant Drosophila individuals
displayed a defective neuronal transport of cargo from the cell body to the synapses [26].
dMob4 mutants had neuromere clusters that were smaller in size, although with shorter
neurites and a higher thickness of neurite bundles.

Synapses are highly specialized structures that process and transmit information in the
brain. These cell–cell communication hubs are thought to be under constant modification
during development and by experiences throughout life. Most excitatory synapses localizes
to dendritic spines, small actin-rich protrusions on the surface of dendrites. The association
of mammalian Mob4 with endocytic-like membranes and neuronal spines suggests a
function on endocytosis and vesicular trafficking [24,25]. Intracellular traffic depends
on cytoskeleton functioning as rails for the cargo. dMob4 mutants have a disorganized
microtubule cytoskeleton [26], indicating a possible association of Mob4 function with
cytoskeleton organization and stability.

Recently, the role of Mob4 in vertebrate neurodevelopment has been highlighted by
studying the consequences of Mob4 depletion in zebrafish embryogenesis using morpholi-
nos [27]. The authors found that the knockdown of zfMob4 using translation-blocking
morpholinos in young embryos lead to severe neurologic defects. Zebrafish embryos at 24 h
post fertilization lacked the midbrain–hindbrain boundary and showed reduced eye size.
Mob4 morphants were also shown to be significantly smaller than their control morpholinos
siblings. Notably, these differences are not found in the axial trunk but only in the head [27].
This suggests that Mob4 has important functions in the neurodevelopment of the brain
but not the spinal cord. In addition, the authors have observed that, in these morphant
embryos, not only is the hindbrain and eye regions smaller, but the rate of cell division is
severely diminished in the hindbrain and eye regions, arguing that the reduced hindbrain
size and eye size are a consequence of impaired cell divisions [27]. Altogether, these results
strongly indicate a Mob4 involvement in the process of cell proliferation during neurode-
velopment in vertebrates. In agreement with these observations for Mob4 and supporting
such functions in neurons, it has been shown that the STRIPAK complex promotes the
organization, development and maturation of striatal neurons. In fact, the dysfunction of
STRIPAK has been linked to a range of clinical neurological conditions [28]. For example,
knockdown of Striatin, that binds directly to Mob4, blocks dendrite formation [29], an
observation that suggests that the knockdown of Mob4 affects neuronal morphology at
least in part by affecting STRIPAK function.

Taking these observations altogether, Mob4 seems to be required for the regulation of
neuronal functions at different levels. Firstly, by being required for the assembly of a normal
microtubule cytoskeleton [26]. Second, biochemical studies indicated Mob4 to be involved
in endocytosis and vesicular trafficking [24–26]. It seems therefore that Mob4 contributes
both to postnatal synaptogenesis and to the dendritic-activity-dependent plasticity in the
adult. It is noteworthy to recall that Mob4 is highly conserved throughout the animal
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kingdom. For this reason, it is tempting to speculate that a deficient Mob4 function may be
related to mechanisms of neurological diseases in humans.

4. Mob4 and Cytoskeleton

Recent reports indicate that Mob4 has important roles in cytoskeletal regulation.
Studies on Drosophila cells reported Mob4 to be involved in mitotic spindle microtubule
focusing [30], while studies on the fly nervous system showed Mob4 to be important
for the organization of microtubule networks within postmitotic neurons [26]. A recent
report shows that in Zebrafish, Mob4 function is required for the incorporation α-actin
into organized sarcomeres in skeletal muscle [31]. In this work, the authors found an
interaction between Mob4 and the actin-folding chaperonin TRiC (TCP-1 ring complex,
also called chaperonin containing TCP-1), suggesting that Mob4 affects TRiC to control
actin biogenesis and thus myofibril growth. This report supports a previously described
Mob4 molecular interaction with TRiC [14].

The proper folding of proteins is essential for cellular function, and protein misfolding
is believed to be the primary cause of many neurodegenerative disorders. In eukaryotes,
the folding of misfolded or unfolded proteins is mediated by molecular chaperones, one of
which is the protein complex TRiC. Chaperonins are required for the proper folding, trans-
port and degradation of proteins. TRiC chaperonin display limited substrate specificity and
assists the folding of many key structural proteins, such as the cytoskeletal proteins actin
and α- and β-tubulin [32–34]. The importance of TRiC complex in protein folding was
first shown in Caenorhabditis elegans where individuals with reduced TRiC function display
defective microtubule cytoskeletons [35]. Co-immunoprecipitations assays had shown that
Mob4 and TRiC are part of a multiprotein complex and that a direct interaction between
Mob4 protein and TRiC was demonstrated to occur in nematodes [14,36]. Recently, Berger
et al. showed that Zebrafish Mob4 mutants also display deficient microtubule networks,
which is in line with the fact that a main folding substrate of TRiC is tubulin. Therefore, it
is possible that such defective microtubule networks are the cause of the observed compro-
mised neuronal connectivity in zebrafish Mob4 mutants. In line with these observations,
neuronal neurite formation is strongly affected in TRiC-deficient zebrafish [32,33].

Additionally, Berger et al. also found that in zebrafish, Mob4 protein, co-localized
with the marker α-actinin at the sarcomere’s Z-discs. Importantly, whereas the loss of Mob4
function led to a smaller amount of myofibrils, increased Mob4 expression induced an
increase in the amount of organized myofibrils. These findings indicate that Mob4 function
might be required for the regulation of the number of organized myofibrils. Lack of Mob4
function results in reduced numbers of myofibrils and impaired movement due to skeletal
muscle defects.

As Mob4 functions within the protein complex STRIPAK, Berger and colleagues looked
for similar defects in strn3-deficient mutants. In fact, the authors found that strn3-deficient
mutants featured both neuronal and muscle defects. These observations confirm not just
Mob4 as a core component of STRIPAK in Zebrafish but also imply a role for the STRIPAK
complex in sarcomerogenesis. Unexpectedly, zebrafish TRiC mutants still develop into
almost normal larvae that, nonetheless, still show highly specific skeletal muscle defects,
resulting from the defective folding of α-actin at Z-disks in the skeletal muscle, with the
result of a reduced sarcomere assembly.

The work of Berger et al. highlights the fact that Mob4 function involves at least
two different protein complexes, STRIPAK and TRiC. The former has a large diversity of
cellular functions, and the latter is required for actin and tubulin biogenesis. Mob4 and strn3
mutants featured both neuronal and muscle defects, given that neuronal axons are formed
by polar arrays of microtubules, while the major protein components of smooth-muscle
thin filaments is actin. This supports the idea that STRIPAK and TRiC may interact through
Mob4 to coordinate the growth of the myofibril and of the microtubule network during
neural development.
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5. Cell Proliferation Function of Mob4

From a physiological point of view, Mob4 plays important roles in the control of cell
proliferation. As previously mentioned, the downregulation of zfMob4 results in a severe
decrease in the number of mitotic cells in the brain and in the developing eye [27]. The
control of stem cell number also seems to be one function of Mob4, as studies on planarian
indicated that mob4 function limits body size through limiting stem cell numbers [37].
Planarians have been highly studied for their ability to regenerate body parts after injury
and keeping body proportionality [38]. The inhibition of Mob4 in planaria dramatically
increased posterior length after injury, affecting the polarity along the apical posterior
axis [37].

This an important step forward in deciphering the molecular mechanisms that allow
animals to reconstruct body parts while simultaneously integrating newly regenerated
tissues into pre-existing old ones after injury. The process of regeneration in planarians is
complex and involves the coordination of multiple cellular signaling pathways essential for
normal physiological functions, such as organ size, cell proliferation cycle, asymmetric cell
divisions, programmed cell death, and cell/tissue polarity determination [39]. One such
signaling pathway is the evolutionarily conserved Wnt pathway, known to be involved in
a myriad of processes namely cell proliferation, differentiation, and apoptosis, as well as
in stem cell maintenance [40]. In planaria, the Wnt signaling pathway is the key regulator
of the head–tail polarity, and it is at the core of the decision-making process to regenerate
a head or a tail [41,42], as reviewed in [39]. The regionalization of the planarian Antero-
Posterior axis is controlled by constitutive localized expression of Wnt ligands (expressed
posteriorly) and of Wnt inhibitors (expressed anteriorly). The results obtained by Schad
and Petersen support a model in which Mob4 regulates wnt pole cell numbers by limiting
stem cell formation, and wnt pole cells in turn control tail proportionality along the antero-
posterior axis [37]. These results therefore indicate that Mob4 is involved in the scaling
of tail size with respect to body size via the regulation of wnt1. Considering that Mob4 is
constitutively expressed, even in the absence of injury, the recovery of normal proportions
through regeneration may involve a mechanism that establishes a balance of local signaling
processes. These results suggest that the suppression of wnt signaling by Mob4 (through
STRIPAK) is a critical pathway regulating scaling and whole-body proportionality in
planarians. Interestingly, in planaria, the members of the Hippo pathway do not seem to
be required for keeping antero-posterior tissue proportionality, suggesting that Mob4 and
STRIPAK exert their action independently of the Hippo signaling pathway (Figure 3). On
the other hand, a crosstalk between the Hippo pathway and the Wnt pathway has been
previously described [43], and Hippo plays an important role in the regulation of the cell
cycle, which is equally crucial for planarian regeneration.

Importantly, Mob proteins have been demonstrated to be involved in defining cell
polarity both in humans and in Tetrahymena [44,45]. The importance of cell polarity in a
number of physiological processes, including cell differentiation, cell migration, asymmetric
cell division, cancer progression and immune response, has been extensively described and
reviewed in [46]. In Tetrahymena, a unicellular organism, the single Mob protein encoded
in the genome, is required for correct division-plane placement by establishing the anterior–
posterior axis. The downregulation of Mob in Tetrahymena induces the misplacement
of the division plane with consequent abscission failure; daughter cells fail to separate
and form trails of interconnected abnormal cells [44]. Interestingly, the authors found that
the Mob protein accumulates at the future site of cell division prior to constriction start,
thereby defining the anterior and posterior ends of the future new daughter cells. This
finding highlights the importance of Mob in cell polarity inception through a cell-intrinsic
mechanism and how polarity is coupled to growth in Tetrahymena. Likewise, in human
HeLa cultured cells, the downregulation of Mob1 also results in abscission failure and,
importantly, cell polarity is affected in such a way that it allows cells to become motile [45].
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Figure 3. Hippo signaling pathway regulation by Mob proteins. When active, the Hippo pathway
blocks cell proliferation. The core of Hippo pathway is a kinase cascade wherein MST1/2, together
with SAV1, phosphorylates and activates the complex formed by LATS and Mob1 that, in turn,
phosphorylates and inactivates the oncoprotein YAP/TAZ. Active YAP/TAZ (non-phosphorylated)
migrates to the nucleus and promotes cell proliferative and antiapoptotic gene. MOB family proteins
interact with Hippo pathway at different levels regulating its activity. Mob2 negatively regulates
the Hippo pathway by competing with Mob1 for LATS1/2 binding. Mob3 appears to be an MST1
suppressor. Mob1, beside interacting with LATS1/2, can also form a complex with MST1 with tumor-
suppressing functions. Mob4 forms a complex with MST4 that antagonizes Mob1-MST1 functions.
Mob4 also takes part in the STRIPAK complex, a complex that acts upstream of the Hippo signaling
pathway and therefore modulates MST1 activation. The core Hippo pathway is indicated by the
traced square. See text for references.

Finally, a role for Mob4 in cell proliferation and tissue formation has also been de-
scribed in the filamentous fungi Sodaria macrospora, where the downregulation of SmMob3
(the Mob4 homologue in Sodaria) results in impaired vegetative growth accompanied by a
sexually sterile strain unable to undergo self-fusion and fusion [47]. On the other hand, in
Caenorhabditis elegans, mob-4-deficient mutant individuals do not show an obvious abnormal
phenotype under the normal growth conditions. Nevertheless, longevity and thermotoler-
ance are affected in these individuals [48]. These observations, together with a previous
report showing that C. elegans YAP-1 overexpression shortens these individuals’ life span
(whereas yap-1 deficiency prolongs life span) [49] suggests that in contrast to humans and
Drosophila, in which Mob4 activates YAP1 [50], in worms, Mob4 does not act upstream of
YAP-1. Taken together, these observations led to suggestion that in C. elegans, the Hippo
pathway is not conserved [49].
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Mob4 may be involved in cell proliferation through its function within the STRIPAK
complex or independently of it. STRIPAK negatively regulates the Hippo signaling pathway,
thereby participating in the control of cell proliferation [28,51,52]. The deletion of the amino-
terminal residues of Mob4 abolishes the assembly of STRIPAK [22] while the disruption
of the sites responsible for Mob4 and STRN3 interaction causes aberrant Hippo signaling
regulation. Thus, Mob4 can affect cell proliferation by participating in STRIPAK assembly
and Hippo pathway activity.

Given the role of Mob4 in regulating cell proliferation it is not surprising that Mob4
may be involved in cancer initiation/progression. Cancer development, due to excessive
cell proliferation, is highly associated with the activation of oncogenic pathways [53–55]
or the deregulation of genes with tumor- suppressing functions [56–59]. In most human
cancers, there is a moderate/high protein expression of Mob4, and a higher expression
of Mob4 is associated with a poor prognosis for renal and liver cancers (https://www.
proteinatlas.org, accessed on 1 December 2022). The Hippo pathway, per se, is an important
regulator of cell proliferation and tissue growth, and mice mutant in Hippo components
(Sav (Salvador), MST1/2, Lats (Large tumor suppressor kinase) and Mob1) are prone to
develop malignant growths [60–63]. In addition, it has been described that the different
Mob family members behave either as tumor suppressors or oncogenes. For example, the
complete loss of Mob1, a component of the Hippo pathway, in mice promotes tumorigenesis
and embryonic death [60]; Mob2 has recently been reported as a tumor suppressor in
glioblastoma [64]; and in contrast, Mob3 has been found to be upregulated in glioblastoma
multiforme, and it is proposed as an oncoprotein by suppressing MST1 activity [12].

Interestingly, Mob4 can also bind to the protein kinase MST4 forming a complex that
antagonizes the complex formed by Mob1 and the kinases MST1/2 [50] (Figure 3). But
while MST1-Mob1 acts as a tumor suppressor, MST4-Mob4 is oncogenic by activating YAP
signaling and promoting cell proliferation. In fact, Mob4 can alternatively pair with either
MST4 or MST1 due to the high structural similarities of both Mobs and of both MST kinases.
Mob4 can therefore sequester MST1, consequently inhibiting the Hippo pathway and
promoting cell proliferation [50], thus acting as an oncogene. It is worth remembering that
simultaneously, on an alternative mechanism and as a component of STRIPAK complex,
Mob4 negatively regulates the Hippo signaling pathway and therefore acts as a tumor
suppressor gene.

6. Mob4 and Spermatogenesis

Spermatogenesis is the process by which germinal stem cells give rise to haploid sper-
matozoa. In Drosophila, spermatids morphogenesis generally occurs within a syncytium,
with all spermatid nuclei remaining interconnected via an extensive network of cytoplas-
mic bridges. As spermiogenesis progresses, the syncytium (or cyst) is then resolved into
individual cells in a process referred to as sperm individualization. Although with some
differences in the control of hormonal regulation and in testicular structure, the different
stages of spermatogenesis are highly conserved from fly to human. Importantly, many of
the genes involved in Drosophila spermatogenesis were shown to be conserved in humans.

Santos et al. recently described a requirement for Mob4 during spermatogenesis in
Drosophila: males without Mob4 function in the gonads are sterile, while females are fully
fertile. In the lack of Mob4 function, cyst elongation still occurs, meaning that spermatids
are capable of elongating an axoneme, but spermatid individualization was observed to
fail. Consequently, the migration of sperm into the seminal vesicle does not occur, and
consequently, males are sterile. In order to determine what defects in spermiogenesis cause
spermatid individualization failure, the authors have examined the ultrastructure of the
developing axoneme and found that the mitochondrial derivatives fail to form correctly.
Importantly, defects in the axonemal structure were also found. These defects include the
loss of microtubule doublets, and most interestingly, the stereotypical 9 + 2 microtubule
doublets of the axoneme is affected, with the axoneme suffering a large radial expansion [65].

https://www.proteinatlas.org
https://www.proteinatlas.org
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The use of a GFP:Mob4 transgene reveals that Mob4 has dynamic sub-cellular localiza-
tion in different cell types throughout spermatogenesis. During meiosis, Mob4 accumulates
in the reticulum surrounding the meiotic spindle structures. Post-meiotically, Mob4 tran-
siently accumulates at the basal side of the nuclei in the vicinity of the basal body at the
early canoe stage of spermatid differentiation. The dynamic behavior of Mob4 throughout
different stages of spermatogenesis is suggestive of multiple roles in the parafusorial mem-
branes and associated microtubules during meiosis, and at the basal body or transition
zone in the initiation of axoneme elongation.

As mentioned, spermatogenesis is a highly conserved process, and the genes involved
in spermatogenesis usually have their function conserved across species. Mob4 seem to
follow the trend as the insertion of the human Mob4 paralog gene into Drosophila was
capable of rescuing all the meiotic defects in mob4 mutant, including full fertility [65],
suggesting that human Mob4 and Drosophila Mob4 are functional orthologs.

Considering that Mob4 is a component of STRIPAK, one may wonder if the defective
spermatogenesis results from lack of STRIPAK function, or is an isolated function of Mob4.
To answer this question Santos et al. looked for a function of Strip and Cka (two other
components of STRIPAK) in Drosophila testes. They found that, like for Mob4, either Strip
or Cka downregulation in testes results equally in male sterility; on the other hand, Strip
or Cka downregulation did not seem to affect female ovaries and are not required for
female oogenesis. In addition, the investigators also showed that similar failures in sperm
individualization to Mob4 are observed after the downregulation of either Strip or Cka,
suggesting that STRIPAK complex activity is required for spermatogenesis, and that Mob4
is probably acting through STRIPAK.

7. Other Mob4 Functions

A different set of studies indicated that Mob4 is also required for mitosis progression.
In Drosophila S2 cultured cells, Mob4 was found to associate with centrosomes and kine-
tochores, and its downregulation resulted in the formation of monopolar spindles and
defective mitosis [30]. Moreover, in human cells, Frost and collaborators showed that the
downregulation of Mob4 causes an increase in DNA content, abnormal spindle formation
and mitosis failure, triggering cell death [66]. In addition, the authors found that Mob4,
together with the STRIPAK complex, bridges the centrosome with the cis-Golgi and the
outer nuclear membrane [21,66] (Figure 4). The disruption of these bridges may be the
cause of the defective mitotic progression.
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Human Mob4 may also have a role in DNA damage signaling since its downregu-
lation results in γH2AX phosphorylation in cells [67], which is an early marker for DNA
damage [68]. Moreover, the Ser147 of human Mob4 is a possible target of ATM kinase sug-
gesting a possible role for Mob4 within the DNA damage response [69]. Other MOB family
members are also involved in the DNA damage signaling. For example, Mob2 can interact
with RAD50 promoting the assembly of the MRN DNA damage sensor complex this way
activating ATM kinase, a well-known protein orchestrating DNA damage response. In
addition, Mob2 competes with Mob1 for NDR1/2 binding (NDR–Nuclear Dbf2-Related
Kinase), and NDR-mediated phosphorylation is important in the G2/M DNA damage
checkpoint by promoting the degradation of the CDC25A phosphatase [70].

Apoptosis is a process important for the maintenance of cell numbers, and its regu-
lation has been previously associated with Mob4 and Mob1 due to their association with
MST1 kinase. MST1 modulates oxidative-stress-induced neuronal death [71], and several
studies have reported how the MST1 phosphorylation of FOXO proteins enhances their
nuclear translocation, promoting the transcription of apoptosis-related genes [72,73]. A
neuronal-specific isoform of YAP (the end target of the Hippo pathway), YAPdeltaC, acts
as a neuronal apoptosis protector that decreases with progression for amyotrophic lateral
sclerosis (ALS), whereas the full-length YAP remains constant during the late and severe
stage of the disease [74].

Specific connections between Mob proteins and neurodegeneration can be established
through their interaction with NDR/LATS kinases. It was found that all four Drosophila
Mob genes can genetically interact with tricornered (Trc) (Drosophila homologue of NDR
kinases) [75]. Trc is required for morphological changes, such as the outgrowth of epidermal
hair and dendritic tiling in sensory neurons and Wts (Drosophila homologue of LATS) plays
a role in dendritic maintenance in sensory neurons [76–78]. Mob2 has been directly associ-
ated with neuronal functions. In neuronal cell lines, Mob2 is required for sustaining neurite
formation [79]. Mob2 expression is required to regulate the growth of Drosophila larval
neuromuscular junction [80] and for normal neuronal distribution in mice developmental
cortex [81]. In addition, human Mob2 has been identified as a specific protein of cerebral
amyloid angiopathy (CAA), a condition in which amyloid plaques are deposited on the
walls of cortical and blood vessels of the brain [82]. On the other hand, increasing evi-
dence shows a potential role for Mob3 in neurodegenerative diseases. The human Mob3A
gene was identified as a target for the nuclear respiratory factor 1 (NRF1) [83]. NRF1 is a
master transcription factor that promotes the transcriptional activation of genes required
for mitochondrial biogenesis and proteosome function. The deregulation of NRF1 target
genes has been shown in neurodegenerative disease models where proteosome capacity
is diminished [84]. On a second study, human Mob3 proteins were found to bind to the
oligomeric Aβ42, a hallmark protein complex of Alzeimer’s disease, suggesting the poten-
tial involvement of Mob3 proteins with this condition [85]. Therefore, Mob4 is not the only
Mob with a role in the control of cell proliferation and apoptosis, which is relevant for the
clearance of excessive neural cells during normal development [86]. Finally, very recently,
Guo et al. [87] suggested a new function for Mob4, through its role within STRIPAK, in the
regulation of autophagy in Drosophila muscle tissue.

In summary, Mob family proteins have important functions in the control of cell
proliferation. Mob4 displays a range of essential functions that spans from neuronal devel-
opment to spermatogenesis and the control of cell proliferation, both in vertebrates and
in Drosophila (Figure 5). These functions are likely exerted through different mechanisms.
Mob4 can act as a scaffold on the assembly of the STRIPAK complex (Figures 2 and 3), thus
participating in axonal transport, dendritic development and synapse assembly. But Mob4
also appears to act independently of STRIPAK by interacting with the TRiC complex or
directly with MST1. Most human cancers show a moderate/high protein expression of
Mob4, and renal and liver cancer patients with a high expression of Mob4 show a reduced
survival probability compared to those with low expression, suggesting that Mob4 is an
unfavorable prognostic marker for renal and liver cancers. Therefore, elucidating the
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underlying mechanisms of Mob4 action and regulation may be of help to identify novel
therapeutic targets and diagnostic markers for cancer and neurodegenerative diseases.
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