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Abstract: The Rho family of GTPases represents highly conserved molecular switches involved
in a plethora of physiological processes. Fission yeast Schizosaccharomyces pombe has become a
fundamental model organism to study the functions of Rho GTPases over the past few decades.
In recent years, another fission yeast species, Schizosaccharomyces japonicus, has come into focus
offering insight into evolutionary changes within the genus. Both fission yeasts contain only six
Rho-type GTPases that are spatiotemporally controlled by multiple guanine—nucleotide exchange
factors (GEFs) and GTPase-activating proteins (GAPs), and whose intricate regulation in response
to external cues is starting to be uncovered. In the present review, we will outline and discuss the
current knowledge and recent advances on how the fission yeasts Rho family GTPases regulate
essential physiological processes such as morphogenesis and polarity, cellular integrity, cytokinesis
and cellular differentiation.

Keywords: fission yeasts; Rho GTPases; guanine-nucleotide exchange factor (GEF); GTPase-activating
protein (GAP); Cdc42; Rhol; cytoskeleton; polarity; cellular integrity; cytokinesis; sexual differentia-
tion; crosstalk; signaling; phosphorylation

1. Introduction

Rho GTPases are highly conserved proteins that regulate the actin cytoskeleton or-
ganization and morphogenesis in all eukaryotes and play central roles in many other
physiological processes [1,2]. The fission yeast Schizosaccharomyces pombe has been widely
used for deciphering the multiple cellular functions of the Rho GTPases, which are evo-
lutionary conserved. S. pombe genome codes for six Rho GTPases, named Rhol to 5 and
Cdc42, that show 59 to 91% of identity at their amino acid sequences. The Saccharomyces
cerevisiae counterparts, Rhol and Cdc42, are essential [3,4]. They coordinately regulate
cell wall biosynthesis and actin organization to guarantee cell integrity during vegetative
growth [5]. Rho GTPases are equally crucial during cytokinesis, promoting ring constric-
tion, septum formation and dissolution (recently reviewed in [6]). Sexual differentiation, in
which cells generate a tip projection required for cell fusion, also requires the function of
Rho GTPases [7].

Schizosaccharomyces japonicus is another fission yeast species that has become a model
organism for exploring developmental and physiological evolutionary changes within the
genus Schizosaccharomyces [8]. Although both S. pombe and S. japonicus share a binary fission
mode of cell division, S. japonicus possesses several interesting and distinctive features [9].
One of the most relevant is that it can transit from unicellular yeast to filamentous hyphae
and form a true mycelium [10], thus making this genetically tractable non-pathogenic yeast
a model for investigating the requirements of invasive hyphal growth. While most of
our current knowledge on Rho GTPases functions in fission yeast has been obtained from
studies with S. pombe, recent works on S. japonicus have unveiled how the mechanisms
controlling growth are reorganized to produce different cell shapes and structures [11,12].

In this review, we present the current status and recent advances in the plethora of
functions in which these molecular switches are involved in both fission yeasts species,
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and the mechanisms of functional crosstalk that ensure signal specificity, coordination, and
fidelity of the different controlled cellular processes.

2. Rho GTPase Regulation

Rho GTPases act as molecular switches cycling between an inactive GDP-bound and
an active GTP-bound conformation in response to physical and chemical stimuli. In the
GTP-bound active form, Rho GTPases associate with the plasma membrane and selectively
interact with a range of effectors, including kinases, actin regulators and many others,
leading to changes in cell behavior. Cycling is regulated by guanine nucleotide exchange
factors (GEFs) that catalyze GDP exchange for GTD, thereby activating the GTPase. In
contrast, GTPase-activating proteins (GAPs) accelerate the intrinsically slow hydrolysis
of GTP, causing its inactivation [13]. Guanine nucleotide dissociation inhibitors (GDIs)
sequester the GDP-bound form of some GTPases in the cytosol to avoid their activation by
GEFs or localization to membranes [13].

The number of different GEFs and GAPs outnumbers the Rho GTPases in most
organisms, including fission yeasts [14]. Therefore, several Rho regulators can impart
specialized functions to individual Rho GTPases. GEFs and GAPs can also coexist in
regulatory complexes to fine-tune and maintain optimal levels of Rho GTPase signaling.

Besides the classical GTP-GDP cycling, Rho GTPases are regulated by multiple factors
that contribute to the complexity of Rho GTPase signaling, such as the crosstalk between
its family members, the subcellular distribution of GEFs and GAPs, changes in gene ex-
pression or post-transcriptional regulation (reviewed in [15,16]), and post-translational
modifications, including lipid modifications, phosphorylation, sumoylation, and ubig-
uitylation, that regulate the Rho GTPases stability and spatial distribution (see [1] for
an excellent review). These multiple layers of regulation are orchestrated in response to
different signals, providing a specific and precise signature of Rho GTPase activation that
will depend on the physiological context of the cell.

3. Rho GTPases and Their Regulators in Schizosaccharomyces pombe

S. pombe has six Rho GTPases (summarized in Figure 1, Table 1). The essential GTPases
Cdc42 and Rhol have been extensively studied, with Cdc42 playing a fundamental role in
establishing cell polarity and morphology, whereas Rhol is critical for cell wall synthesis
and septum formation, to which Rho2 also contributes. Rho3 and Rho4 regulate secretion
and exocytosis, while Rho5 is a paralogue of Rhol that shares similar functions.
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Figure 1. S. pombe Rho GTPases and their regulators. See main text and tables for details on each protein.

Table 1. Rho GTPases in fission yeast.

GTPase GEF GAP GDI Localization Regulated/Involved Processes
- Morphogenesis and cell polarity [3,17-19]
- Cell wall biosynthesis by Bgs1-4 3(1,3)-GSs regulation
(regulatory subunit) after the membrane sensors Wscl and
) MIt2 and by Pckl and Pck2 stabilization (both activated by
Gef2 Rgal . . . Ksgl, in turn, activate 3-GSs) [3,17-23]
Rhol ® Rgfl Rga5 Rdil A.ct.lv.e growing sites (cell poles, CIP regulation in response to cell wall damage,
Rgf2 Rga8 division area) [17] independently of Wscl and MIt2 [21,24]
Rgf3 () - Actomyosin ring stabilization and primary septum

formation (cytokinesis) [17,25-30]
- Cytokinesis checkpoint in response to cell wall damage via
Pck2-Pmk1 [31]
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Table 1. Cont.

GTPase GEF GAP GDI Localization Regulated/Involved Processes
Morphogenesis and cell polarity [18,32,35,36]
Rea2 Active growing sites (cell poles, Cell wall biosynthesis by activation of Mok1/Ags1
Rgz i division area) [32] «(1,3)-GS via Pck2 [35,37]
Rho?2 Rgf1? Rg 6 Modified by palmitoylation [33] CIP regulation together with Pck2 [34,38]
&4 and target of Mok1 contributes to the primary and secondary septum
Rga7 farnesyltransferase Cpp1 [34] formation and prevent lysis during cell separation
(cytokinesis) [39]
- General role in secretion [41] by exocytosis [40,42] and/or
Golgi/endosome trafficking [43—45]:
. With Rho4 enable cell separation through the
(0 ) L delivery and secretion of glucanases Agnl and Engl
Rho3 Gef3 Division area [40] (cytokinesis) [42]
. Possible redundant function with Cdc42 in polarity
exocytosis and cytokinesis [45]
- Sexual differentiation [46]
- Morphology, septation and cell wall integrity affecting
secretion of glucanases [47-50]:
. . . Interacts with the exocyst and is necessary for the
SCd} N . C.el! Perlp hery (interphase) and correct localization of septins [50]
Rho4 Gef2 Rgad Rdil division area (M-phase) [47], . With Rho3 regulates the localization and secretion of
Gef3 septum [45] glucanases Agnl and Engl during cell separation
(cytokinesis) [47,49,50]
- DPossible role in CIP signaling pathway [51]
- Functional paralogue of Rhol [52,53]
- Possible role in CIP signaling pathway [51]
Rho5 Gef2 ® Cell poles (interphase) and - Cytokinesis (probably contributes to septum formation or
° ef2 division area (M-phase) [52] ring stability, similarly to Rhol)
- Meiosis and sporulation (expressed during stationary
phase) [53]
- Morphogenesis, membrane trafficking, endosome
Rga3 . recycling, vacuole formation and cell polarity [4,40,56-77]
(o) Scdl Rga4 . Endqmembranes and active - Actomyosin ring and septum formation
Cdc42 Gofl Rgab Rdil growing sites (cell poles, (cytokinesis) [6,55,74,75,78-92]
Rga9 ) division area) [4,54-56] - Pheromone response (mating) and sexual

differentiation [54,57,73,93-96]

(*) Essential gene; rh03 only at high temperatures [97]. ) in vitro binding partner. GS: glucan synthase; CIP: cell integrity pathway.

3.1. Rhol

S. pombe Rhol is essential for viability and is a functional homolog of human RhoA
and budding yeast Rhol [98]. It participates in the coordination of actin polarization
with the cell wall biosynthesis. The best-characterized effectors of Rhol are the (1,3)-
glucan synthase (GS) complex [3] and the PKC orthologs Pck1 and Pck2 (Section 5) [18,20].
Rhol, through Pckl, also cooperates with Rho2-Pck2 in the activation of the Cell Integrity
MAP kinase pathway (CIP) (Section 5) [21]. Rhol activity is a critical regulator of the
actin cytoskeleton, although no specific targets have been described yet [17,98]. This
GTPase is activated by three GEFs named Rgfl, Rgf2 and Rgf3 (see Table 2 for more
details) [19,25-27], which are structural orthologs of budding yeast Rhol-GEFs Rom1 and
Rom?2 [99,100]. Another GEF named Gef2 is also important during cytokinesis and binds
Rhol, Rho4 and Rho5 in vitro [101,102]. However, its putative role as a Rhol activator
in vivo is unknown (Table 2). The downregulation of Rhol activity relies on three GAPS:
Rgal, Rga5 and Rga8 (Table 3). None of them are essential for cell viability [103].

3.2. Rho2

Rho2 GTPase is 53.2% identical to RhoA and budding yeast Rho2, whereas Rhol and
Rho2 share 52.3% identity [104]. Rho2 controls cell polarity, actin cytoskeleton organization,
and cell wall biosynthesis (Table 1) [32,35,37]. It activates the «-(1,3)-GS Mokl via the
protein kinase C (PKC) ortholog Pck2 (Section 5) [32,35,37]. Moreover, Rho2 and Pck2 are
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the primary positive regulators operating upstream of the CIP (Section 5) [34,38]. Rho2
is negatively regulated by four GAPs (Rga2, Rga4, Rga6 and Rga?), all of which also
downregulate the CIP (see Table 3) [105]. No Rho2 GEFs have been described so far in
S. pombe.

3.3. Rho3

Rho3 GTPase plays essential roles during S. pombe polarized growth and exocytosis
(see Table 1) [40-42], and has also been involved in the regulation of Golgi/endosome
trafficking (Section 4) [45] and in sexual differentiation (Section 7) [46]. Gef3 is the only
known Rho3 GEF and plays a role during cytokinesis [45], without promoting GTPase
nucleotide exchange [45].

3.4. Rho4

Rho4 is involved in cell morphology, septation and cell wall integrity [47-49]. It
regulates the polarized secretion of the glucanases Engl and Agnl during cell separation in
a non-redundant manner with Rho3 (Section 6) [48,49], and may be required for localization
of the exocyst at the division area [50]. A role for Rho4 in the regulation of the actin
cytoskeleton and cytoplasmic microtubules at 37 °C has also been described [47,48]. Rho4
also acts upstream of the CIP during vegetative growth (Section 5) [51]. The only GEFs
known to interact with Rho4 are Gef2, Gef3 and Scd1 (Table 2) [102,106,107]. Rho4 also
interacts with Rdil, the sole Rho GDI in S. pombe, but Rdil is not essential for Rho4
localization [47]. Rho GAP Rga9 interacts by two-hybrid with Rho4 [47], and may cooperate
with Rdil to negatively control Rho4 subcellular localization (Table 3) [47].

3.5. Rho5

Rhob5 is a functional paralogue of Rhol (86% amino acids identity), and likely functions
redundantly with Rhol during cell growth and division (Table 1) [52,53]. It is strongly
induced during the stationary phase, and participates in spore cell wall formation during
sporulation (Section 7) [53]. Moreover, Rho5 stimulates Pmk1 activation during vegetative
growth (Section 5) [51]. The identity of Rho5 regulators and/or effectors is currently un-
known.

Table 2. Guanine nucleotide exchange factors (GEFs) for Rho GTPases in fission yeast.

GEF GTPase Localization Regulated/Involved Processes
Morphology and cell polarity [57,65]: oscillates between the
two cell poles [67] and restricts Gefl localization to sites of
Nucleus and mitotic spindle [108] and polarizatign to prevent ectoPic Cdc42 activation (cytokinesis)
Rho4 active growing sites: on the membrane at and to maintain cell shape (interphase) [74]
Scdl growing L Involved in endocytic trafficking with Nrfl [111]
Cdc42 cell poles (interphase), division area Mitosis: Involved in spindle f r ith Moel [108,112]
(cytokinesis) [57,72,80,109,110] 1osis: "vo vec I spincie formation Wi Moe” LS
Cytokinesis: localizes later than Gef1 to the ingressing furrow
and promotes septum formation [86]
Sexual differentiation: mating [57,93]
Cell polarity: enables NETO [59,67] promoting Scd1
recruitment at the new end to allow the transition from
Active growing sites: cell poles (cytosol, =~ monopolar to bipolar growth [74]
Gefl Cdc42 active during interphase) and division Cytokinesis: localizes before Scd1 to the actomyosin ring and
area (cytokinesis) [75,80,113] promotes timely constriction [86], interacts with Hob3, which
promotes cytokinesis [80] and promotes Scd1 localization to the
division site through recruitment of Scd2 [74]
Cytokinesis: involved in division-site and contractile-ring
Gef2 Rhol Contractile ring positioning by interacting with Mid1 [101] and contributes to
Rho4 Precursor cortical nodes [102,114] the positioning of the division-site and contractile-ring stability

together with Nod1 [102]
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Table 2. Cont.

GEF GTPase Localization Regulated/Involved Processes
Rho3 Cytokinesis: possible scaffold for septin-mediated
Gef3 Rhod Septin ring [45] Rho3-directed polarized secretion [45] and interacts with the
septin complex and Mid2 and activates Rho4 [107]
Cell polarity: regulates Rhol-mediated cell wall deposition
during polarized growth [19]
Active growing sites: cell poles and Cell wall integrity: activates CIP, via Rhol and Pck2 [24]
Rhol division area [19,27] Cytokinesis: promotes Rhol activation during septum
Rgfl Rho2? Fully formed contractile rings [31] formation [19,27], and participates in a cytokinesis checkpoint
' Cell nucleus during stalled replication by  during cell wall damage, via Rhol and Pck2-Pmk1 [31]
HU [115] Other functions: Its nuclear accumulation promotes tolerance
and survival during replication stress [115], and is required for
double-strand break repair via Rhol [116]
. oo Cell polarity: secondary function (redundant to Rgfl):
Ee[r 11}1);1]ery of the spore after meiosis I and regulates Rhol-mediated cell wall deposition during polarized
Rgf2 Rhol Cell tips and septum during vegetative growt}} at lieast through BgsZ, bUt.nOt exclusively [11.7]
. Cytokinesis: Rhol activation during septum formation [25-27]
growth (upon mild . P . .
overexpression) [26,27,117] Sexual differentiation: main function during assembly of the
e spore cell wall by activation of GS subunit Bgs2 [117]
Cell wall integrity: essential for maintaining cell integrity
during cell separation [25,26]
Rof3 Rhol Ring/membrane interphase [27,114,118],  Cytokinesis: activates Rhol specifically during
& depends on Art1 [119] cytokinesis [25-27]. Regulated by transcription factor Ace2,
which promotes its maximal expression during
septation [25,26,120], and arrestin Art1 [119]
Table 3. GTPase activating proteins (GAPs) for Rho GTPases in fission yeast.
GAP GTPase Localization Regulated/Involved Processes
Cell poles (interphase) and the division Nega?tlvg regulator of Rhol anc.l is 1nvolYed in actin-patch
Rgal Rhol - AR localization, cell morphogenesis, septation, and cell wall
site (cytokinesis) [103] .
synthesis [103]
Cell polarity and morphogenesis: Positive effect, direct or
Cell poles (interphase) and the division indirect, in Cdc42 activation playing an antagonistic role to
Rho? site at the ring/membrane interphase Rga4 to maintain cell dimensions [36]

Rga2 Rhol ¢ (cytokinesis). Localization depends on Cell wall integrity: Rga2 negatively regulates Rho2-Pck2
polarity markers and actin interaction and Pck2 stability. Rga2 acts as a negative regulator
polymerization [36,114] of the Rho2-Pck2 interaction with the CIP.

Lack of Rga2 suppress the lysis of mok1-664 at 32 °C [36]
Cell polarity: paralogue of Rga4 and synergizes with Rga4 and
Cell poles and the division site with giavitt}(l) [r;.gsicrlct Cdc42-GTP zone sizes during mitotic
Rhol &) Cdc42-GTP during mitotic growth [73]. . C e e
Rga3 Cded? During sexual differentiation, Cdc42 Sexual differentiation: limits the lifetime of unstable

patches and sites of polarity [73]

Cdc42-GFP patches important for the wandering motion that
favors mating and confers a competitive advantage during
sexual reproduction [73]
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Table 3. Cont.

GAP

GTPase

Localization

Regulated/Involved Processes

Rga4

Rho2
Cdc42

To the plasma membrane at the cell sides
(interphase) and the division site (at the

end of cytokinesis). Forms clusters at cell
sides and nongrowing cell pole [121,122]

Cell morphogenesis and polarity: restricts Cdc42 activation at
the cell sides controlling cell diameter and symmetry

breaking [121,122]. Pom1 regulates its localization and
phosphorylation [105,122]. Its exclusion from cell poles to allow
bipolar Cdc42 activation also depends on Dis2 [123]

Cell wall integrity: Rho2 GAP negatively regulates the activity
of the CIP, which is not involved in the Rga4-dependent control
of cell shape [105]. Not involved in Pom1 negative regulation of
the CIP. Rga4 positively regulates cell wall integrity and cell
separation independently of the Pmk1 pathway, acting as a
Cdc42 GAP [105]

Rgab

Rhol

Cell poles (interphase) and the division
site (cytokinesis) upon mild
overexpression [124]

Cell morphology: participates in the regulation of cell
morphology and cell wall biosynthesis at high

temperature [124]

Cell wall integrity: Specific Rhol GAP that negatively
modulates the Rhol-Pckl1, and to a lesser extent Pck2
interaction, decreasing their stability. Negative regulation of
1,3-B-GS activity [124]

Cytokinesis: cell separation defect and/or delay [124]
Sporulation: rgalA rga5A spores are unable to germinate [124]

Rga6

Rho2
Cdc42

Plasma membrane at the cell sides,
forming clusters different from those
made by Rga4 and growing cell
poles [125]

Cell morphology and polarity: Cdc42 GAP and collaborates
with Rga4, although its role could be higher than Rga4 in the
negative regulation of Cdc42 at the growing cell pole [125]
Cell wall integrity: Rho2 GAP [36,105]

Rga7

Rho2

Cell poles (interphase) and the division
site (cytokinesis) [126]

Cell wall integrity: Rho2 GAP involved in the negative
regulation of the CIP [105]

Cytokinesis: The GAP activity is dispensable for Rga7 function
in cytokinesis [126]. Cooperates with Cdc15 and Imp2 in
actomyosin ring stability and proper disassembly, and
successful septum formation and separation to ensure cell
integrity [126]. Participates with Rng10 in Bgs4 trafficking from
the Golgi to plasma membrane adjacent to the contractile

ring [127]

Rga8

Rhol

Cell poles (interphase) and the division
site (cytokinesis) [128], with a monopolar
pattern when Pak1 activity is

abolished [128]

Polarity: Rhol GAP and is a downstream target of Pak1 [128],
and participates in the crosstalk between Rhol and

Cdc42 [5,128]

Overexpression causes morphological defects, a cytokinesis
delay and cell lysis (like rhol* overexpression) [128]

Rga9

Rho4 ¢
Cdc42 )

Rho4 GAP and may function cooperatively with Rdil to
negatively control the cellular localization of Rho4 [47] and
Cdc42 (GAP) [47]

) in vitro binding partner.

3.6. Cdc42

The Cdc42 GTPase is involved in many aspects of growth and cell-cycle regulation,
including actin cytoskeletal rearrangements and activation of signal transduction pathways
(Sections 4, 6 and 7) [78]. In fission yeast, lack of Cdc42 essential function results in arrested
small and round uninucleate cells with mislocalized actin that cannot mate [4,129]. Unlike
budding yeast, expression of constitutively active cdc42 alleles in S. pombe is not lethal,
but it results in an abnormal morphological phenotype of large, round or misshapen cells
with delocalized cortical actin structures (Table 1) [4,130]. Cdc42 is activated by two GEFs
with distinctive functions, Scd1 [57,131] and Gef1 [59,132], which are together essential for
viability (see Table 2 for details). On the other hand, the GAPs Rga4, Rga6 and Rga3 catalyze
GTP hydrolysis for Cdc42 inactivation (Table 3) [73,122,125]. Rga3 co-localizes with active
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Cdc42 at cell tips, whereas Rga4 and Rga6 are present at the cell sides. Despite its different
localization, Rga3 synergizes with Rga4 and Rga6 to restrict the cellular localization of
active Cdc42 during growth [73].

4. On the Role of Rho GTPases during Polarized Growth

Cell polarization results in the asymmetric organization of the cytoskeleton in response
to internal and/or external cues. Polarized growth requires cell surface expansion, which
results from multiple connected biochemical and biomechanical elements. They include
surface material synthesis by exocytosis and endocytosis, plus mechanical components
that set the elasticity of the cell surface, such as the actin cortex or the cell wall [133].

Fission yeast cells are cylindrical, grow by cell tip extension, and divide by medial
fission. In these cells, polarized growth and cell wall synthesis are first restricted to the
old cell tip after division, and cells grow in a unipolar manner until they reach a length
of ~9.0-9.5 um. Then, they initiate growth at the new end created during cytokinesis,
a process named NETO (New End Take Off), establishing bipolar growth [72]. Thus, a
new functional cell polarity area at the new tip is formed in the presence of a pre-existing
one in the old tip. As to why polarized growth starts first in the old tip, the answer is
not simple and is a fertile area of research. The fact that NETO can be delayed in several
cytokinetic mutants suggests that cytokinetic remnants suppress initial polarization at the
new end [134].

4.1. Schizosaccharomyces pombe

Cdc42 GTPase is the core upstream polarizing cue in fission yeast in most physi-
ological contexts. However, a Cdc42-independent microtubule-mediated pathway that
depends upon the polarity factor Teal mediates de novo polarization in fission yeast cells
after starvation by determining the position of sterol-rich domains (SRMs) at the plasma
membrane [135].

Cdc42 activation and polarized growth initiation. S. pombe prenylated Cdc42 local-
izes ubiquitously at the plasma membrane, but it concentrates to the growing cell ends in a
GTP-bound (active) form. Polar active Cdc42 is less mobile than the inactive GDP-bound
isoform, which localizes primarily to the cell lateral sides (Table 1) (Figure 2A) [56,136,137].
Inhibition of Cdc42 activity at the lateral cortex is achieved by the negative regulation
imposed by its GAPs Rga4 and Rga6, and is essential for polarity establishment since
GEF-mediated local activation at the cell tips is not enough to restrict Cdc42 activity
(Figure 2A) [67,138,139].

Two GEFs, Scd1l and Gefl, promote Cdc42 GTP-loading at the cell ends (Table 2,
Figure 2A). Scd1 plays a critical role to control cell morphology by acting as the primary
Cdc42 activator locally at the growing areas where it localizes. To this purpose, Scd1
forms part of a multiprotein complex composed of Ras1-Scd1-Scd2-Cdc42-Pakl (see be-
low) [57,110], which is similar to S. cerevisine Bud1-Cdc24-Bem1-Cdc42-Ste20 complex. The
other GEF, Gefl, is a cytosolic protein that associates with the membrane at the cell poles in
response to certain stresses modulating Cdc42 activity under such conditions (Figure 2A).
Gefl is also important for the establishment of bipolar growth by promoting growth from
the new cell end formed by the preceding cell division (NETO transition). In gefIA cells,
both the Cdc42 GEF Scd1 and its scaffold Scd2 are localized mainly to the old ends, and the
new pole cannot initiate polarized growth [59,74].

In fission yeast, active Cdc42 levels alternate over time between one pole and another
in an anticorrelated manner (when active Cdc42 decreases at one end, it increases at the
other) [67]. This oscillatory behavior has been attributed to the existence of GEF-mediated
positive and GAP-dependent negative feedback mechanisms, and the anticorrelation
indicates competition for active Cdc42 or its regulators [67]. Several studies support that
positive feedbacks are important for the symmetric breaking required for polarization,
especially when cells lack internal or external landmarks [71,93]. In S. cerevisiae, recent
works have shown that positive feedback by local activation is necessary and sufficient for
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breaking its symmetry [140,141]. For instance, blocking local enrichment of Cdc24 (Scd1
ortholog) or Bem1 (Scd2 ortholog) by distributing them all over the membrane prevented
Cdc42 polarization [141]. On the other hand, negative feedbacks are necessary for the Cdc42
dynamic oscillatory patterns observed during vegetative growth [67]. GAPs and the key
downstream effectors PAK-family kinases have an important role in the negative-feedback
regulation of Cdc42 in both S. pombe and S. cerevisiae [67,125,142-144].

As noted above, Cdc42 GEFs mediate the positive feedbacks required for polarization,
in which fission yeast Scd1 plays a primary role. During interphase, active Cdc42 promotes
positive feedback recruiting Scd1 through the scaffold Scd2. Recent data suggest that
Gefl-mediated Cdc42 activation is required for Scd1-Scd2 recruitment to sites with no prior
history of Cdc42 activation and growth (for instance, the new end) [74,76]. Scd2 promotes
positive feedback enhancement of Cdc42 activity by binding Scd1, Pakl and Cdc42-GTP
(Figure 2A) [76]. Moreover, Scd1 is required to prevent ectopic Gefl localization and loss of
polarity [74]. Thus, Gefl primes Cdc42 activation at new sites to initiate Scd1-dependent
polarized growth, while Scd1 restricts Gefl to areas of polarization [74]. This GEFs crosstalk
could be a conserved mechanism that orchestrates precise Cdc42 activation during complex
cellular processes [74]. Moreover, the small GTPase Ras1 participates in the activation of
Cdc42 by providing a positional input through the recruitment and activation of Cdc42
GEF Scd1 (Figure 2A). Thus, Ras1 and Scd2-dependent positive feedback cooperate syner-
gistically to yield robust zones of Cdc42 activity (Figure 2A) [76]. In mammalian cells, Ras
also promotes GEF activity towards Rac, a Cdc42-related GTPase [145]. Hence, activation
of Rac/Cdc42 GEFs might be an evolutionarily conserved function of Ras-family GTPases.
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Figure 2. Role of Rho GTPases during S. pombe polarized growth (adapted from [77,146,147]). (A) Schematic representation
of the main molecular players involved in the local activation of Cdc42 (GTP-Cdc42, dark pink) during polarized growth
initiation. GAPs are shown in different shades of red, and GEFs in different shades of green. (—): negative regulation on
Cdc42; (+): positive regulation on Cdc42; P: protein is phosphorylated. Please see text for details. (B) Activated Cdc42
binds and activates formin For3 promoting actin cytoskeleton reorganization. Exocytic vesicles can reach the cell tips either
transported along actin cables by myosin V Myo52 or by random walk. Once there, Sec3 and Exo70 tether the exocyst
and the vesicle by binding PIP,, Cdc42 and Rho3. Exo represents Sec5, Sec6, Sec8, Sec10, Sec15 and Exo84. (C) Cell wall
remodeling is initiated after secretory vesicles containing the enzymes necessary for cell wall remodeling reach the poles.
These enzymes are activated by GTP-Rhol and -Rho2. The Cell Integrity MAPK Pathway (CIP) is involved in the regulation
of cell wall homeostasis, and the polarity landmarks Teal, Tea4 and Pom1 functionally interact. Dotted arrows mean that

the molecular links have not been established. Please see main text for more details.

The localization of Scd1 and Gef1 is regulated post-translationally by phosphorylation.
The NDR/LATS kinase Orb6 phosphorylates Gefl and promotes its binding to 14-3-3
protein Rad24, which displaces Gefl from the cortex, to reduce polarized activation of
Cdc42 [61,70]. On the other hand, a recent phosphoproteomic study has identified Scd1
as one of the p2l-activated serine/threonine kinase Pakl targets involved in polarized
growth [89]. Scd1 phosphorylation by Pakl is important for the regulation of its nuclear
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shuttling [89]. In S. cerevisiae, it has already been described that the inhibitory phospho-
rylation of Cdc24 by PAKSs is important in the negative feedback regulation of Cdc42
activity [143,148]. Future work will be needed to unravel the functional significance of
Pakl-dependent Scd1 phosphorylation in fission yeast polarized growth.

As discussed earlier, the negative regulation of Cdc42 during polarized growth is
mostly dependent on the GAPs Rga4 and Rga6. Both GAPs localize at the lateral cortex,
where they are important for preventing active Cdc42-directed growth at cell sides, thereby
restricting bipolar growth to the cell tips [121-123,125]. In S. pombe, local Cdc42 activation
at the tips is defined by microtubules [122,123,149-153], whereas in S. cerevisiae, Cdc42
activation at specific sites depends on a set of locally deposited landmarks during the
growth of the bud that remain there in the newly born cell [154]. Fission yeast microtubules
transport and deposit the tip factors Teal and Tea4 at the cell poles [149-151,155]. Tea4 acts
as a phosphatase regulatory subunit by recruiting the type I phosphatase (PP1) subunit
Dis2 to the cell ends to promote the local dephosphorylation of DYRK-family kinase
Poml, so revealing a membrane-binding region [152,153,156]. Dephosphorylated Pom1 is
associated with the plasma membrane at cell tips, where it is essential for the exclusion
of the Cdc42 GAP Rga4 from the nongrowing cell end and bipolar Cdc42 activation [122].
Pom1 physically interacts with Rga4 and affects its phosphorylation state, although the
exact molecular mechanism of Rga4 regulation by Pom1 remains to be elucidated [122].
The Tea4-PP1 complex might also favor local Cdc42 activation and polarized growth
by excluding Rga4 and recruiting Gefl, probably by reversing Gefl phosphorylation by
Orbé6 [61,70], independently of For3 and Pom1 (Figure 2A) [123].

Other kinases beyond Pom1 are also involved in modulating Rga4 localization. Recent
data have shown that the Cdc42 effector Pakl, unlike Pom1, directly phosphorylates
Rga4 [89]. In the absence of Pom1 and Pakl, Rga4 becomes enriched at both cell tips,
indicating that both polarity kinases collaborate as tip exclusion factors and that cells
require active repulsion of this GAP at cell ends to sustain polarized growth [89]. Orb6
might also be involved in Rga4 phosphorylation to modulate Cdc42 activation, thus
controlling cell dimensions and growth symmetry [61,121]. More recently, it has been
suggested that Rga4 might localize to the cell ends to block Cdc42 activation and growth
during mitosis [157]. Taken together, all this evidence supports the idea that Rga4 plays an
essential role in locally restricting Cdc42 activity.

The Cdc42 GAP Rgab6 is also functionally important synergizing with Rga4 during
the control of cell polarity. In the absence of both Rga6 and Rga4, cells are rounded and
show active Cdc42 all around the membrane [125]. Rga6 localizes to the lateral cell cortex,
forming clusters different from those made by Rga4, and reaches the growing tips where
it might be regulated by degradation [125]. The observed reduced concentration of Rga6
at the growing tips is likely due to the polarized secretion of Scd1 mediated by formin
For3 nucleated actin cables, which locally regulates the decrease of Rga6 [125]. At the tip,
Rga6 modulates the amplitude of active Cdc42 oscillations, and might participate in the
negative feedback regulation mediated by the Scd1-Scd2-Pakl complex [67,125]. Lack of
Rgab increases the amount of old tip-bound Cdc42-GTP, and decreases the active Cdc42
symmetry required for bipolar growth. However, these alterations are not strong enough
to elicit a severe monopolar growth, and cells only show a slightly wider diameter and
decreased growth at the new end [125]. Therefore, both GAPs collaborate to spatially
restrict active Cdc42 at the cell tips but with a predominant role of Rga6 in the negative
regulation of Cdc42 at the growing cell tip. A recent study has identified Rga6 as an
interacting protein of the septin complex that promotes Spn1 septin localization at the cell
cortex, particularly to the region near the growing cell tip [158], and it has been proposed
that the diffusion-barrier function of septins and Rga6 GAP activity might be integrated
to regulate polarized localization of active Cdc42 [158]. In S. cerevisiae, recruitment of
septins to the budding site depends on the Cdc42 effectors Gicl and Gic2 [159]. Once there,
septins recruit the GAP proteins to inactivate Cdc42 as an additional negative feedback
mechanism [144]. However, in fission yeast, the absence of Spn1 does not appear to affect
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the localization of Rga6 [158]. Thus, Cdc42 GAP protein and septin interaction seems to
be evolutionary conserved, although it occurs differently according to the organism. In
higher eukaryotes, it is unknown whether Rho GAPs also regulate the cortical localization
and function of septins. Another function of Rga6 in polarized growth might be to link the
growth history of the mother cell to Cdc42 activation in daughter cells [160].

The interplay between Cdc42 GEFs and GAPs precisely controls Cdc42-mediated
polarized growth. Both Scd1 and its scaffold Scd2 and the Cdc42 GAP Rga4 seem to act
additively to define the dimensions of the growth zone, since the lack of both proteins
gives rise to round cells [65]. Moreover, the respective levels of Gefl and Rga4 proteins
at the membrane define the growing area dynamically at each cell tip [65,66,70]. Recent
optogenetic studies based on the CRY2-CIB system have revealed that in mammalian
cells, Racl and RhoA become active at the cell cortex upon light-dependent cytosolic
clustering [161]. In these experiments, the small GTPases were fused to CRY2PHR (simply
denoted CRY), the photolyase homology region of Arabidopsis thaliana cryptochrome 2,
which oligomerized upon blue light exposure [162]. Using a similar approach, it has been
described that in fission yeast, CRY2-dependent clustering at the membrane promotes
Cdc42 activation at lateral sites, where Cdc42 is usually inactive [163]. Although activated
clustered Cdc42 can recruit Scd1 through the scaffold Scd2, the positive feedback does
not become established because it is counteracted by Rga4 GAP-mediated inactivation.
These results highlight the cell polarization system’s robustness and the importance of the
interplay between GEFs and GAPs in establishing polarized growth [163].

Cdc42 effectors and polarized growth. Active Cdc42 coordinates polarized growth
at cell tips by translating the polar localization of the actin cytoskeleton and the exocytosis
machinery into actual growth [64]. Locally active Cdc42 targets the delivery of new plasma-
membrane material and cell wall-remodeling enzymes through recruitment and activation
of its effectors, the p21-activated kinase (PAK) Pak1, formin For3 for nucleation of actin
cables, and the exocyst complex for polarized exocytosis (Figure 2A,B) [68].

The p21-activated serine/threonine kinases (PAKs) comprise a family of protein
kinases that are highly conserved amongst eukaryotes. PAKs bind to the activated (GTP-
bound) forms of Cdc42 and Rac, but not to other small GTPases such as Ras or Rho,
and are activated as a result of this binding [164]. In fission yeast, there are two known
PAK homologs, Pakl/Shk1/Orb2 [130,165,166] and Pak2/Shk2 [164,167]. Pakl is a 72-
kDa protein homolog of the S. cerevisine Ste20 and mammalian Cdc42 /Rac-binding kinase,
p65PAK protein kinases which mediates functions of the Ras/Cdc42 signaling complex [165].
Pakl is essential for cell viability [130] and localizes to the cell ends and to the actomyosin
ring at the cell division site [81,168]. The second protein, Pak?2, is a structural and functional
homolog of Pakl which has the greatest similarity in predicted amino acid sequence to
S. cerevisiae Cla4 and Skml. Like Pakl, Pak2 interacts physically and functionally with
Cdc42 and it is involved in Ras1-Cdc42-mediated morphological control and mating
response pathways [164,167]. However, its lack does not cause a phenotypic change and
its functions are partially redundant with those of Pakl, with Pakl being functionally
dominant [164,167].

Pakl contains an N-terminal autoinhibitory regulatory domain and a C-terminal pro-
tein kinase catalytic domain [169,170]. Kinase activation follows interaction with the small
GTPases Cdc42, which bind to a CRIB (Cdc42 and Rac interactive binding) motif within
the regulatory domain [171]. The binding of Cdc42 disrupts the intramolecular interactions
of Pakl, thereby removing the autoinhibitory effect [169]. The scaffold Scd2 facilitates
the interaction of active Cdc42 with Pakl [109]. At the same time, Pakl regulates Cdc42
activity likely by altering the intracellular distribution of Scd2 and the Cdc42-GEF Scd1
within the multiprotein complex constituted by Ras1-Scd1-Scd2-Cdc42-Pakl [67]. Other
proteins involved in polarized growth are phosphorylated in a Pakl-dependent manner in
cells, such as the microtubule end-associated factor Teal [172] and Tea3, a scaffold protein
for cell polarity proteins at cell ends [173]. Tea3 is part of the Pakl-dependent negative
feedback loop, and prevents pre-existing growth domains from becoming overpowering
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by competing with Scd2 for its binding to Pak1 [173]. In the absence of Tea3, GTP-Cdc42
oscillations are impaired and NETO is delayed [173]. Pak1 also phosphorylates the Rhol
GAP Rga8 [128], which points to a crosstalk between Rhol and Cdc42.

Another important Cdc42 effector is For3, a non-essential diaphanous-like formin
that assembles actin cables for cellular transport and has established roles in polarized
secretion and growth during interphase (Figure 2B) [58,60,174,175]. The class V myosin
Myo52 transports along with these cables vesicular cargoes containing enzymes necessary
for cell wall remodeling and polarized growth at cell tips [58,176—-178]. For3 localization
to the growing ends depends on active Cdc42 and the actin nucleation promoting factor
Budé, and it occurs through a complex regulation that involves N-terminal and C-terminal
domains [60,179]. As expected, hypomorph Cdc42 alleles show a severe defect in actin
cables and For3 localization [60,62]. For3 neither localizes to the cell poles nor binds to
its cortical tethers when found in an autoinhibited (closed) state, which is mediated by
an intramolecular interaction between the autoregulatory (DAD) and inhibitory (DID)
domains [60]. GTP-loaded Cdc42 relieves the autoinhibited state of For3 to an active
conformation [60]. The GTPase Rho3 also interacts with For3 and contributes to regulate
the actin cytoskeleton [40]. In S. cerevisiae, besides Cdc42, Rhol and Rho3 participate in the
assembly of actin cables mediated by the formins Bnil and Bnr1 [180].

Additionally, For3 depends on the linker protein Tea4 for normal localization to both
cell ends [149,150], which might be a crucial step for growth at the new end, as cells lacking
this formin maintain a polarized growth but show altered morphology and a defect in
NETO [149]. Accordingly, artificial targeting of For3 to the cell ends is sufficient to restore
bipolar growth in the absence of Tea4 [149]. Moreover, for3A mutants show an altered
growth pattern similar to that of cells lacking Rga4, the major Cdc42 GAP, which is required
for normal For3 localization [121].

Cdc42 also plays a key role to control polarized exocytosis (Figure 2B). The exocyst,
a pivotal eight-subunit tethering complex (composed by subunits Sec3, Sec5, Sec6, Sec8,
Sec10, Sec15, Ex070 and Exo84), is conserved from yeasts to mammals, and is involved in
the late stages of exocytosis by the targeting and tethering of post-Golgi secretory vesicles
to the plasma membrane [181,182]. In fission yeast, localization of the exocyst to the cell
tips depends on either myosin V-directed transport along For3-nucleated actin cables [146]
or random walk (Figure 2B) [64], with both mechanisms playing complementary roles for
polarized exocytosis. At the cell poles, exocyst subunits Sec3 and Exo70 tether the exocyst
complex and the vesicle by binding phosphatidylinositol 4,5-bisphosphate (PIP;) and Rho-
family GTPases Cdc42 and Rho3 [40,64,146]. Whereas in fission yeast the whole exocyst
complex assembles on vesicles, in the budding yeast, Sec3 localizes to sites of growth
independently of vesicles and acts as a pre-localized landmark for incoming vesicles [183].

In summary, Cdc42, once active at the cell tips, binds and activates Pak1 involved in
modulating its dynamic local behavior and initiates polarized growth by promoting the
delivery of new membrane and cell wall remodeling enzymes via For3 and the exocyst
(Figure 2B).

Control of cell polarity by external cues. Cell polarization must respond to external
cues, although the molecular mechanisms that transduce environmental/extracellular
signals to the polarity machinery are far from being completely understood. Remarkably,
in fission yeast, the environment modulates the localization of active Cdc42 through the
stress-activated protein kinase Sty1, homolog of budding yeast MAPK (mitogen-activated
protein kinase) Hogl and mammalian stress-activated protein kinase p38 [184] (Figure 2A).
Sty1 activation induces active Cdc42 dispersal from the cell poles independently of its
role as an activator of transcription factor Atfl and Polo Kinase Plo1 [184]. In contrast,
SAPK inactivation prevents scattering of the Cdc42 module, allowing polarized growth
even in the complete absence of the actin cytoskeleton [184]. Although the molecular
mechanisms by which Sty1 regulates this process remain to be elucidated, the finding that
recovery of active Cdc42 at the cell tips after MAP kinase inactivation is very rapid [184]
suggests that Styl may negatively regulate the coupling of the Cdc42 module to cell-polarity
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landmarks like Teal-Tea4 or the formin For3 [184]. It has also been shown that reducing
the growth rate of fission yeast cells (either by osmotic stress or physical confinement)
induces active Cdc42 domains to rapidly oscillate from cell tips around the cell surface,
whereas an increase in growth rate improves polar domain stabilization [185]. A candidate
screen for suppressors of this behavior in response to osmotic stress reveals that Styl,
For3 and the myosin type V Myo52 are important players [185]. However, Styl acts
independently of the Cdc42 effector For3 in this response, since active Cdc42 domains
remain fully polarized during osmotic stress in sty1Afor3A mutant compared to the single
deleted mutants [185]. Altogether, this evidence suggests that Sty1 activation induced by
different stimuli promotes Cdc42 detachment from the cell tips, which might be mediated
by Styl-dependent phosphorylation of its activators Scdl or Gefl. Interestingly, this
MAP kinase-dependent mechanism of regulation of cell polarity has not been observed in
budding yeast, as there is no evidence that Hog1 regulates Cdc42 [186]. Future work will
be needed to determine whether a similar regulatory circuit exists in metazoan cells.

Role of other Rho GTPases in polarization. The role of GTPases other than Cdc42
during polarized growth is less well understood, although the existence of a crosstalk
between Cdc42 and Rhol, Rho2 and Rho5 during the synthesis and remodeling of the cell
wall should be expected (discussed in further detail in Section 5). Cells require precise
coordination between the cell-wall biosynthetic enzymes and the molecular machinery
required for actin organization to ensure viability, with Rhol GTPase function lying at
the crossroad between both processes. In fission yeast, Rhol is the regulatory subunit of
-GS, and switching off rhol™ expression causes the disappearance of the actin cytoskeleton
(Figure 2C) [17]. However, the effector(s) involved in this process is/are not known.
Coordination between Cdc42 and Rhol during polarized growth likely occurs, but so far
the molecular details of this interaction have not been deciphered.

Interestingly, a close relationship between the signaling pathway involved in the
maintenance of cell wall integrity and the polarity landmarks exists in fission yeast. The
Cell Integrity MAPK Pathway (CIP) members Rgfl, Pckl, Pck2 and Pmk1 (see Section 5 for
a detailed description of the CIP) cooperate to localize the polarity landmarks Teal, Tea4
and Pom1 at the cell cortex, as there is a decreased polarity factor enrichment at the cell
ends in CIP knockouts [147]. Consistently, several CIP defective mutants show a defect in
the establishment of NETO [187]. Conversely, the absence of the above polarity landmarks
increases the localization of CIP components at the cell tip, which correlates with a rise in
the basal activity of the CIP MAPK Pmk1 (Figure 2C) [147]. These findings might suggest
functional crosstalk between the CIP and the machinery involved in establishing polarized
growth at the cell ends, which awaits further characterization.

As mentioned earlier, Rho3 GTPase plays important roles in polarized growth and
exocytosis [40,42,63], and was initially identified through its interaction with formin For3
(Figure 2B) [40]. Later, Rho3 was shown to genetically interact with sec§ and ex070, two
conserved components of the exocyst complex [42]. Indeed, Rho3-deleted cells accumulate
putative secretory vesicles of ~100 nm at high temperatures [40,42,43]. Rho3 has also
been implicated in Golgi/endosome trafficking regulation through its physical and/or
functional interaction with adaptin Apm]l, a protein of the clathrin-associated adaptor
complex AP-1, and the AP-1 accessory protein Sip1 [43,44]. Sip1 recruits Rho3 to its proper
cellular localization in the Golgi/endosomes and facilitates its interaction with the AP-1
complex [44]. Thus, Rho3 might stimulate secretion by locally increasing the exocytic
apparatus or through Golgi/endosome regulation, and functions redundantly with the
Cdc42 pathway in polarized exocytosis (Figure 2B) [45].

4.2. Schizosaccharomyces japonicus

S. japonicus is a dimorphic yeast and can transition between the unicellular and the
hyphae form in response to certain stimuli [11,188,189]. Polarized growth does not cease
during hyphal transition, suggesting that strong crosstalk between growth and division
occurs during this process [11]. Hyphal induction requires the activity of the Scd1-Scd2-
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Cdc42 pathway to form elongated cells, with Scdl playing a significant role [12]. These
cells show a strict dependence on actin-based transport and independence of microtubules
to proliferate [11]. As in S. pombe, deletion of formin For3 leads to loss of actin cables in
S. japonicus, and the mutant cells are spherical and cannot polarize growth [11]. Hyphal
growth in S. japonicus is elicited in response to different environmental stresses [11,189,190].
Therefore, it is plausible that MAPK signaling pathways play an essential role in controlling
the dimorphic switch in this fission yeast as in other fungi [191], although the detailed
molecular mechanisms are far from being understood. Notably, the Stress Activated MAPK
(SAPK) pathway constitutively represses the hyphal growth transition [192]. It is tempting
to speculate that Styl might negatively regulate hyphal development by modulating the
activation status of Cdc42, like in S. pombe [184].

5. Regulation of Cell Integrity by Rho GTPases

Fungal cellular integrity is preserved by a cell wall that is locally remodeled during
polarized growth to allow the uniform internal turgor pressure to expand the cell. Overall,
growth depends on the polarized secretion of transmembrane cell wall synthases and
the secretion of hydrolases to promote cell wall expansion. Ultimately, both processes
are under the control of Cdc42 and are expected to be regulated by numerous signaling
pathways. Indeed, growing cells must precisely coordinate and adequately respond to
events that might compromise their integrity and cause death by lysis.

Synthesis and remodeling of the cell wall. The S. pombe cell wall shows a central
electron-transparent layer comprised of a-glucans and f3-glucans surrounded by two
electron-dense layers formed by galactomannan. The septum is also a three-layered
structure with a central primary septum made of linear 3-1,3-glucan digested upon cell
separation, and two outer secondary septa (Figure 3A). A small amount of linear 3-1,3-
glucan is also present in the cell wall at the tips. However, the majority of the cell wall is
composed of branched f3-1,3-glucan (reviewed in [5]).

The biosynthesis of (3-1,3-glucan is catalyzed by the (3-1,3-glucan synthase (GS) com-
plex located in the inner side of the plasma membrane. GTPase Rhol is the GS regulatory
subunit involved in the activation of GS catalytic subunits Bgs1 to Bgs4 in a GTP-dependent
manner (Figure 3A). Although not formally demonstrated in fission yeast, it is assumed
that Rhol physically binds to GS catalytic subunits, as it occurs in S. cerevisiae [193]. GS
activity must be strictly coordinated with the cell cycle, and Rhol is likely essential to estab-
lish this functional link. Indeed, cells lacking Rhol activity lyse mainly during cytokinesis
but also at other cell cycle stages.

PKC orthologs Pckl and Pck2 are two important Rhol and Rho2 effectors involved
in glucan synthesis [18,20]. Both PKCs share extensive homology at their aminoacidic
sequences and have overlapping roles in cell viability [18,37]. They present an extended
regulatory domain, including two polybasic coiled-coil HR1 domains that mediate binding
and regulation by the GTP-bound Rho GTPases Rhol and Rho2 [18]. These HR1 domains
are closely related to those present in the mammalian Rho family-responsive protein kinase
N kinases (PKNs) PKN1-3, a subfamily within the PKC family that binds and becomes
regulated by Rho family members [194]. Pckl and Pck2 are unstable proteins that increase
their stability by interaction with the GTPases Rhol and Rho2 [18,36]. As mentioned earlier,
locally active Rhol regulates the biosynthesis of 3-1,3-glucan through direct regulation of
the 3-GS enzymes, but also indirectly through the activation of Pckl and Pck2 [18]. Mok1
is the enzyme responsible for synthesizing the cell wall x-1,3-glucan, which is essential for
cell integrity [5] and is regulated by Rho2 through Pck2 (Figure 3A) [37]. Cortical actin is
required for the localization of these enzymes at the cell poles [5]. Moreover, the correct
transport/recycling to the plasma membrane of the GS Bgs1 requires Cdc42 function [195].

How Rhol activation is precisely controlled in response to internal or external cues
to execute its functions remains an unsolved question. Rgfl GEF specifically activates
Rhol during polarized growth, and its localization to the poles depends on actin and
phosphoinositides [31,196]. It activates the 3-GS complex containing the catalytic subunit
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Bgs4 and is involved in NETO [19]. Rgf2 also interacts with Rhol, although Rgf2-deleted
cells behave similarly to wild type during polarized growth [27]. Deletion of both Rgfl
and Rgf2 is synthetically lethal, suggesting that both proteins are functionally redundant
during vegetative growth [27]. Rgf3 regulates cell wall biosynthesis and cell integrity
through Rhol specifically during septation, and its absence elicits a temperature-sensitive
lytic phenotype (Figure 3A, discussed in more detail in Section 6) [25,197]. Rhol activity
is counteracted by Rgal and Rga5 GAPs throughout the cell cycle. rgal null cells show
a severe defect in cell growth and a swollen, multiseptated or branched shape [103], a
phenotype similar to cells expressing a dominant-active Rhol mutant [98]. They also
show an abnormally thick cell wall and increased the number F-actin patches distributed
throughout the cortex [103]. Rga5 cooperates with Rgal to downregulate Rhol-dependent
-(1,3)-GS activity, and it is also important for the regulation of the other known Rhol
effectors, Pckl and Pck2. Indeed, Rga5 negatively modulates the Rhol-Pckl, and to a lesser
extent Pck2, interaction, causing their destabilization [124]. Since several GEFs and GAPs
participate in Rhol cycling, it is likely that their spatiotemporal regulation might guarantee
the precise control of local Rhol activation during cellular growth. Future studies are
needed to fully elucidate the molecular mechanisms underlying the accurate control of
Rhol activity by its GEFs and GAPs.

Sensing and transducing stimuli through the Cell wall Integrity Pathway (CIP).
Cells can sense changes in the cell wall or membrane caused by different stressors or
antifungal drugs and organize an adaptive response critical for survival. In fission yeast,
the sensors Wscl and Mtl2 play this important role and complement each other to support
cell viability [188] and are recruited to different areas: Mtl2 around the cell surface while
Wscl is enriched at cell tips and also to the septum during cell division [198]. Wsc1 forms
stable clusters upon mechanical stress in the cell wall which can serve as local signaling
platforms to recruit and activate downstream signaling elements to sites of mechano-
perception (Figure 3B) [199].
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Figure 3. Rho GTPases involved in the regulation of CW integrity (adapted from [5,200]). (A) Cell wall synthesis at the
cell tips during interphase is mediated by -GS Mokl (x-glucan) and (3-GS Bgs4 (branched (3-1,3-glucan). Other (3-GS (Bgsl
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of S. pombe CIP activation. Wscl and Mtl2 activate Rhol through the GEF Rgfl. Rhol activates the 3-GS and stabilizes Pck1
and Pck2. After activation by the phospholipid-dependent kinase Ksg1, both kinases activate the GS. Rho2 regulates Mok1
via Pck2. Rho2-Pck2 are the main activators of the CIP. Please see main text for more details.

Both sensors physically couple the cell wall with the plasma membrane to activate
Rhol by two different networks [198]. One involves signaling from Mtl2 through Rhol
to Pckl, while the second one implicates specific signaling from Wscl and Rgf2 (and
probably also Rgfl) through Rhol to activate GS and cell wall biosynthesis (Figure 3B).
However, Wscl and MIt2 may act independently of the CIP, since CIP signaling is not
compromised in mtI2A and wsc1A disruptants exposed to cell wall stress, suggesting that
the functional relevance of S. pombe sensor-like proteins in the CIP pathway differs from
that of S. cerevisiae [198]. In the latter, the cell surface sensors Wsc1-3, Mid2 and Mtl1
transmit cell wall stress to Rhol through a set of GEFs and are responsible for activation of
the Cell Wall Integrity MAPK pathway [201].

Cell wall homeostasis is regulated by the CIP, which is conserved in all fungi and
shows a high degree of similarity to mammalian MAPKs of the ERK1/2 and ERKS5 types
(Figure 3B) (reviewed in [5,202]). As discussed above, in S. pombe, GTP-bound Rhol
and Rho2 interact with and stabilize the two redundant fission yeast PKC orthologs
Pck1 and Pck2 [18]. Phosphoinositide-dependent kinase (PDK) ortholog Ksgl mediates
the in vivo activation loop phosphorylation of Pckl and Pck2 during vegetative growth
and stress [22,23]. Rho2 and Pck2 are the primary activators of the MAPK module of
the CIP, which is composed of Mkhl (MAPKKK), Pekl (MAPKK), and MAPK Pmk1
(Figure 3B). No Rho2 GEFs have been identified so far, but Rho2 activity is downregulated
by the GAPs Rga2, Rga4, Rga7 and Rga6, to reduce Pmk1 activation [105]. Rhol and
Pckl also contribute to Pmk1 activation during vegetative growth and under cell wall
perturbations (Figure 3B) [21]. The GEF Rgf1 regulates Pmk1 activation by a mechanism
that relies upon both Rhol and Pck2. Rhol GEFs Rgf2 and Rgf3 can activate the CIP when
overexpressed, but it is not clear if they perform this role at physiological conditions [24].
Whether these GEFs are post-translationally regulated to modulate CIP signaling deserves
future work. For instance, in budding yeast, it has been suggested that Mpk1 activates a
negative feedback loop that downregulates pathway signaling by depriving Rhol of its
GEF Rom?2 [203].

The flow of phosphoinositides and the dynamic lipidation of Rhol and Rho2 are
essential to modulate their membrane localization and the activity of the CIP [33,204,205].
Manipulation of phosphatidylinositol-4-phosphate 5-kinase Its3 function has shown that
Pmk1 activity correlates with cellular phosphatidylinositol 4,5-bisphosphate (P1(4,5)P,) lev-
els [204]. PI(4,5)P, forms clusters during osmotic stress that co-localize with Rho2; however,
Rho?2 still forms clusters in the absence of Its3 function, suggesting that Rho2 localization
does not require PI(4,5)P;. On the other hand, in vivo farnesylation of Rho2 Cys'”’ by
farnesyltransferase Cppl is critical for membrane binding and downstream signaling to
the CIP [34]. During the prenylation process, the free carboxyl group of the isoprenylated
cysteine becomes methylated by a specific isoprenylcysteine-O-carboxylmethyltransferase
(ICMT) [206]. In fission yeast, the absence of ICMT Mam4 prompts a reduction of Rho2
targeting to the plasma membrane, but not in the localization of Rhol and Cdc42 [205,207].
Rho? also undergoes in vivo palmitoylation at Cys!*® by the DHHC palmitoyltransferase
Erf2 to mediate its full plasma membrane localization, and this lipid modification is re-
quired for morphogenesis control and signaling to the CIP [33].

Rho4 and Rhob5 act in addition to Rho2 upstream of the CIP during vegetative growth
(Figure 3B) [51]. Both overexpression and deletion of Rho4 or Rho5 affect Pmk1 phospho-
rylation, and they associate with Pck2, the critical upstream regulator of the CIP MAPK
module [51]. However, the fact that a significant fraction of both GTPases localizes to
internal membranes in addition to the plasma membrane suggests that Rho4 and Rho5
may control Pmk1 signaling indirectly and through yet unidentified target(s) [51]. Con-
versely, Rho3 is a negative regulator of the CIP [33]. Accordingly, cells lacking Rho3



Cells 2021, 10, 1422

16 of 33

exhibit increased Pmk1 activity and strong chloride sensitivity, which is associated with
CIP hyperactivation, although this control is independent of the Rho2 function [33].

In summary, Rho2 is the main activator of the CIP, whose activity can be reinforced
by additional GTPases such as Rhol, Rho4 and Rho5 that might contribute to modulate
pathway activation at specific sites or under specific circumstances.

One important difference between the functional roles of the CIP in budding and
fission yeast resides in the control of the actin cytoskeleton. In S. cerevisiae, Rhol is important
for proper actin cytoskeleton organization at least through control of the Cell Wall Integrity
MAPK Mpkl [201]. So far, such a functional link has not been established in fission
yeast, where the regulatory mechanisms underlying actin cytoskeleton reorganization
and integrity in response to different environmental stimuli are mostly unknown. Future
studies in S. pombe will help to elucidate the details of the possible functional relevance of
Rhol and the CIP in actin organization.

While Pmk1 activity might be positive for maintaining cellular integrity, its constitutive
hyperactivation can be deleterious. For instance, inactivation of Pmk1 improves the growth
of a rho1-596 thermosensitive strain which displays severe cell wall defects and high Pmk1
phosphorylation [208]. On the other hand, a recent study has shown that constitutive
activation of the CIP in cells grown in heavy water (D,0O) causes gross morphological
changes, thickened cell walls and aberrant septa that affect growth [209]. Remarkably,
blocking CIP activity partially alleviates the above phenotypes while activating it increases
the D0 sensitivity [209]. Therefore, the activity of the CIP must be precisely regulated in
time and space to preserve cell wall integrity and cellular viability.

Little is known about the putative functional role of the CIP and its upstream regula-
tors, the Rho GTPases Rhol and Rho2, and PKC orthologs Pckl and Pck2 in S. japonicus. As
in S. pombe, both kinases likely regulate the activation status of Pmk1, and also modulate
hyphal differentiation dynamics (our unpublished results). Future studies will be required
to uncover the role of Rho GTPases in regulating the cell integrity in this dimorphic yeast.

Interplay between polarized growth and cell wall integrity. The cell wall gets thin-
ner during polarized cell growth. Thickness at growing tips exhibits a fluctuating behavior
with thickening phases followed by thinning stages, indicative of delayed feedback pro-
moting thickness homeostasis. Mechanosensing through the CIP mediates this feedback,
which probes tension in the wall to adjust synthase localization and activity to surface
growth [133]. Indeed, in the absence of Wsc1, Rgfl and Pmk1, cell wall thickness homeosta-
sis is severely impaired, which might explain the lytic phenotype observed in some CIP
mutants during vegetative growth due to excessive thinning [133]. Since polarized growth
might be counteracted by cell wall stiffness, functional crosstalk between the Cdc42 polarity
network and the CIP would be expected (Figure 2C). Active Cdc42 promoting polarized
growth might modulate the extent of CIP signaling locally. Interestingly, the Cdc42 effector
Pak2 shows a two-hybrid interaction with Mkh1, and a dominant-activated cdc42G12V
allele prompts a growth defect that is rescued by the pak2A and mkh1A mutations. This
suggested that Cdc42 might signal through the CIP pathway via Pak2 [78]. Unexpectedly,
neither pak2* deletion nor cdc42G12V overexpression had a noticeable effect on Pmk1 acti-
vation [210]. These findings suggest a scenario in which the Cdc42 polarity pathway and
the CIP might coordinately regulate morphogenesis through at least one common target
in fission yeast. Another possibility is that the Cdc42 polarity network might regulate
Pmk1 activity at a small pool of cell tip localized molecules causing subtle differences
difficult to detect. Future studies are necessary to clarify these possibilities. Alternatively,
Cdc42 might modulate the cell wall by affecting the activity of Rho GTPases and their
direct effectors independently of their role in CIP signaling. In S. cerevisiae, a functional
relationship between the polarity machinery and Rhol-Pkc1 exists. Laser-induced cell wall
and membrane damage results in the Pkcl-dependent disassembly of bud site polarity.
This response is expected to facilitate the healing process by providing factors available
for cell wall/membrane repair [211]. Rhol activated Pkcl promotes the destruction of
formin Bnil and exocyst component Sec3, therefore disrupting polarity complexes, and this
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degradation is required for the subsequent healing response that includes the recruitment
of Pkcl, Rhol, formin Bnrl, Exo70, type V myosin Myo2 and cell wall synthase Chs3 to the
site of damage. Whether the GTPases Rhol and Rho2 modulate the polarity module when
the cell wall or the membrane is damaged in fission yeast deserves future investigation.

6. Rho Signaling in Cytokinesis
6.1. Schizosaccharomyces pombe

In S. pombe, polarized growth ceases as cells enter into mitosis and divide. At this
stage, the cytoskeletal machinery involved in polar growth during interphase shifts to
the cell middle to form the contractile actomyosin ring (CAR) (Figure 4). Most animal
and fungal cells, including S. japonicus, start to assemble the CAR when chromosomes are
fully segregated [84]. In contrast, in S. pombe, CAR assembly starts early in anaphase. The
interphase nodes containing the anillin-like protein Mid1 and cell cycle kinases evolve
into cytokinesis nodes by adding myosin II (Myo2), IQGAP Rng2, F-BAR protein Cdc15,
and the formin Cdcl12. Cdcl2, with help from For3, stimulates the nucleation of actin
filaments (Figure 4). Nodes condense to form the CAR by the interactions of myosin II with
actin filaments. During the maturation phase, Cdc15 and several other proteins, including
Rga7 (Rho2 GAP) and Rgf3 (Rhol GEF) move to the ring (Figure 4) [212]. Then, the CAR
constricts by the action of motor Myp2, another type Il myosin, and cofilins, which cut
actin fragments stochastically, shortening the ring [212]. The Septation Initiation Network
(SIN), a Hippo-related signaling pathway, coordinately triggers constriction of the CAR
and the synthesis of new cell walls to form a septum that generates the physical barriers
that separate the two daughter cells [213]. Finally, cell separation liberates two daughter
cells upon dissolution of the primary septum by the action of glucanases Engl and Agn1
delivered to the division site (Figure 4) [214].

A ) . Septum digestion and
A CAR assembly and maturation B CAR constriction and septum synthesis Cc cell separation
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% LR Rho4
binding & ‘
alc’;itggon l g 6% Exo70 ‘\13“0“ Gef3
K binding & &, Sec8 v® _ Rho3
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Figure 4. Rho signaling during cytokinesis. Schematic representation of fission yeast cytokinesis. (A) CAR precursors are

assembled into nodes (3. ) composed of multiple proteins localized into the cell middle by anillin-like protein Mid1. After

synthesis of the F-actin network by formins Cdc12 and For3, nodes condense into the CAR through actomyosin interactions.

The fully formed ring matures by recruitment of additional cytokinesis proteins (mature car is indicated in magenta). Cdc42

effector Pakl promotes phosphorylation of CAR components Mid1, Cdc15 and Rlcl. Cdc42 mediates Bgsl recruitment at

the ring during anaphase. Rhol GTPase participates in a cytokinetic checkpoint that delays CAR maturation after cell wall

damage. (B) CAR maturation is followed by constriction and cell wall deposition (primary septum, in green, and secondary

septum, in brown), which facilitates proper ring closure. Rhol and Rho2 bind and activate the enzymes involved in septum

synthesis. Question mark denotes that the molecular mechanism by which SIN might activate Rhol remains unsolved.

(C) Cells separation occurs by digestion of the primary septum and the surrounding cell wall by Agnl (endo--1,3 glucanase)
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and Engl (endo-f3-1,3 glucanase). Secretion of Agnl and Engl depends on the activity of Rho4 (activated by Gef3). Both
enzymes are targeted to the septum by the exocyst subunits Sec8 and Exo70 regulated by Rho4 and Rho3. Agnl and Engl
distribution at the ring is influenced by Cdc42. Please see main text for more details.

In S. pombe, the Rho GTPases, Cdc42, Rhol, Rho3 and Rho4 have been reported to
control different steps in cytokinesis (Figure 4) (recently reviewed in [6,88]). In contrast,
in S. japonicus, the putative roles of the Rho GTPase signaling network during cytokinesis
have not been addressed.

Cdc42 regulates early and late cytokinetic events. The role of Cdc42 in polarized
growth has been well documented; however, less is known about its function during
cytokinesis. Several reports have suggested that Cdc42 regulates the recruitment of specific
cargoes required for distinct steps during division [86,195,215].

In fission yeast, the successive recruitment to the division site of GEFs Scd1 and Gefl
activates Cdc42 locally [86]. Gefl localizes first to the membrane proximal to the actomyosin
ring where it activates Cdc42 to promote Bgsl recruitment, and the timely onset of ring
constriction and septum ingression (Figure 4A). However, the precise molecular mechanism
involved in Bgsl delivery remains unclear [86]. This is followed by Scdl localization
to the division site in a Gefl-dependent manner to activate Cdc42 and promote Bgsl
localization along the ingressing furrow and efficient septum formation (Figure 4B) [86].
Scd1 itself restricts Gefl localization from the division site [74]. Cdc15 also contributes to
Gefl localization to the cell tips and the division site, although the molecular details are
unknown [75]. Reciprocally, Gefl-activated Cdc42 promotes endocytic events that prompt
uniform Cdc15 assembly at the ring and concentric furrow formation [90].

The Cdc42 effector Pakl has a prominent role in fission yeast cytokinesis. Pak1 colocal-
izes with the essential class-IIl myosin Myo2 in the contractile ring, where it phosphorylates
the myosin regulatory light chain Rlc1 [81]. Such phosphorylation may serve to slow
node dynamics by reducing force production by Myo2, which permits sufficient time to
allow chromosome segregation to occur before cytokinesis [87]. Pak1 also phosphorylates
and regulates the localization to the CAR of other cytokinetic proteins like the contractile
ring anillin-related protein Mid1, F-BAR protein Cdc15, and Cyk3 (Figure 4A) [89,92]. In
budding yeast, PAK kinases have not been involved in the phosphorylation of Cdc15
ortholog Hofl, which depends primarily on cell cycle kinases [216]. Instead, Cla4, a PAK
family member, regulates the selection of the cell division site by engaging the positive
feedback loop by phosphorylation of Cdc42 activators [217] and by direct phosphorylation
of septin filament subunits Cdc2, Cdc10, Cdc11 and Cdcl2 [218].

The formin For3 is another Cdc42 downstream effector that localizes to the division
site shortly after spindle pole body (SPB) separation during CAR assembly (Figure 4). [83].
for3A cells show a delay in the later stages of CAR constriction and disassembly compared
to wild-type cells [83]. Accordingly, For3 nucleated actin cables are critical for efficiently
delivering secretory vesicles carrying new membrane by type V myosin Myo52 to the
division site [82,85]. For3 function becomes essential during actin assembly for node
movement and cell survival in mutants with reduced formin Cdc12 activity, suggesting
that both formins cooperate to nucleate actin filaments for CAR assembly and disassembly
during cytokinesis [83]. Remarkably, the SAPK pathway and its effector, MAPK Sty1,
elicit CAR disassembly in S. pombe when its integrity becomes compromised during actin
damage and stress by downregulating For3 levels, thereby blocking cell division until the
damage is repaired. The molecular mechanism that controls For3 under these circumstances
seems Cdc42 independent, but its participation cannot be completely ruled out [91].

The role of Cdc42 during the final stages of cytokinesis is not clearly understood.
Cdc42 activity is required for proper localization at the ring of the septum digesting
glucanases Agnl and Engl (Figure 4C) [215]. However, Cdc42 needs to be inactivated to
complete cytokinesis since cells overexpressing a constitutively active Cdc42 allele form
a septum but fail to undergo cell separation [4,6]. It seems plausible that the activity of
Cdc42 must be strictly temporally controlled during septum dissolution because either
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lack or excess of GTPase activity induces separation defects. Cdc42 GAPs Rga3, Rga4
and Rga6 might contribute to achieving such control since they all localize to the division
site [73,121,122,125].

On the role of other GTPases in the control of late cytokinetic events. The role
during cytokinesis of other Rho GTPases besides Cdc42 has been mainly associated with
the last stages of septum synthesis and dissolution.

The knowledge on the putative function/s of Rhol during the early steps of cytokinesis
is scarce, and its main role during this process seems intimately connected to its function as
an activator of the GS complex (Figure 4B). Rhol regulated 3-GSs Bgs4 and Bgs1 contribute
to keeping the CAR in position until constriction starts [219,220]. In contrast, RhoA and
Rhol in animal cells and budding yeast are active in early cytokinesis for division-site
selection and contractile ring assembly, respectively [221,222].

The cytokinetic role of several Rhol regulators that interact physically with CAR
components has been also depicted. The F-BAR scaffold Cdc15 contains an SH3 domain
that binds proteins required for septation, such as paxillin PxI1 or Rgf3. Pxl1 negatively
modulates Rhol activity and interacts with Bgsl for the stable anchorage of the CAR to
the plasma membrane and furrow formation [29,223]. As discussed in Section 5, Rgf3 is
an essential GEF that activates Rhol at the CAR (Figure 4B) [26]. Lack of function of Rgf3
delays ring maturation and constriction [27,119], and cells lyse during cell division when
the primary septum is degraded [26]. Rgf3 localization also depends on the arrestin Artl.
In art1A cells, low levels of Rgf3 at the division site lead to inefficient Rhol activation,
causing septum defects and cell lysis due to poor activation of 3-GSs [119]. The fact that
Artl does not affect Bgs1 localization suggests that Rhol plays no prominent role in Bgs1
localization, which has been shown to rely on the exocyst complex, Cdc42 and F-BAR
protein Cdcl5 [64,220]. Recently, it has been described that Rgf3 is more concentrated
at the center of the division site in the absence of the UNC-13/Muncl3 protein Yncl13,
which correlates with an elevated amount of active Rhol at the division site [224]. This
abnormal protein distribution is caused by defective site selection during endocytosis, for
which Yncl3 is relevant. As expected, Bgsl, Bgs4 and Mokl localize abnormally at the
CAR in Yncl3 null cells [224]. Given the essential role of Rgf3, the identification of its
upstream regulators will surely help to understand how Rhol regulates cell wall integrity
during fission yeast cytokinesis. On the other hand, Rgfl, the main GEF that activates
Rhol at the growing ends during polarized growth, is also functionally relevant during
cytokinesis [31]. Rgfl and Rhol participate in a checkpoint that imposes a delay in the
maturation phase of CAR assembly upon stress affecting cell wall integrity [31]. This
inhibition is exerted through Rgf1-Rhol activation of the CIP components Pck2 and Pmk1
to ensure that cytokinesis is completed after cells have adapted to the new conditions
(Figure 4A) [31].

Recent work has shown that the amount of active Rhol at the division site is also
influenced by astral microtubules. Rhol-GTP signal peaks during furrow ingression and
cell separation, and this accumulation is enhanced in lack of function mutants in the
gamma-tubulin complex linkers Mtol and Mto2 [225]. Despite these initial pieces of
evidence, it is still unclear which Rhol regulators contribute to this hyperactivation, how
microtubules are connected to these proteins, and, most importantly, how increased Rhol
accumulation influences furrow ingression.

Rho2 GTPase localizes to the septum during cytokinesis, and induces a strong cell
separation defect upon overexpression [32]. However, the specific role of this GTPase
during cytokinesis is unknown. Rho2 activates the «-GS Mok1 through the protein kinase
C (PKC) homologue Pck2 [18,35]. This might contribute to proper septum formation and
dissolution, given that Mokl is essential for the adequate synthesis of both the primary
and secondary septa and to support the physical forces of the cell turgor pressure during
cell separation (Figure 4B) [39]. In addition, Rho2 acts upstream the CIP MAP kinase
pathway [34], which becomes activated during the cell cycle peaking at cell separation
during cytokinesis [226]. Indeed, loss of Pmk1 activity or its hyperactivation leads to
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cell separation defects [202]. This cytokinetic defect might be related to Pmk1 depen-
dent phosphorylation of the RNA-binding protein Nrd1, which is involved in stabilizing
myo2* mRNA [227]. Alternatively, Pmk1 might be necessary for the local activation of the
phosphatase calcineurin at the CAR, where it is targeted by PxI1 and participates in the
dephosphorylation of the F-BAR protein Cdc15 [228]. However, Pmk1 phosphorylation
during cytokinesis is not dependent on Rho2 [38,202], and therefore it is not clear whether
Rho2 has a relevant function during this process.

Rho5 GTPase also localizes to the division site, and its activity is redundant with
that of Rhol [52]. Cells overexpressing rho5* exhibit morphological defects and have an
elevated septation index; therefore, suggesting a role during septum formation or ring
stability. GEF Gef2 confers stability to the actomyosin ring, and it is an in vitro binding
partner of Rhol, Rho4 and Rho5 [101,102]. Thus, Rhol/5-dependent GS activity might be
required to stabilize the actomyosin ring [6].

The SIN pathway is essential for fission yeast CAR contraction and simultaneous
septum synthesis (reviewed in [229]). In the absence of SIN signaling, cells do not initiate
septum synthesis, resulting in the formation of elongated multinucleated cells [229]. It
has been proposed that SIN activates Rhol, which in turn activates the Bgs enzymes [28],
and that there is a feedback loop where active Rhol stimulates the SIN while septation is
progressing (Figure 4B) [30]. How these regulatory interactions occur at the molecular level
is currently unknown. One possibility is that the SIN targets Rhol by activating Rgf3 [28].

The final and most critical step of cytokinesis is cell separation, which initiates by the
activation of the Morphogenesis Orb6 (MOR) pathway upon completing actomyosin ring
constriction and septum formation. In fission yeast, the separation machinery includes
septin protein complexes (Mid2 and septins Spn1-4), the exocyst, Rho GTPases and the
glucanases Engl and Agnl1 (reviewed in [230]). First, Agn1 digests the cell wall material that
surrounds the septum followed by the action of Eng1, which is necessary for the dissolution
of the primary septum. Both proteins localize to a ring-like structure surrounding the
septum, which depends on the exocyst components Sec8 and Ex070, the septins and Mid2.
The localization of the septin ring and the exocyst complex at the division site requires Rho4
GTPase [50] (Figure 4C). Likewise, both complexes are needed for GEF Gef3 localization
which in turn activates Rho4 [45,107]. Rho4 levels are reduced, and the localization of Engl
and Agnl glucanases is abnormal in cells lacking Gef3. Gef3 also interacts with GTPase
Rho3 that participates in cell separation by modulating exocyst function (Figure 4C) [45].

6.2. Schizosaccharomyces japonicus

S. japonicus breaks down the nuclear envelope during mitosis and assembles the
actomyosin cytokinetic ring only after the exit from mitosis through a Cdc15-dependent
ring anchorage system relying on cell tip-localized cortical cues [84,231]. Forcing S. japonicus
cells to divide at smaller volume by reducing Cdkl activation status at G2/M either
genetically or nutritionally, leads to re-scaling of cellular geometry transitioning through
an asymmetrically dividing stage [232]. During this process, the spatial regulation of Cdc42
activity by Rga4 GAP becomes critical, and contributes to proper patterning of the cortical
domains required for division site placement [232].

In S. japonicus, the anaphase nucleus controls the spatial distribution of actin nucle-
ation. However, it is currently unknown whether the signal is released from the nuclear
compartment or derives from a nuclear structure such as the SPB or the mitotic spindle.
Recent findings suggests that actin nucleation during CAR assembly depends mostly on
formin Cdc12, although For3 also cooperates when Cdc12 activity is compromised [83].
Although there is no evidence that Cdc42 controls Cdc12-dependent actin nucleation in S.
pombe [233], it does play an essential role in the activation of For3 [60]. It will be interesting
to investigate the dynamics of S. japonicus Cdc42 activation at the equatorial cortex and
possible links to Cdc12 and For3 activation.
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Pheromone sensing

7. Functions of Rho GTPases during Sexual Differentiation

The strong relevance of the cytoskeleton in polarized growth during mating suggests
a requirement for Rho GTPases function [234]. In particular, Cdc42 is essential for polar-
ization in response to external pheromone gradients during S. pombe sexual reproduction
(recently reviewed in [7]), a process where cells of the opposite mating type plus (P or h*)
and minus (M or h™) pair during mating [235,236]. The binding of pheromone receptors
Map3 (h*) [237] and Mam?2 (h™) [238] with their correspondent pheromone ligands (M
and P factors) stimulates the activation of a receptor-associated heterotrimeric G-protein.
Subsequently, activated Gpal o subunit signals to the conserved mating-pheromone re-
sponsive MAPK module composed by MAPKKK Byr2, MAPKK Byrl, and MAPK Spk1
(Figure 5A) [239,240], functionally homologous to the mammalian Ras-Raf-MEK-ERK mi-
togenic pathway [241]. So far, the molecular links between the G and the MAPKKK Byr2
remain unknown. The connections between the G proteins and the MAPK cascade are
better understood in S. cerevisize. Pheromone receptor activation releases Gy that activate
the MAPK cascade to induce cell differentiation. GRvy also associates with the GEF Cdc24,
which activates Cdc42, and with Rhol, mediating its proper localization to the tip of the
mating projection [242]. In fission yeast, the small GTPase Rasl is another regulator of
the MAPK cascade. Rasl activation by Ste6 recruits Byr2 to the plasma membrane and
relieves its autoinhibition, thereby causing Byr2 to drive sequential phosphorylation of
Byrl and Spkl (Figure 5A) [243,244]. MAPK cascade components modulate the expres-
sion of mating-specific genes that activate the transcription factor Stell to induce the
differentiation process (Figure 5A) [245,246].
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Figure 5. Functions of Rho GTPases during sexual differentiation (adapted from [7]). (A) GPCR (G-protein-coupled
receptors) activation promotes MAPK signaling by the Gox Gpal and the Ras GTPase. Rasl also promotes Cdc42 activation

for polarization during mating. (B) Cells form dynamic polarization zones that contain pheromone release and perception

machinery that probe the environment for partner choice (exploration). The dynamic behavior requires patch destabilization
promoted by negative control on Rasl. These zones are stabilized by opposite-type pheromones (represented in blue and
yellow semicircles). Higher pheromone sensing promotes G activation, which leads to enhanced Ste6 and Ras1 activation

and patch stabilization. Upon cell—cell contact, cell wall remodeling allows plasma membrane contact, fusion pore formation

and pore expansion for zygote formation. Fusl is a formin essential for fusion and for actin localization at the shmoo

tip. The type V myosins serve to concentrate the cell wall glucanases to drive local cell wall dissolution for cell fusion.

(C) Diagrammatic representation of sporulation stages in S. pombe. After cell pairing and fusion, the two nuclei fuse as well
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(karyogamy) and the resulting diploid nucleus undergoes meiosis. The zygote develops into an ascus, containing four

dormant ascospores. The initiation of forespore membrane (FSM) assembly occurs during meiosis II. Shortly after, FSM

extension encapsulates nucleus and cytoplasm and closure occurs. Finally, spore wall is synthesized. The role of several

Rho GTPases during the different stages is shown in the figure. Dotted arrows mean that the molecular links have not been

established. See main text for more details.

Cdc42 signaling during sexual differentiation. Cdc42 signaling plays a critical role
during mating by contributing to MAPK activation through one of its main effectors, the
essential kinase Pakl, which mediates the transition of MAPKKK Byr2 to an activated
state (Figure 5A) [247]. Surprisingly, the Cdc42 GEF Scd1 and the scaffold protein Scd?2,
which promote Cdc42 activation and are critical during sexual differentiation, are not
required for MAPK activation, suggesting that the mating defect of cells lacking Scd1 or
Scd2 is primarily due to their inability to perform polarized cell growth [57]. It might be
possible that residual GTPase activity prompted by the action of Gef1, the other Cdc42 GEF,
may be sufficient for Pakl activation, but not for polarized cell growth, thus resulting in
sterility [246]. In contrast, in budding yeast, the scaffold protein Bem1 (ortholog to Scd2)
binds the PAK kinase Ste20 and the MAPK scaffold Ste5 [248], to recruit components of the
MAPK to the shmoo site.

Formation of the mating projection and cell pairing. In addition to MAPK signaling
during sexual differentiation, Cdc42 function is also critical in the process of polarized
morphogenesis in the direction of the partner cell (shmooing). Cdc42-GTP forms dynamic
zones or patches before cell pairing that explore the cell cortex upon pheromone exposure,
independently of the direction of the pheromone gradient [93,94]. Patches containing
activated Cdc42 reorient over time, stabilize toward the chosen pheromone-secreting
partner, and start growing towards it via Cdc42-dependent recruitment of the cell growth
machinery (Figure 5B) [93,94,96]. Pheromones are locally released in these patches, as they
become enriched in Gpal « subunit, suggesting that they represent receptor activation
sites [7,94]. As a whole, this strategy helps the whole cell population to explore space for
possible mating configurations, thus optimizing the population mating efficiency [94]. In
budding yeast, in contrast, cells form a Cdc42-GTP patch that wanders around the cell
cortex, executing a biased random walk rather than appearance and disappearance [7].

GTP-Cdc42 patch lifetime depends upon positive and negative feedbacks, whereby
negative signals promote its disassembly and a local increase in the positive feedback,
which could occur by local pheromone sensing, stabilizes the patch against competition
from other patches (Figure 5B) [96]. During pheromone-dependent polarization, Rga3 is
recruited to Cdc42 patches, where it promotes their exploratory dynamics, limits projection
growth in response to pheromone, and confers a competitive advantage during sexual
reproduction [73]. Thus, during mating Rga3 may form negative feedback, encouraging
active Cdc42 zone turnover. However, cells lacking all Cdc42 GAPs retain almost complete
ability to polarize and mate during sexual differentiation, despite lacking growth polarity
during mitotic growth [73]. This suggests that GTP-Cdc42 dependent polarization may
depend on other modes of negative regulation during mating. In fact, it has been shown
that patch assembly/disassembly dynamics rely on Rasl, which localizes at the same
exploratory sites as active Cdc42 [96]. Patch destabilization is promoted by the negative
control caused by the recruitment of GAP Gap1 by activated Rasl (Figure 5B) [96]. Nev-
ertheless, cells lacking the Ras1 GAP still can form unstable patches at low pheromone
concentrations, suggesting that it is not the sole patch destabilization mechanism [95].
This negative feedback control of Ras activity is also responsible for restraining the MAPK
signal, and couples fusion with cell-cell engagement [95]. On the other hand, patch stabi-
lization upon pheromone sensing depends on Goe Gpal, which is the sole signal transducer
in fission yeast, and promotes the localization and/or activation of the Ras GEF Ste6 to
overcome the negative control by the Ras GAP Gapl [7]. Pheromone-induced expres-
sion of Steb6 is itself regulated by Rasl activity, contributing to the positive feedback loop
(Figure 5B) [243,249].
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Recent data have revealed an essential role for the Cdc42 effector kinase Pak2 during
cell pairing. In the absence of Pak2, cells show many unfused partners and a prolonged
lifetime of the actin fusion focus (Figure 5B) [250]. Moreover, pak2A matings produced
about 10% aberrant asci formed upon meiosis and sporulation in homothallic haploid
cells [250]. Rho3 is also important during the meiotic process, during which it becomes
increasingly palmitoylated by the Erf2 DHHC-palmitoyltransferase (Figure 5C). Rho3
palmitoylation is vital for meiotic entry, since Erf2 overproduction in proliferating cells
induces a meiotic phenotype that requires the activity of this GTPase [251].

Spore formation and germination. Spores are created after each of the four haploid
nuclei produced by meiosis are packaged into daughter cells by envelopment within
newly synthesized membranes called forespore membranes (FSM). Forespore membrane
formation initiates on meiotic spindle pole bodies early in meiosis II. Then, each forespore
membrane expands to engulf the associated nucleus, after which these cells mature into
spores by deposition of spore wall material. All of these events occur within the cytoplasm
of the original mother cell, referred to as the ascus (Figure 5C) [252].

Rhol and Rho5 GTPases are required for proper spore wall formation. A role for
Rhol GEF Rgf2 in spore wall maturation has been proposed, since 7¢f2A zygotes produced
immature ascospores unable to germinate, a phenotype that might be related to defective
Bgs2 activation (Figure 5C) [253]. As noted above, in budding yeast, Rhol is recruited by
pheromone-activated Gy subunits to the site of polarized growth [242]. Such a functional
link has not been established in fission yeast, where Rgf2 appears later during the differ-
entiation process when the spore outline is visible under phase-contrast microscopy. The
GTPase Rho5, a functional paralogue of Rhol, also participates in the spore wall formation.
Ascospores lacking Rhob5 are less resistant to heat or lytic enzymes than wild-type spores
(Figure 5C) [53].

Once conditions are favorable, spores germinate to exit dormancy, resume growth,
and develop a single polarized tube that hatches out of the outer spore wall [254]. Active
Cdc42 plays an essential role in spore germination by spontaneously polarizing and by
forming dynamic zones that stabilize upon spore outgrowth [255].

8. Future Avenues

As highlighted in this review, a single Rho GTPase can regulate different cellular
processes, depending on the stimulus and the cell type. Therefore, tight and precise spa-
tiotemporal regulation of Rho GTPase function is critical to determine the specific outcome
of its activity. Growing evidence demonstrates that phosphorylation may serve as one
of the predominant signals controlling the activity, interactions, and localization of Rho
GTPases and its regulators by multiple signaling cascades. For instance, mammalian RhoA
is phosphorylated close to its CAAX box on Ser!®® by the cAMP- or cGMP-dependent
protein kinase (PKA or PKG, respectively), which negatively regulates RhoA activity by
enhancing its interaction with Rho GDI and its extraction (translocation) from membranes,
without direct perturbation of GEF, GAP or geranylgeranyl transferase activity [256]. A
similar phenomenon has been observed with Cdc42 in vitro [257]. Fission yeast Cdc42
harbors a conserved Ser!®” which lies at the same position as Ser!'®® in RhoA, whereas
Rhol Ser!“! is located upstream the C-terminal polybasic sequence. Interestingly, phospho-
proteomics studies have shown that Rhol Ser!! might be phosphorylated in vivo [258].
However, to date, there is no evidence that fission yeast Rho GTPases are regulated by
direct phosphorylation, either the identity of the signaling pathways involved. Data on
the post-translational regulation of GEFs and GAPs functions are also scarce. Recent phos-
phoproteomic studies have just started to shed light on some of the regulatory pathways
that participate in such control, but additional research is required for a more complete
knowledge on the post-translational modifications of Rho GTPases and their regulators,
and the comprehension of their functional relevance.

The understanding of how eukaryotic cells organize an adaptive response to different
environmental /extracellular signals to guarantee survival is of the utmost importance.
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At the core of these responses are Rho GTPases, which regulate major physiological
processes such as polarized growth, morphogenesis, cellular integrity, cytokinesis, and
cellular differentiation. Further comparative studies employing fission yeast models will
surely help to illuminate novel aspects of the immensely complex regulatory mechanisms
encompassing Rho GTPase signaling.
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