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Abstract: The main microtubule organizing centre in the unicellular model organisms
Saccharomyces cerevisiae and Schizosaccharomyces pompe is the spindle pole body (SPB). The SPB is
a multilayer structure, which duplicates exactly once per cell cycle. Unlike higher eukaryotic cells,
both yeast model organisms undergo mitosis without breakdown of the nuclear envelope (NE),
a so-called closed mitosis. Therefore, in order to simultaneously nucleate nuclear and cytoplasmic
MTs, it is vital to embed the SPB into the NE at least during mitosis, similarly to the nuclear pore
complex (NPC). This review aims to embrace the current knowledge of the SPB duplication cycle
with special emphasis on the critical step of the insertion of the new SPB into the NE.
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1. Introduction

Fungi and animal cells contain large proteinaceous structures, collectively termed microtubule
organizing centres (MTOC), that nucleate microtubules (MTs) in interphase and mitosis. In higher
eukaryotes, it is mainly the centrosome that provides micro organizing functions. In fungi, it is the
spindle pole body (SPB) that confers this activity. Besides the ability to assemble microtubules from
tubulin subunits, centrosomes and SPBs have the remarkable ability to duplicate just once per cell
cycle, similar to DNA [1,2]. The older mother structure functions as a seeding point for the assembly
of the younger daughter [3,4]. The SPB is essential for viability of fungi (Saccharomyces cerevisiae,
Schizosaccharomyces pombe, Aspergillus nidulans), because it is crucial for mitotic spindle assembly.
Genes that function in centrosome duplication in human cells are also essential for viability. The reason
for this is, however, is different to that of fungi. Human cells lacking centrosomes can assemble a bipolar
mitotic spindle because of alternative, centrosome-independent microtubule nucleation pathways.
These allow the oocytes in mammals to assemble spindles, despite the lack of centrosomes [5,6].
However, mitotic spindle assembly in the absence of centrosomes is relatively slow and error-prone.
It therefore triggers a p53-dependent response that arrests mitotic cells in the subsequent G1 phase of
the cell cycle [7,8]. Consequently, copy number alterations of centrosomes are tolerated in p53-cells,
despite their negative impact on chromosome segregation efficiency. In fact, cancer cells that are mostly
devoid of p53 activity frequently show centrosome aberrations [9,10]. There is a longstanding debate
over whether they are the cause, or a consequence, of cell transformation. However, recent studies
suggest that centrosome overamplification can be a cause for tumour formation in mice [11]. In addition,
centrioles, which are substructures of centrosomes, function as basal bodies in the assembly of cilia.
Cilia have essential functions during development, in signalling pathways and tissue homeostasis,
and their loss leads to early embryonic lethality. Diseases caused by malfunction of cilia are collectively
named ciliopathies [12,13].
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The centrosome consists of centrioles surrounded by a cloud of proteins,
the pericentriolar material. The centrioles that have a diameter of 250 nm and a length of 500 nm are
microtubule-based structures containing nine triplets of microtubules [3]. Overall, it was estimated
that centrosomes consist of several hundred proteins [14]. The SPB of yeast Saccaromyces cerevisisae
(ScSPB) is the best-understood MTOC. It is a disc-like, multi-layered assembly of only 18 proteins that
in haploid cells has a diameter of 80 nm in G1, and grows to 110 nm in mitosis. The width of the ScSPB
is constantly 150 nm [15]. The ScSPB is embedded in the nuclear envelope (NE) throughout the cell
cycle [16,17]. This embedding is a reflection of the closed mitosis of yeast Saccharomyces cerevisisae,
and enables the ScSPB to simultaneously organize nuclear and cytoplasmic (also named astral)
microtubules with functions in chromosome segregation and spindle positioning respectively.
In contrast, the SPB of Schizosaccharomyces pompe (SpSPB) is excluded from the NE throughout
interphase; it inserts prior to mitosis, and extrudes again as the cell cycle proceeds [18].

Although centrosomes and SPBs are not identical in their overall structure, shape and appearance,
both MTOCs share components with functions in duplication and microtubule organization.
Among these (compared and listed in [19]) is the conserved family of centrin proteins. The S. cerevisiae
centrin gene CDC31 (cell division cycle 31) was originally identified in a genetic screen for cell cycle
genes [20]. Later it turned out to have an essential function in SPB duplication whose failure arrests cells
in mitosis because of spindle assembly checkpoint (SAC) activation [21–23]. Mammalian centrins are
a paralogues family of centriolar proteins that have been implemented in centriole biogenesis [24–26].
Cdc31/centrin proteins interact with the centrin binding protein Sfi1, which is present in SPBs
and human centrosomes. S. cerevisiae and S. pombe Sfi1 are important for the initiation of the
yeast SPB duplication process [27,28]. Interestingly, human POC5 was identified as an additional
centrin-binding protein inside centrioles, that plays an important role in centriole elongation [29].
SPBs and centrosomes nucleate MTs via gamma-tubulin complexes [30,31], which are anchored to
these MTOCs by binding to adapter proteins, such as Spc110ScSPB/Pcp1SpSPB/Pericentrincentrosome

and Spc72ScSPB/Mto1/2SpSPB/CDK5RAP2centrosome [19].
These analogies qualify the SPB as a model for the cell cycle dependent duplication of

a MTOC. The ease with which the yeast genome may be manipulated further allows fast analysis of
gene-deletions, gene-tagging, or the introduction of mutations. Additionally, studying the insertion
process of the SPB into the nuclear envelope (NE), which occurs during or after duplication, provides
a deeper understanding of how large proteinaceous structures, e.g., the nuclear pore complex (NPC),
become inserted into the double-lipid bilayer of the NE.

2. Duplication Cycle of the S. cerevisiae SPB

Just like DNA, the SPB and centrosome also have to be duplicated exactly once each cell cycle.
This process was initially characterized for yeast and higher eukaryotes by electron microscopy
(EM) [17,18,32–35]. EM analysis revealed that the SPB of S. cerevisiae (ScSPB) has a cylindrical structure
that is composed of three clearly visible layers: the outer, central and inner plaque. The outer and
inner plaques face the cytoplasm and nucleoplasm respectively. The central plaque is the layer that
embeds the SPB into the NE [15,17,34]. Additionally, there is a one-sided extension of the central
plaque covering the cytoplasmic and nuclear side of the NE, which was named the half-bridge [34]
(Figure 1; metaphase). One important structural component of the half-bridge is the protein Sfi1,
which forms a complex with Cdc31 [27,36]. Sfi1 is an elongated molecule that spans the entire length
of the half bridge [27,36]. With increasing activity of the phosphatase Cdc14 at anaphase onset, Sfi1
becomes dephosphorylated, which in turn allows the elongation of the half-bridge into the bridge by
the anti-parallel addition of Sfi1-molecules to the already existing Sfi1 layer in the half bridge [36–38].
In early G1-phase, the satellite, a SPB-precursor, forms at the cytoplasmic side at the distal end of the
bridge [34,35]. The satellite has an ellipsoidal shape, and stands relative to its length axis upright on the
bridge/NE [39,40] (Figure 1; late G1). By passing the START point of the cell cycle, the satellite grows
in size, into the so-called duplication plaque (DP), which becomes inserted into the NE simultaneously
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with its extension. The insertion process is accompanied by a change in the orientation of the satellite.
The Spc42 layer in the satellite changes from an upright to a parallel orientation in respect to the NE [40]
(Figure 1; S-phase, left). This reorientation is probably an important regulatory step that prevents
premature satellite insertion into the NE. The DP insertion into the NE enables nuclear components
of the SPB, such as the protein Spc110, to bind to the SPB from within the nucleus, making SPB
insertion irreversible. S phase cells carry two functional, MT-nucleating, side-by-side SPBs embedded
in the NE (Figure 1; S-phase; right). The mother and daughter SPBs (dSPBs) are still connected via
the bridge structure that is composed by two anti-parallel Sfi1 arrays that interdigitate in the bridge
centre via overlapping C-termini [36,41]. To allow the formation of a bipolar spindle, the bridge has
to be severed in its centre. This process is regulated through the phosphorylation of Sfi1 by cyclin
dependent kinase 1 (Cdk1) [37,38]. Thus, SPB duplication is restricted to one event per cell cycle by
the antagonizing functions and oscillating appearance of the kinase Cdk1 and the phosphatase Cdc14
(reviewed in [42]). This regulation exposes free Sfi1 N-termini only in anaphase/G1, that then function
as a seed for the assembly of the satellite in early G1. The signal that triggers satellite assembly at N-Sfi1
is presently unclear, but may be linked to the kinase Mps1, that not only functions at kinetochores in
SAC regulation in yeast, but also in SPB duplication [23,43,44].

Figure 1. The duplication cycle of the ScSPB. The individual steps of the ScSPB duplication process
are illustrated by EM micrographs (top) and corresponding cartoons (bottom). mSPB, mother SPB;
HB, half bridge; B, bridge; S, satellite; DP, duplication plaque; dSPB, daughter SPB.

3. Insertion of the New SPB in S. cerevisiae

Studying the duplication cycle and insertion process of the SPB/centrosome is challenging, due to
their relative small size and the close vicinity of the parental structure to the daughter. In S. cerevisiae,
the satellite assembles as described above at the distal end of the bridge. Therefore, the bridge
length of 120 nm [36], defines the distance between the old and the new SPB. The resolution limit
of a conventional light microscope is approximately 200 nm, as defined by Abbe’s diffraction limit.
This restricted the study on the duplication and insertion process of the SPB, for a long time, to EM
analysis, which will be discussed in the following section.

A pioneering EM-study by Adams and Kilmartin used synchronized budding yeast cells
for a detailed analysis of different stages of the duplication and insertion process. The authors
describe a characteristic bend of the NE underneath the inserting DP, and most importantly,
they identified a pore-like structure directly next to the DP, which was morphological indistinguishable
to an NPC [35]. Furthermore, they speculated that this pore assists membrane fusion for SPB insertion.
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These observations raised two possibilities. Firstly, the bent NE at the end of the bridge may push the
membranes sufficiently together to promote fusion. Secondly, the opening next to the DP is indeed
an NPC that directly or indirectly assists in the insertion of the DP into the NE.

Selective over-expression (OE) of two SPB core-components, SPC42 and SPC29, in G1-arrested,
satellite bearing cells addressed these possibilities [40]. OE of SPC42 or SPC42 SPC29 elongated the
satellite from its distal end into a 100–300 nm long and 20 nm wide obelisk-like structure that was
oriented nearly orthogonally relative to the NE (Figure 2; left). After α-factor wash out to allow
progression into S phase, smaller Spc42-Spc29 obelisks showed a complete and normal NE-insertion,
although the central plaque of the dSPB was enlarged (Figure 2, right—green). In cases where the
obelisk reached a critical length, the mother and daughter SPBs fused together into one entity called
fusion SPBs. However, even this very large SPB inserted into the NE assembled the nuclear plaque and
nucleated nuclear MTs. Two different pathways for the NE insertion of the fusion SPB were observed.
In some cases the NE insertion process started at the distal end of the bridge, similar to the insertion
of a normal dSPB. Other fusion SPBs used the opening provided by the mother SPB to insert into
the NE (Figure 2, right—red). However, these data indicate that DP expansion and the insertion into
the NE are two independent processes that can be uncoupled from one another. Additionally, the bent
NE underneath the DP that was observed by Kilmartin and co-workers [35] was not present in the
OE-study [40], and therefore, might indicate that this is not an essential feature for the insertion process
of the dSPB into the NE.

Figure 2. Over-expression (OE) of SPC42 and SPC29 in G1 arrested cells. In the top left an EM
micrograph and a corresponding comic show a mother SPB (mSPB) of an α-factor arrested cell with
an extended satellite (S) after SPC42 and SPC29 OE. Both structures are connected via the bridge (B)
and a nuclear pore complex (NPC) is localizing adjacent to the S. On the top right (green) a normal
dSPB orientation and NE insertion after release of the cell cycle block is indicated. In the bottom right
(red) the formation of a fusion SPB is after the release back into the cell cycle is illustrated. This opens
two possibilities for the insertion process. Either the fusion SPB inserts at the distal end of the bridge or
proximal via the mSPB opening. For corresponding EM images refer to [40].

The NE is a barrier that physically separates the genetic information in eukaryotes from the cytosol.
The double lipid bilayer consists of an outer nuclear membrane (ONM) facing the cytoplasm
and an inner nuclear membrane (INM) oriented towards the nucleus. The INM and ONM are
separated by a gap, the so-called perinuclear space, which is continuous with the lumen of the
endoplasmatic reticulum. This consequently means that the INM and ONM are fused at the NE
insertion interface of the SPB, and also the NPC [45,46] (Figure 3). An exhaustive, high-voltage electron
tomography study visualized this SPB-membrane interface as a hook-like structure connecting the
central plaque with the NE [39]. Specialised proteins, such as members of the SNARE family or viral
proteins, usually facilitate membrane fusion [47,48]. However, no such proteins are known to be
involved in the SPB or NPC insertion process. This raises the questions of how large proteinaceous
structures can become inserted into the NE, and whether SPB NE insertion and NPC biogenesis are
linked by common mechanisms, or are even interdependent.
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The recent development of super-resolution microscopy techniques, such as photoactivated
localisation microscopy (PALM), direct stochastic optical reconstruction microscopy (STORM),
and structured illumination microscopy (SIM), and their implementation in yeast [41,49,50], expanded
the toolbox for the analysis of SPB-duplication, and gave new insights into this process. It has been
shown by SIM and immuno-EM that the pore that was observed by others next to the DP [35,39] is
indeed an NPC [40]. This NPC becomes recruited to the SPB insertion side, specifically in G1 phase
of the cell cycle. Data based on rapid inactivation of NPCs indicate that this NPC assisted in the
insertion of the new dSPB into the NE [40], but it remains unclear what exact function it might have.
Before we further discuss this function (see Section 6), we would like to introduce a network of
four interacting proteins, Bbp1, Mps2, Nbp1, and Ndc1, that are collectively called the SPB insertion
network (SPIN) because of their role in NE insertion of the dSPB, as indicated by the phenotype of
conditional lethal mutants. Failure of the function of Bbp1, Mps2, Nbp1, or Ndc1 prevents the insertion
of the dSPB into the NE [51–55]. As a consequence of this defect, such cells carry a functional mother
SPB, and a “dead” dSPB that is not inserted into the NE, and therefore fails to organize nuclear MTs.
The “dead” pole is normally pulled via cytoplasmic MTs/cell cortex interactions into the daughter
cell body, while the functional mother SPB together with the replicated DNA stays in the mother
cell [42,51].

How can we explain the SPB duplication phenotype of conditional lethal BBP1, MPS2, NBP1,
and NDC1 cells? Except for Bbp1, all SPIN proteins are integral membrane proteins. Bbp1 interacts
with Mps2, and this complex is most likely important to dock the membrane interface to the SPB
core via the interaction of Bbp1 with the central plaque protein Spc29 [54,56]. Mps2 in turn interacts
with the membrane anchor protein Nbp1 [51,54,57]. An N-terminal amphipathic α-helix facilitates
the membrane anchoring function of Nbp1 [57]. This α-helix might have a membrane remodelling
activity, or could be implemented in sensing membrane curvature [58]. This could be a means
to target Nbp1 and interacting proteins to the INM-ONM fusion site that is characterized by a high
membrane curvature. Both proteins, Mps2 and Nbp1, interact additionally with the six-transmembrane
protein Ndc1, which is a shared component of the SPB and NPC [51,52,54,56] (Figure 3; SPIN). With the
aid of large tetraploid SPBs and larger fusion SPB, it was shown by SIM that all four SPIN components
encircle the SPB [40,50]. This ring of Bbp1, Ndc1, Nbp1, and Mps2 is flexible, and adapts to the
diameter of the SPB. It only assembles during NE insertion of the new SPB. Thus, it is unlikely that
it functions as a preformed pore into which the new SPB is inserted. Interestingly, as the fusion SPB
described above has an alternative way to insert into the NE via the opening provided by the mother
SPB (Figure 2); the observation that these fusion SPBs fell out of the NE in conditional lethal bbp1, nbp1,
ndc1, and mps2 mutant cells strengthens the notion that the SPIN has an SPB anchorage capacity in
addition to the proposed insertion function [40].
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Figure 3. SPB and NPC anchorage complexes. In the top left an EM micrograph is showing a mother
SPB (mSPB) and a satellite connected via the bridge. Two NPCs are identified adjacent to the satellite.
The corresponding illustration underneath also indicates where the pore membrane proteins (POMs)
and SPB insertion network (SPIN) are located; the close-ups on the right list the known components
and interactions (white line).

4. Duplication and Insertion of the S. pombe SPB

The duplication cycle of the S. pombe SPB (SpSPB) has been studied initially via EM, fluorescence
microscopy, and more recently, in a systematic SIM analysis [59–62]. The SpSPB also has a layered
structure that is, however, less pronounced than that of the ScSPB. The SpSPB is inserted into the NE
only prior to mitosis [18]. Thus, the duplication process occurs on the cytoplasmic side. Similar to
budding yeast, the SPB duplication in S. pombe already starts in late mitosis, with elongation of the
bridge via the recruitment of Sfi1 [28,63] (Figure 4—late mitosis). Also, the orientation of the Sfi1
molecules are the same as described for S. cerevisiae, and the full bridge assembly is likewise mediated
via a C-term-to-C-term alignment of antiparallel Sfi1 molecules [62,64]. Interestingly, quantification
experiments of the fission yeast Sfi1 molecules revealed a two-step incorporation dynamics. A minor
enrichment of approximately 1.5-fold appears in late mitosis, and a second, slower incorporation wave
follows from septation until the next mitosis [28,63]. With the aid of a cdc31 mutant, which blocks
the incorporation of Sfi1 and via SIM, it was clarified that the first incorporation wave represents the
half bridge to bridge conversion. Later, the bridge expands, most likely to a highly stacked assembly,
which is assumed to be important for the proper stabilisation, as fission yeast lacks the bridge anchor
protein Kar1 [19,41,62,63]. The new SPB starts to assemble in late G1 [60] (Figure 4—G1/S phase).
One of the first proteins to localize to the daughter SpSPB is Ppc89 [62], which is believed to play
a similar scaffold function and structural role as Spc42 in the ScSPB [19,65]. With the progression in cell
cycle, the satellite matures by the addition of further SpSPB components, and grows in size to a full
SPB by G2 phase [60,62] (Figure 4—G2 phase). After septation and commitment to a new cell cycle,
the mother and daughter SpSPBs become inserted into the NE. This process starts with the bending
of the NE underneath the two SPBs, accompanied by the accumulation of electron-dense material
(Figure 4—late G2 phase, right). Next, the so-called polar fenestration, a local disassembly of the NE,
allows the duplicated SpSPBs to insert into the NE [18] (Figure 4—late G2 phase, left). Subsequently,
both SPBs become activated in order to organize nuclear and cytoplasmic MTs (Figure 4—early
mitosis), the bridge structure is severed, and a bipolar spindle forms (Figure 4—mitosis). It has been
shown that the phosphorylation of Cdc31 at serine 15 is promoting this bridge separation process.
However, this regulation is not absolutely essential for SPB separation [63]. Therefore, further
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regulatory mechanisms, which have not yet been identified, must be in place. At the end of mitosis,
after the full bridge was assembled, the SPB is ejected again from the NE by a process called polar
extrusion [18] (Figure 4—G1 phase).

Similar to the insertion process, the extrusion process is also not well understood.
However, the Ndc1 homologue Cut11 that also localizes to the SPB and NPC in fission yeast cells shows
a specific recruitment to the SpSPB during prophase until mid anaphase [66]. A cut11 conditional lethal
mutant fails to insert the daughter SpSPB into the NE, and displays a tethering problem for the mother
SpSPB, which is partially detached from the NE [66]. This phenotype is comparable to the observed
“dead” pole and NE extrusion of the fusion SPB observed for ndc1 mutants in S. cerevisiae [40,52].
A very similar phenotype has been reported for cut12.1 conditional mutants [67]. As this phenotype
was further analysed, it turned out that Cut12 works rather upstream of Cut11 as a functional control
element to “activate” the SPB for the insertion process [68,69].

One of the first identified SpSPB components was the transmembrane protein Sad1, the homologue
of the S. cerevisiae Mps3 [70]. The SUN-domain protein Sad1 localizes to the INM underneath the
SpSPB [62,70], where it most likely helps to tether the SpSPB to the NE via the interaction with
the KASH-domain proteins Kms1 and Kms2 [71,72]. A recent study showed how Sad1 relocalizes
during the onset of mitosis to a ring-like structure encircling the SPB, and therefore, implements
an insertion or anchorage function [62]. Additionally, Sad1 is a known component of the conserved
linker of nucleoskeleton and cytoskeleton (LINC) complex, and connects the cytoplasmic SPB to the
centromeres in interphase or telomeres during meiosis [73–75]. This interaction is important to ensure
SPB insertion during meiotic cell divisions [76]. A third functional player for the SpSPB insertion
process is the transmembrane protein Brr6, which harbours four highly conserved cysteine residues
in between the two transmembrane regions. Brr6 is recruited to the SpSPB specifically during the
NE insertion and extrusion process. Generation of the temperature sensitive mutant brr6.ts8 reveals
an SpSPB insertion defect for the new and “inactive” daughter SpSPB. It was therefore concluded
that Brr6 is important to generate the polar fenestration [77]. As there are no definite homologues for
the other S. cerevisiae SPIN components Npb1, Bbp1, and Mps2, it is not clear if Cut11 is sufficient to
fulfil the SpSPB anchorage function on its own, together with Sad1 or if further, non-described SpSPB
components play a role here.

Figure 4. The duplication cycle of the SpSPB. The illustrations indicate the different stages of the SpSPB
duplication process, and subsequent nuclear envelope (NE) insertion and ejection. The corresponding
cell morphology is indicated additionally.
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5. The Nuclear Pore Complex (NPC)

Just like SPBs, NPCs also span the double membrane of the NE. NPCs promote regulated
shuttling of molecules between the cytoplasm and the nucleus. The NPC is a large, multi-protein
assembly forming a channel with an internal 8-fold symmetry [78,79]. The NPC is built of ~30 different
nucleoporins (Nups) that are present in 8, 16 or 32 copies per NPC [80,81]. At the interface of NPC
and NE, where the INM and ONM are fused together, the NPC is anchored to the NE via integral
membrane proteins, or so-called pore membrane proteins (POMs). Ndc1, the shared component
between NPC and SPB, is one of these POMs, and together with Pom33, Pom34, and Pom152, it forms
the membrane interface to embed the NPC into the NE [82–86] (Figure 3, POMs).

In higher eukaryotic cells with NE-breakdown in mitosis, NPCs can be assembled via
two different pathways. One is the reassembly at the end of mitosis, together with the reassembly
of the NE. A second one is the de-novo NPC biogenesis during interphase. This requires membrane
fusion of the INM with the ONM. As yeast has a closed mitosis, yeast cells are limited to the second
pathway for the assembly of new NPCs. For some time, there were two main models trying to explain
the NPC assembly into a closed membrane sheet. Firstly, the NPC grows in size and later splits into
two (Figure 5a). The observation of NPCs with more than the 8-fold symmetry could support this
model [87]. Secondly, a new NPC assembles on the NE from inside and outside. This brings both
membranes close together, and ultimately results in membrane fusion and full NPC assembly [88]
(Figure 5b). Until recently, there were no experimental data which would produce distinctions between
both models. However, a new study in HeLa-cells that correlated live cell microscopy and EM
points to a third possibility of NPC biogenesis—the inside-out assembly. This study describes how
an 8-fold symmetric ring-like structure assembles on the INM, and thereby deforms the INM into
a mushroom-like structure. This mushroom structure then grows until the bent INM fuses with the
ONM, and allows the full assembly of a new NPC [89] (Figure 5c). Further evidence to support this
inside-out NPC assembly model comes from a recent study in budding yeast. Here, it was described
that the two membrane proteins, and orthologues Brl1 and Brr6, are localizing to the assembly site of
new NPCs, where they seem to be important for the fusion of the INM and ONM [90].

Figure 5. Different models of NPC biogenesis. Model in (a) shows the growth of one NPC, which
will later split into two. Model (b) demonstrates the simultaneous deformation of the NE from the in-
and outside. Model (c) illustrates the inside-out assembly of a NPC. The POM-anchorage complex is
illustrated in red; green, nucleoporins (Nup) components; black, membrane shaping proteins.

6. Closing Remarks and Future Directions

The common feature of all eukaryotic organisms is the compartmentalization of the cell.
Thereby different organelles are defined to create and ensure the microenvironment for certain
biological processes. One of these compartments is the nucleus which is enclosed by the NE. NPCs and
SPBs are two macro-molecular complexes embedded in the double lipid bilayer, to enable the shuttling
of molecules across the NE and organize spindle microtubules, respectively. As described in this
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review, there is growing evidence that both complexes are intertwined more than one might expect
at first sight. One key finding is the functional role of NPCs during the ScSPB duplication and NE
insertion process. However, the exact functional relevance and precise function of the observed NPC
in vicinity to the inserting daughter ScSPB needs to be determined. One possibility is the delivery
of SPB components. An obvious candidate is Ndc1, which is a shared anchorage factor between
both complexes. Another function could be the allocation of the membrane fusion side to directly
insert the ScSPB into the NE via the NPC. In this respect, the question of what exactly happens to
the NPC during and after the insertion process should be investigated. Is the NPC disassembled at
any point or released sideways, therefore, staying intact? Furthermore, what is the physical link or
recruitment factor of the NPC to the duplicating ScSPB? Interestingly, Spc29, one of the first components
localizing to the new ScSPB, was originally described as the nuclear import protein (Nip29), and several
links between Spc29 and the NPC have been made [91,92]. Conversely, the filamentous NPC basket
protein Mlp2 has been shown to strongly interact with the ScSPB via Spc42, Spc29, and Spc110 [93],
but since Mlp2 is not an essential gene, it cannot be the only physical link between ScSPB and NPC.
However, there are further surprising genetic interaction between ScSPB and NPC components which
connect both complexes. The SPIN component MPS2 is an essential gene, but the deletion can be
rescued in a ∆mlp1/∆mlp2 or ∆pom (e.g., POM152 or POM34) strain background [94]. The same applies
for the gene coding for the ScSPB bridge and transmembrane protein Mps3 [95]. It has been speculated
that this rescue of MPS2 or MPS3 is caused by a change in membrane rigidity, or an overall higher
availability of Ndc1 [45]. However, the fact that additional gene dosage of NDC1 does not rescue
mps2∆ lethality casts doubt upon this interpretation.

Brr6 is one important insertion factor for the SpSPB [77]. In budding yeast, Brr6 is present,
together with its homologue Brl1, which arose most likely from a gene duplication [96]. Both proteins
have been shown to be important for NPC biogenesis, but seem to have no prominent role in SPB
duplication [90]. It should be tested, whether this is a functional variance of Brr6 in different species,
or if the effect on NPC formation in S. pombe has simply not yet been identified.

Taken together, we predict that a deeper understanding of the SPB duplication and insertion
process in yeast model organisms will also improve our knowledge of NPC biogenesis, which is
a universal feature of all eukaryotic cells.
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37. Elserafy, M.; Šarić, M.; Neuner, A.; Lin, T.C.; Zhang, W.; Seybold, C.; Sivashanmugam, L.; Schiebel, E.
Molecular mechanisms that restrict yeast centrosome duplication to one event per cell cycle. Curr. Biol. 2014,
24, 1456–1466. [CrossRef] [PubMed]

38. Avena, J.S.; Burns, S.; Yu, Z.; Ebmeier, C.C.; Old, W.M.; Jaspersen, S.L.; Winey, M. Licensing of yeast
centrosome duplication requires phosphoregulation of sfi1. PLoS Genet. 2014, 10, e1004666. [CrossRef]
[PubMed]

39. O’Toole, E.T.; Winey, M.; McIntosh, J.R. High-voltage electron tomography of spindle pole bodies and early
mitotic spindles in the yeast Saccharomyces cerevisiae. Mol. Biol. Cell 1999, 10, 2017–2031. [CrossRef]
[PubMed]

40. Rüthnick, D.; Neuner, A.; Dietrich, F.; Kirrmaier, D.; Engel, U.; Knop, M.; Schiebel, E. Characterization of
spindle pole body duplication reveals a regulatory role for nuclear pore complexes. J. Cell Biol. 2017, 216,
2425–2442. [CrossRef] [PubMed]

41. Seybold, C.; Elserafy, M.; Ruthnick, D.; Ozboyaci, M.; Neuner, A.; Flottmann, B.; Heilemann, M.; Wade, R.C.;
Schiebel, E. Kar1 binding to Sfi1 C-terminal regions anchors the SPB bridge to the nuclear envelope.
J. Cell Biol. 2015, 209, 843–861. [CrossRef] [PubMed]

42. Rüthnick, D.; Schiebel, E. Duplication of the Yeast Spindle Pole Body Once per Cell Cycle. Mol. Cell. Biol.
2016, 36, 1324–1331. [CrossRef] [PubMed]

43. Castillo, A.R.; Meehl, J.B.; Morgan, G.; Schutz-Geschwender, A.; Winey, M. The yeast protein kinase Mps1p
is required for assembly of the integral spindle pole body component Spc42p. J. Cell Biol. 2002, 156, 453–465.
[CrossRef] [PubMed]

44. Jaspersen, S.L.; Huneycutt, B.J.; Giddings, T.H.; Resing, K.A.; Ahn, N.G.; Winey, M. Cdc28/Cdk1 regulates
spindle pole body duplication through phosphorylation of Spc42 and Mps1. Dev. Cell 2004, 7, 263–274.
[CrossRef] [PubMed]

45. Jaspersen, S.L.; Ghosh, S. Nuclear envelope insertion of spindle pole bodies and nuclear pore complexes.
Nucleus 2012, 3, 226–236. [CrossRef] [PubMed]

46. Rothballer, A.; Kutay, U. Poring over pores: Nuclear pore complex insertion into the nuclear envelope.
Trends Biochem. Sci. 2013, 38, 292–301. [CrossRef] [PubMed]

47. Han, J.; Pluhackova, K.; Bockmann, R.A. The Multifaceted Role of SNARE Proteins in Membrane Fusion.
Front. Physiol. 2017, 8, 5. [CrossRef] [PubMed]

48. Harrison, S.C. Viral membrane fusion. Virology 2015, 479–480, 498–507. [CrossRef] [PubMed]
49. Ries, J.; Kaplan, C.; Platonova, E.; Eghlidi, H.; Ewers, H. A simple, versatile method for GFP-based

super-resolution microscopy via nanobodies. Nat. Methods 2012, 9, 582–584. [CrossRef] [PubMed]
50. Burns, S.; Avena, J.S.; Unruh, J.R.; Yu, Z.; Smith, S.E.; Slaughter, B.D.; Winey, M.; Jaspersen, S.L. Structured

illumination with particle averaging reveals novel roles for yeast centrosome components during duplication.
Elife 2015, 4. [CrossRef] [PubMed]

http://dx.doi.org/10.1083/jcb.200808082
http://www.ncbi.nlm.nih.gov/pubmed/19349582
http://dx.doi.org/10.1038/338662a0
http://www.ncbi.nlm.nih.gov/pubmed/2649796
http://dx.doi.org/10.1091/mbc.e14-11-1514
http://www.ncbi.nlm.nih.gov/pubmed/26316498
http://dx.doi.org/10.1083/jcb.10.2.163
http://www.ncbi.nlm.nih.gov/pubmed/13703108
http://www.ncbi.nlm.nih.gov/pubmed/4108061
http://www.ncbi.nlm.nih.gov/pubmed/1100612
http://dx.doi.org/10.1083/jcb.145.4.809
http://www.ncbi.nlm.nih.gov/pubmed/10330408
http://dx.doi.org/10.1083/jcb.200603153
http://www.ncbi.nlm.nih.gov/pubmed/16785321
http://dx.doi.org/10.1016/j.cub.2014.05.032
http://www.ncbi.nlm.nih.gov/pubmed/24954044
http://dx.doi.org/10.1371/journal.pgen.1004666
http://www.ncbi.nlm.nih.gov/pubmed/25340401
http://dx.doi.org/10.1091/mbc.10.6.2017
http://www.ncbi.nlm.nih.gov/pubmed/10359612
http://dx.doi.org/10.1083/jcb.201612129
http://www.ncbi.nlm.nih.gov/pubmed/28659328
http://dx.doi.org/10.1083/jcb.201412050
http://www.ncbi.nlm.nih.gov/pubmed/26076691
http://dx.doi.org/10.1128/MCB.00048-16
http://www.ncbi.nlm.nih.gov/pubmed/26951196
http://dx.doi.org/10.1083/jcb.200111025
http://www.ncbi.nlm.nih.gov/pubmed/11827982
http://dx.doi.org/10.1016/j.devcel.2004.07.006
http://www.ncbi.nlm.nih.gov/pubmed/15296722
http://dx.doi.org/10.4161/nucl.20148
http://www.ncbi.nlm.nih.gov/pubmed/22572959
http://dx.doi.org/10.1016/j.tibs.2013.04.001
http://www.ncbi.nlm.nih.gov/pubmed/23639636
http://dx.doi.org/10.3389/fphys.2017.00005
http://www.ncbi.nlm.nih.gov/pubmed/28163686
http://dx.doi.org/10.1016/j.virol.2015.03.043
http://www.ncbi.nlm.nih.gov/pubmed/25866377
http://dx.doi.org/10.1038/nmeth.1991
http://www.ncbi.nlm.nih.gov/pubmed/22543348
http://dx.doi.org/10.7554/eLife.08586
http://www.ncbi.nlm.nih.gov/pubmed/26371506


Cells 2018, 7, 42 12 of 14

51. Araki, Y.; Lau, C.K.; Maekawa, H.; Jaspersen, S.L.; Giddings, T.H.; Schiebel, E.; Winey, M. The Saccharomyces
cerevisiae spindle pole body (SPB) component Nbp1p is required for SPB membrane insertion and interacts
with the integral membrane proteins Ndc1p and Mps2p. Mol. Biol. Cell 2006, 17, 1959–1970. [CrossRef]
[PubMed]

52. Winey, M.; Hoyt, M.A.; Chan, C.; Goetsch, L.; Botstein, D.; Byers, B. NDC1: A nuclear periphery component
required for yeast spindle pole body duplication. J. Cell Biol. 1993, 122, 743–751. [CrossRef] [PubMed]

53. Winey, M.; Goetsch, L.; Baum, P.; Byers, B. MPS1 and MPS2: Novel yeast genes defining distinct steps of
spindle pole body duplication. J. Cell Biol. 1991, 114, 745–754. [CrossRef] [PubMed]

54. Schramm, C.; Elliott, S.; Shevchenko, A.; Schiebel, E. The Bbp1p-Mps2p complex connects the SPB to the
nuclear envelope and is essential for SPB duplication. EMBO J. 2000, 19, 421–433. [CrossRef] [PubMed]

55. Muñoz-Centeno, M.C.; McBratney, S.; Monterrosa, A.; Byers, B.; Mann, C.; Winey, M. Saccharomyces cerevisiae
MPS2 encodes a membrane protein localized at the spindle pole body and the nuclear envelope. Mol. Biol. Cell
1999, 10, 2393–2406. [CrossRef] [PubMed]

56. Kupke, T.; Malsam, J.; Schiebel, E. A ternary membrane protein complex anchors the spindle pole body in
the nuclear envelope in budding yeast. J. Biol. Chem. 2017, 292, 8447–8458. [CrossRef] [PubMed]

57. Kupke, T.; Di Cecco, L.; Müller, H.M.; Neuner, A.; Adolf, F.; Wieland, F.; Nickel, W.; Schiebel, E. Targeting
of Nbp1 to the inner nuclear membrane is essential for spindle pole body duplication. EMBO J. 2011, 30,
3337–3352. [CrossRef] [PubMed]

58. Drin, G.; Antonny, B. Amphipathic helices and membrane curvature. FEBS Lett. 2010, 584, 1840–1847.
[CrossRef] [PubMed]

59. Tanaka, K.; Kanbe, T. Mitosis in the fission yeast Schizosaccharomyces pombe as revealed by
freeze-substitution electron microscopy. J. Cell Sci. 1986, 80, 253–268. [PubMed]

60. Uzawa, S.; Li, F.; Jin, Y.; McDonald, K.L.; Braunfeld, M.B.; Agard, D.A.; Cande, W.Z. Spindle pole body
duplication in fission yeast occurs at the G1/S boundary but maturation is blocked until exit from S by
an event downstream of cdc10+. Mol. Biol. Cell 2004, 15, 5219–5230. [CrossRef] [PubMed]

61. Bouhlel, I.B.; Scheffler, K.; Tran, P.T.; Paoletti, A. Monitoring SPB biogenesis in fission yeast with high
resolution and quantitative fluorescent microscopy. Methods Cell. Biol. 2015, 129, 383–392. [PubMed]

62. Bestul, A.J.; Yu, Z.; Unruh, J.R.; Jaspersen, S.L. Molecular model of fission yeast centrosome assembly
determined by superresolution imaging. J. Cell Biol. 2017, 216, 2409–2424. [CrossRef] [PubMed]

63. Bouhlel, I.B.; Ohta, M.; Mayeux, A.; Bordes, N.; Dingli, F.; Boulanger, J.; Velve Casquillas, G.; Loew, D.;
Tran, P.T.; Sato, M.; et al. Cell cycle control of spindle pole body duplication and splitting by Sfi1 and Cdc31
in fission yeast. J. Cell Sci. 2015, 128, 1481–1493. [CrossRef] [PubMed]

64. Paoletti, A.; Bordes, N.; Haddad, R.; Schwartz, C.L.; Chang, F.; Bornens, M. Fission yeast cdc31p is
a component of the half-bridge and controls SPB duplication. Mol. Biol. Cell 2003, 14, 2793–2808. [CrossRef]
[PubMed]

65. Rosenberg, J.A.; Tomlin, G.C.; McDonald, W.H.; Snydsman, B.E.; Muller, E.G.; Yates, J.R., III; Gould, K.L.
Ppc89 links multiple proteins, including the septation initiation network, to the core of the fission yeast
spindle-pole body. Mol. Biol. Cell 2006, 17, 3793–3805. [CrossRef] [PubMed]

66. West, R.R.; Vaisberg, E.V.; Ding, R.; Nurse, P.; McIntosh, J.R. cut11(+): A gene required for cell
cycle-dependent spindle pole body anchoring in the nuclear envelope and bipolar spindle formation
in Schizosaccharomyces pombe. Mol. Biol. Cell 1998, 9, 2839–2855. [CrossRef] [PubMed]

67. Bridge, A.J.; Morphew, M.; Bartlett, R.; Hagan, I.M. The fission yeast SPB component Cut12 links bipolar
spindle formation to mitotic control. Genes Dev. 1998, 12, 927–942. [CrossRef] [PubMed]

68. Hagan, I.M. The spindle pole body plays a key role in controlling mitotic commitment in the fission yeast
Schizosaccharomyces pombe. Biochem. Soc. Trans. 2008, 36, 1097–1101. [CrossRef] [PubMed]

69. Tallada, V.A.; Tanaka, K.; Yanagida, M.; Hagan, I.M. The S. pombe mitotic regulator Cut12 promotes spindle
pole body activation and integration into the nuclear envelope. J. Cell Biol. 2009, 185, 875–888. [CrossRef]
[PubMed]

70. Hagan, I.; Yanagida, M. The product of the spindle formation gene sad1+ associates with the fission yeast
spindle pole body and is essential for viability. J. Cell Biol. 1995, 129, 1033–1047. [CrossRef] [PubMed]

71. Miki, F.; Kurabayashi, A.; Tange, Y.; Okazaki, K.; Shimanuki, M.; Niwa, O. Two-hybrid search for proteins that
interact with Sad1 and Kms1, two membrane-bound components of the spindle pole body in fission yeast.
Mol. Genet. Genom. 2004, 270, 449–461. [CrossRef] [PubMed]

http://dx.doi.org/10.1091/mbc.e05-07-0668
http://www.ncbi.nlm.nih.gov/pubmed/16436507
http://dx.doi.org/10.1083/jcb.122.4.743
http://www.ncbi.nlm.nih.gov/pubmed/8349727
http://dx.doi.org/10.1083/jcb.114.4.745
http://www.ncbi.nlm.nih.gov/pubmed/1869587
http://dx.doi.org/10.1093/emboj/19.3.421
http://www.ncbi.nlm.nih.gov/pubmed/10654940
http://dx.doi.org/10.1091/mbc.10.7.2393
http://www.ncbi.nlm.nih.gov/pubmed/10397772
http://dx.doi.org/10.1074/jbc.M117.780601
http://www.ncbi.nlm.nih.gov/pubmed/28356353
http://dx.doi.org/10.1038/emboj.2011.242
http://www.ncbi.nlm.nih.gov/pubmed/21785410
http://dx.doi.org/10.1016/j.febslet.2009.10.022
http://www.ncbi.nlm.nih.gov/pubmed/19837069
http://www.ncbi.nlm.nih.gov/pubmed/3522614
http://dx.doi.org/10.1091/mbc.e04-03-0255
http://www.ncbi.nlm.nih.gov/pubmed/15385623
http://www.ncbi.nlm.nih.gov/pubmed/26175449
http://dx.doi.org/10.1083/jcb.201701041
http://www.ncbi.nlm.nih.gov/pubmed/28619713
http://dx.doi.org/10.1242/jcs.159657
http://www.ncbi.nlm.nih.gov/pubmed/25736294
http://dx.doi.org/10.1091/mbc.e02-10-0661
http://www.ncbi.nlm.nih.gov/pubmed/12857865
http://dx.doi.org/10.1091/mbc.e06-01-0039
http://www.ncbi.nlm.nih.gov/pubmed/16775007
http://dx.doi.org/10.1091/mbc.9.10.2839
http://www.ncbi.nlm.nih.gov/pubmed/9763447
http://dx.doi.org/10.1101/gad.12.7.927
http://www.ncbi.nlm.nih.gov/pubmed/9531532
http://dx.doi.org/10.1042/BST0361097
http://www.ncbi.nlm.nih.gov/pubmed/18793196
http://dx.doi.org/10.1083/jcb.200812108
http://www.ncbi.nlm.nih.gov/pubmed/19487457
http://dx.doi.org/10.1083/jcb.129.4.1033
http://www.ncbi.nlm.nih.gov/pubmed/7744953
http://dx.doi.org/10.1007/s00438-003-0938-8
http://www.ncbi.nlm.nih.gov/pubmed/14655046


Cells 2018, 7, 42 13 of 14

72. Walde, S.; King, M.C. The KASH protein Kms2 coordinates mitotic remodeling of the spindle pole body.
J. Cell Sci. 2014, 127, 3625–3640. [CrossRef] [PubMed]

73. Funabiki, H.; Hagan, I.; Uzawa, S.; Yanagida, M. Cell cycle-dependent specific positioning and clustering of
centromeres and telomeres in fission yeast. J. Cell Biol. 1993, 121, 961–976. [CrossRef] [PubMed]

74. Chikashige, Y.; Ding, D.Q.; Funabiki, H.; Haraguchi, T.; Mashiko, S.; Yanagida, M.; Hiraoka, Y. Telomere-led
premeiotic chromosome movement in fission yeast. Science 1994, 264, 270–273. [CrossRef] [PubMed]

75. Chikashige, Y.; Tsutsumi, C.; Yamane, M.; Okamasa, K.; Haraguchi, T.; Hiraoka, Y. Meiotic proteins bqt1 and
bqt2 tether telomeres to form the bouquet arrangement of chromosomes. Cell. 2006, 125, 59–69. [CrossRef]
[PubMed]

76. Fernandez-Alvarez, A.; Bez, C.; O’Toole, E.T.; Morphew, M.; Cooper, J.P. Mitotic Nuclear Envelope
Breakdown and Spindle Nucleation Are Controlled by Interphase Contacts between Centromeres and
the Nuclear Envelope. Dev. Cell 2016, 39, 544–559. [CrossRef] [PubMed]

77. Tamm, T.; Grallert, A.; Grossman, E.P.; Alvarez-Tabares, I.; Stevens, F.E.; Hagan, I.M. Brr6 drives the
Schizosaccharomyces pombe spindle pole body nuclear envelope insertion/extrusion cycle. J. Cell Biol. 2011,
195, 467–484. [CrossRef] [PubMed]

78. Akey, C.W.; Radermacher, M. Architecture of the Xenopus nuclear pore complex revealed by
three-dimensional cryo-electron microscopy. J. Cell Biol. 1993, 122, 1–19. [CrossRef] [PubMed]

79. Löschberger, A.; van de Linde, S.; Dabauvalle, M.C.; Rieger, B.; Heilemann, M.; Krohne, G.; Sauer, M.
Super-resolution imaging visualizes the eightfold symmetry of gp210 proteins around the nuclear pore
complex and resolves the central channel with nanometer resolution. J. Cell Sci. 2012, 125, 570–575. [CrossRef]
[PubMed]

80. Bui, K.H.; von Appen, A.; DiGuilio, A.L.; Ori, A.; Sparks, L.; Mackmull, M.T.; Bock, T.; Hagen, W.;
Andres-Pons, A.; Glavy, J.S.; et al. Integrated structural analysis of the human nuclear pore complex scaffold.
Cell 2013, 155, 1233–1243. [CrossRef] [PubMed]

81. Mi, L.; Goryaynov, A.; Lindquist, A.; Rexach, M.; Yang, W. Quantifying nucleoporin stoichiometry inside
single nuclear pore complexes in vivo. Sci. Rep. 2015, 5, 9372. [CrossRef] [PubMed]

82. Wozniak, R.W.; Blobel, G.; Rout, M.P. POM152 is an integral protein of the pore membrane domain of the
yeast nuclear envelope. J. Cell Biol. 1994, 125, 31–42. [CrossRef] [PubMed]

83. Chial, H.J.; Rout, M.P.; Giddings, T.H.; Winey, M. Saccharomyces cerevisiae Ndc1p is a shared component of
nuclear pore complexes and spindle pole bodies. J. Cell Biol. 1998, 143, 1789–1800. [CrossRef] [PubMed]

84. Miao, M.; Ryan, K.J.; Wente, S.R. The integral membrane protein Pom34p functionally links nucleoporin subcomplexes.
Genetics 2006, 172, 1441–1457. [CrossRef] [PubMed]

85. Alber, F.; Dokudovskaya, S.; Veenhoff, L.M.; Zhang, W.; Kipper, J.; Devos, D.; Suprapto, A.; Karni-Schmidt, O.;
Williams, R.; Chait, B.T.; et al. The molecular architecture of the nuclear pore complex. Nature 2007, 450,
695–701. [CrossRef] [PubMed]

86. Onischenko, E.; Stanton, L.H.; Madrid, A.S.; Kieselbach, T.; Weis, K. Role of the Ndc1 interaction network in
yeast nuclear pore complex assembly and maintenance. J. Cell Biol. 2009, 185, 475–491. [CrossRef] [PubMed]

87. Hinshaw, J.E.; Milligan, R.A. Nuclear pore complexes exceeding eightfold rotational symmetry. J. Struct. Biol.
2003, 141, 259–268. [CrossRef]

88. D’Angelo, M.A.; Anderson, D.J.; Richard, E.; Hetzer, M.W. Nuclear pores form de novo from both sides of
the nuclear envelope. Science 2006, 312, 440–443. [CrossRef] [PubMed]

89. Otsuka, S.; Bui, K.H.; Schorb, M.; Hossain, M.J.; Politi, A.Z.; Koch, B.; Eltsov, M.; Beck, M.; Ellenberg, J.
Nuclear pore assembly proceeds by an inside-out extrusion of the nuclear envelope. Elife 2016, 5. [CrossRef]
[PubMed]

90. Zhang, W.; Neuner, A.; Ruthnick, D.; Sachsenheimer, T.; Luchtenborg, C.; Brugger, B.; Schiebel, E. Brr6 and
Brl1 locate to nuclear pore complex assembly sites to promote their biogenesis. J. Cell Biol. 2018, 217, 877–894.
[CrossRef] [PubMed]

91. Ito, T.; Chiba, T.; Ozawa, R.; Yoshida, M.; Hattori, M.; Sakaki, Y. A comprehensive two-hybrid analysis to
explore the yeast protein interactome. Proc. Natl. Acad. Sci. USA 2001, 98, 4569–4574. [CrossRef] [PubMed]

92. Costanzo, M.; VanderSluis, B.; Koch, E.N.; Baryshnikova, A.; Pons, C.; Tan, G.; Wang, W.; Usaj, M.;
Hanchard, J.; Lee, S.D.; et al. A global genetic interaction network maps a wiring diagram of cellular function.
Science 2016, 353. [CrossRef] [PubMed]

http://dx.doi.org/10.1242/jcs.154997
http://www.ncbi.nlm.nih.gov/pubmed/24963130
http://dx.doi.org/10.1083/jcb.121.5.961
http://www.ncbi.nlm.nih.gov/pubmed/8388878
http://dx.doi.org/10.1126/science.8146661
http://www.ncbi.nlm.nih.gov/pubmed/8146661
http://dx.doi.org/10.1016/j.cell.2006.01.048
http://www.ncbi.nlm.nih.gov/pubmed/16615890
http://dx.doi.org/10.1016/j.devcel.2016.10.021
http://www.ncbi.nlm.nih.gov/pubmed/27889481
http://dx.doi.org/10.1083/jcb.201106076
http://www.ncbi.nlm.nih.gov/pubmed/22042620
http://dx.doi.org/10.1083/jcb.122.1.1
http://www.ncbi.nlm.nih.gov/pubmed/8314837
http://dx.doi.org/10.1242/jcs.098822
http://www.ncbi.nlm.nih.gov/pubmed/22389396
http://dx.doi.org/10.1016/j.cell.2013.10.055
http://www.ncbi.nlm.nih.gov/pubmed/24315095
http://dx.doi.org/10.1038/srep09372
http://www.ncbi.nlm.nih.gov/pubmed/25797490
http://dx.doi.org/10.1083/jcb.125.1.31
http://www.ncbi.nlm.nih.gov/pubmed/8138573
http://dx.doi.org/10.1083/jcb.143.7.1789
http://www.ncbi.nlm.nih.gov/pubmed/9864355
http://dx.doi.org/10.1534/genetics.105.052068
http://www.ncbi.nlm.nih.gov/pubmed/16361228
http://dx.doi.org/10.1038/nature06405
http://www.ncbi.nlm.nih.gov/pubmed/18046406
http://dx.doi.org/10.1083/jcb.200810030
http://www.ncbi.nlm.nih.gov/pubmed/19414609
http://dx.doi.org/10.1016/S1047-8477(02)00626-3
http://dx.doi.org/10.1126/science.1124196
http://www.ncbi.nlm.nih.gov/pubmed/16627745
http://dx.doi.org/10.7554/eLife.19071
http://www.ncbi.nlm.nih.gov/pubmed/27630123
http://dx.doi.org/10.1083/jcb.201706024
http://www.ncbi.nlm.nih.gov/pubmed/29439116
http://dx.doi.org/10.1073/pnas.061034498
http://www.ncbi.nlm.nih.gov/pubmed/11283351
http://dx.doi.org/10.1126/science.aaf1420
http://www.ncbi.nlm.nih.gov/pubmed/27708008


Cells 2018, 7, 42 14 of 14

93. Niepel, M.; Strambio-de-Castillia, C.; Fasolo, J.; Chait, B.T.; Rout, M.P. The nuclear pore complex-associated
protein, Mlp2p, binds to the yeast spindle pole body and promotes its efficient assembly. J. Cell Biol. 2005,
170, 225–235. [CrossRef] [PubMed]

94. Sezen, B.; Seedorf, M.; Schiebel, E. The SESA network links duplication of the yeast centrosome with the
protein translation machinery. Genes Dev. 2009, 23, 1559–1570. [CrossRef] [PubMed]

95. Witkin, K.L.; Friederichs, J.M.; Cohen-Fix, O.; Jaspersen, S.L. Changes in the nuclear envelope environment
affect spindle pole body duplication in Saccharomyces cerevisiae. Genetics 2010, 186, 867–883. [CrossRef]
[PubMed]

96. Lo Presti, L.; Cockell, M.; Cerutti, L.; Simanis, V.; Hauser, P.M. Functional characterization of Pneumocystis
carinii brl1 by transspecies complementation analysis. Eukaryot. Cell 2007, 6, 2448–2452. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1083/jcb.200504140
http://www.ncbi.nlm.nih.gov/pubmed/16027220
http://dx.doi.org/10.1101/gad.524209
http://www.ncbi.nlm.nih.gov/pubmed/19571182
http://dx.doi.org/10.1534/genetics.110.119149
http://www.ncbi.nlm.nih.gov/pubmed/20713690
http://dx.doi.org/10.1128/EC.00321-07
http://www.ncbi.nlm.nih.gov/pubmed/17993570
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Duplication Cycle of the S. cerevisiae SPB 
	Insertion of the New SPB in S. cerevisiae 
	Duplication and Insertion of the S. pombe SPB 
	The Nuclear Pore Complex (NPC) 
	Closing Remarks and Future Directions 
	References

