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A spindle matrix has long been proposed to provide structural
support for counterbalancing force production and a substrate
for essential mitotic factors. For years the molecular identity
of such a structure remained elusive. Recently a complex of
nuclear proteins that reorganize into a spindle-like structure
during prophase through metaphase that shows characteristics
of a spindle matrix has been identified in Drosophila. We review
how these results support the concept of a spindle matrix and
discuss its possible function(s) during mitosis. Importantly, these
molecules also appear to play critical roles during interphase in
nuclear organization and function. Given that during cell division
the entire nucleus undergoes a dynamic and tightly orchestrated
reorganization, the reorganization of spindle matrix compo-
nents during mitosis may comprise one phase of a continuum of
“nuclear architectural remodeling events” that can be considered
to extend throughout the entire cell cycle, even in the absence
of a defined nucleus.

Introduction

During cell division the entire nucleus undergoes a dramatic reor-
ganization as the cell prepares to segregate its duplicated chromo-
somes. For many years the prevailing view in organisms possessing
an open mitosis held that the nucleus disassembled during early
mitotic stages, thus enabling cytoplasmic microtubules emanating
from the separated centrosomes to form a mitotic spindle, until the
end of telophase when two daughter nuclei reassembled around
the decondensing segregated chromosomes.! This cytocentric
view discounted any nuclear contributions to the formation and/
or function of the mitotic spindle. Increasing evidence suggests,
however, that nuclear contents do play critical roles in construct-
ing and regulating the mitotic machinery. Chromosomes them-
selves can promote the assembly of microtubules that are focused
to form a spindle as first observed for acentrosomal cells (reviewed
in ref. 2) but now accepted as a general mechanism contributing
to spindle assembly even in cells with centrosomes.** Drosophila
provided a particularly amenable model system to elaborate this
so-called “self-organization” mode of spindle assembly due to the
availability of mutants that compromised the centrosomal “search
and capture” mode of spindle assembly.>” More recently additional
nuclear contributions to spindle assembly have been revealed by
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results in Drosophila that provided molecular evidence support-
ing the existence of a spindle matrix that has long been proposed
based on theoretical grounds but whose composition until recently
had been difficult to define (reviewed in ref. 8).

Long before the role of chromosomes in spindle organiza-
tion became clear, evidence from a wide range of studies pointed
towards the existence of a non-microtubule component of the
mitotic spindle. Early studies revealed a large volume of non-

microtubule components in the spindle,”'

a finding supported
by EM evidence and birefringence studies that suggested a non-
microtubule component.'*!? Different extraction protocols yielded
a non-microtubule “spindle remnant” in the absence of microtu-
bules.!*'¢ Indeed, the idea of a such non-microtubule matrix that
would assist in spindle formation and/or function had earlier been
proposed to account for properties of the spindle that were not
consistent with a spindle comprised solely of microtubules and
motors.'”*” For example, it is difficult to envision how motor pro-
teins can generate the forces needed to move the chromosomes
on a treadmilling substrate such as spindle microtubules that
themselves are constantly in flux.?>*! Furthermore the balance of
plus-end-directed and minus-end-directed motors in the spindle
results in a state of constant tension.”** With 1- to 10 pN of force
generated per motor’*? the combined force from the hundreds to
thousands of motors in the spindle measures out to ~1,000 pN.%

Such force would buckle microtubules in vitro®-*

yet buckling
does not occur in the spindle, suggesting that additional mea-
sures of support are present some of which might be provided
by a spindle matrix. Especially compelling that spindle function
involves more than just microtubules and motors, however, are
experiments showing that poleward chromosome movement per-
sists even after the kinetochore microtubules are severed using a
UV microbeam. "33

that despite constant microtubule flux, mitotic spindles main-

These results along with the observation

tain a uniform size characteristic of that particular cell type®” have
sparked much interest in identifying spindle-associated factors to
assess whether they may comprise part of a spindle matrix.

In considering whether mitotic spindle-associated molecules
comprise a bona fide “spindle matrix”, it is important to consider
the characteristics that would be expected for such a structure: (1)
they should form a true fusiform structure coalescent with spindle
microtubules; (2) they should persist in the absence of microtu-
bules; (3) perturbation of one or more members of the complex
should affect spindle assembly and/or function; (4) one or more
components should interact with microtubules and/or microtu-
bule-associated motor proteins.® Such a matrix may provide scaf-
folding functions to localize required spindle checkpoint- and
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Figure I. Spindle matrix proteins in Drosophila. (A) Characteristics of the four spindle matrix proteins
Skeletor; Chromator, Megator and EAST. Skeletor and EAST have no identified structural motifs, Chroma-
tor contains a chromodomain, while Megator contains a long coiled-coil domain and is the human Tpr
ortholog. (B) Localization of spindle matrix proteins. Upper: During interphase EAST (green) and Megator
(red) localize to the interchromosomal domain, appearing to fill the space around the chromosomes (blue)
as visualized in confocal images of light squashes of nuclei from polytene larval third instar salivary glands.
In contrast, Skeletor (red) and Chromator (green) localize to interband regions of the chromosomes (blue)
observable in standard polytene squashes from larval third instar salivary glands. Lower:All four proteins
reorganize during mitosis to form a spindle-like structure at metaphase as shown in confocal images from
dividing syncytial embryonic nuclei. In addition, Chromator localizes to the centrosomes. Spindle matrix
proteins are detected with antibodies specific to each of the four spindle matrix proteins (red or green);

DNA is stained with Hoechst (blue).

assembly-factors as well as contribute directly to force production
within the spindle. Recently a complex of proteins exhibiting such
properties has been identified in Drosophila®**“' (Fig. 1) and fur-
ther study of these proteins promises to shed light on the form and
mechanistic function of the elusive spindle matrix.

Molecular Components of a Spindle Matrix in
Drosophila

The first candidate spindle matrix protein in Drosophila, Skeletor®®
was identified due to a serendipitous cross-reactivity of the mono-
clonal antibody mAb2A that failed to recognize its intended
target, Notch, but instead stained a meshwork-like structure at
interphase that reorganized to a spindle-like structure at meta-
phase.®> What was particularly suggestive of a link to the spindle
matrix was that the Skeletor-defined spindle structure begins to
form during prophase (Fig. 2) at a time when tubulin is excluded
from entering the nucleus and it persists even after the microtu-
bules have been disassembled with nocodazole.”® The Skeletor gene
maps to 86C1-2 on the third chromosome and encodes a low
complexity protein with no obvious structural motifs,*® suggest-
ing it likely interacts with other proteins that would function to
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ing mitosis: Skeletor, Chromator,
Megator and EAST (Fig. 1).3%!
Chromator was originally iden-
tified as a two-hybrid interaction
partner with Skeletor and contains
an N-terminal chromodomain and
both Skeletor- and EAST-interaction
domains in its C-terminus.®® The
Chromator gene maps to the third
chromosome at 79F near the peri-
centromeric heterochromatin. The
locus gives rise to at least three alter-
native transcripts with each encoding
the same 926 amino acid protein.
Although the predicted molecu-
lar weight is 101 kD, on western
blots Chromator is detected as a
doublet of approximately 130 kD,
which may reflect post-translational
modification(s).** RNAi deple-
tion of Chromator in S2 cells leads
to microtubule spindle abnormali-
ties and chromosome segregation
defects,” consistent with a role for
Chromator in spindle assembly and/
or function. Spindle phenotypes in a Chromator null mutant ani-
mal could not be easily analyzed due to maternal Chromator prod-
uct obscuring embryonic analysis and early lethality preventing
analysis of third instar larval neuroblasts.”” However, recently an
EMS mutagenesis screen for new Chromator mutants identified
new hypomorphic Chromator alleles that survive as transheterozy-
gotes to the third instar larval stage.”” Analysis of larval neuro-
blast spindles in these animals revealed similar severe spindle and

chromosome segregation defects*

confirming that Chromator
is required for proper spindle function in the animal. However,
Chromator also lacks any features characteristic of a structural or
scaffolding protein.

Megator can be co-purified in a complex with Skeletor and
® In contrast to both Skeletor and Chromator,

Megator with its long coiled-coil domain? does exhibit features

Chromator.*

consistent with a scaffolding function. Indeed, expression of the
coiled coil domain alone, which lacks a nuclear localization sig-
nal, results in formation of self-assembling spherical structures
in the cytoplasm.® Megator is a large 2,346 amino acid protein
that migrates at approximately 260 kD and shows overall struc-
tural similarity to the mammalian nuclear pore complex protein
Tpr*** and to the yeast nuclear pore complex-associated proteins
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Mlplp and Mlp2p.>5? The N-terminal 70%
of Megator is comprised of an extended coiled-
coil region while the C-terminal 30% of the
protein is unstructured and acidic.” Although
this organization is conserved between Tpr and
Megator, the sequence identity between the two
proteins is only 28%. Megator maps to 48C5 on
the second chromosome and a P-element inser-
tion (/(2)k03905) generated from a large P-lacW
insertional mutagenesis project™ is present at the
+1 position of the published Megator cDNA.*
Western blot results suggest that this insertion is
likely to be a null allele. Although early embry-
onic divisions appear normal due to maternal
stores of wild-type Megator mRNA deposited by
the heterozygous /(2)£03905/+ mother, the vast
majority of homozygous /(2)k03905//(2)k03905
offspring die during embryogenesis and the few
that survive to first instar larvae die shortly after
molting, confirming that Megator is an essen-
tial gene. Consistent with a role for Megator in
mitosis, RNAi depletion of Megator in S2 cells
leads to a lower mitotic index.**>

east (enhanced adult sensory threshold)
maps to 2C2-4 on the X chromosome and was
originally identified as a viable, semidominant
P-element insertion that exhibited chemosen-
sory defects.’® This P element was used to
generate imprecise excision events to obtain
additional hypomorphic and lethal east alleles.””
Consistent with a role in spindle formation or
function, loss-of function east mutations lead to
an increased frequency of mitotic errors as well
as abnormal chromosome congression.”” EAST
is found in a complex with Megator*' and yeast
two-hybrid interaction assays revealed a direct
interaction with Chromator as well.*> EAST is
also a large protein of 2,362 amino acids that
migrates as a 265 kD protein on SDS-PAGE.
Apart from seven potential nuclear localization
sequences, twelve potential PEST sites, and a
signature zinc-binding region typical of zinc car-
boxypeptidases, EAST does not have any obvi-
ous domains or structural motifs.””

Dynamic Redistribution of Spindle
Matrix Proteins during Mitosis

The founding member of the spindle matrix
complex, Skeletor, was identified by its strik-
ing dynamic redistribution pattern observed
throughout the cell cycle (Fig. 2). The anti-Skel-

etor antibody mAb1ALl stains a fibrous meshwork that extends
throughout the nucleus at interphase but as the nucleus enters
prophase the staining begins to realign into a spindle-like struc-
ture as well as co-align with the nuclear envelope. By metaphase
and anaphase Skeletor antibody labels a complete spindle-like
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Figure 2. Dynamic distribution of the spindle matrix protein Skeletor relative to microtubules
during the cell cycle. Confocal images of triple labelings of syncytial blastoderm nuclei using
anti-tubulin (red) and anti-Skeletor (green) antibodies and Hoechst to visualize the DNA (blue).
Top: during interphase Skeletor is found in the nucleus localized to the chromosomes while
microtubules are excluded from the nucleus. (Panels 2-5) progression of the reorganization of
Skeletor into a spindle matrix structure and microtubules into a microtubule spindle. During
early stages of its reorganization Skeletor associates with the nuclear rim and shows less over-
lap with the DNA (Panel 2), subsequently forming a spindle-like structure before microtubules
have invaded the nuclear space (Panel 3).As the microtubule spindle is established (Panels 4
and 5) it coaligns with the mid-region of the spindle matrix. During early anaphase Skeletor
shows extensive overlap in the composite (comp) image with the microtubule spindle but is
absent at centrosomes and on astral fibers.

structure throughout its entire length. This spindle-like structure
persists in the mid-region during early telophase when the chro-
mosomes begin to decondense but resolves back into a fibrous
meshwork structure in each of the two daughter nuclei during
late telophase. Closer analysis of the meshwork staining pattern
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Figure 3. The spindle matrix remains intact after microtubule disassembly. Control (top) and
cold-treated (bottom) embryos triple labeled with anti-Megator antibody (green), anti-o.-tubulin

DNA the microtubule spindle (Fig. 2); and (3)

this structure persists even after microtubules
are disassembled with nocodazole-, colchi-
cine- or cold-treatment (Fig. 3). Thus, dif-
ferent lines of evidence support that Skeletor,
Chromator, Megator and EAST comprise
part of a bona fide spindle matrix structure.
Importantly, however, there is a physical rela-
tionship between the microtubule spindle
and the spindle matrix since if microtubules
are disassembled, the spindle matrix struc-
ture, though remaining intact, becomes more
compressed.*®*>* Likewise, if spindle matrix
components are perturbed (e.g., in mutant
animals or by RNAI) the microtubule spindle
can become malformed and chromosome seg-

regation can be impaired.* 46>

antibody (red) and Hoechst (DNA in blue). In the cold-treated embryos the microtubule spindles

have depolymerized, as indicated by the absence of microtubule labeling, whereas the Megator-
stained spindle matrix remains intact, demonstrating that this structure persists independently of

the microtubule spindle.

in embryonic nuclei revealed significant overlap with Hoechst-
stained DNA% and Skeletor’s localization to DNA during inter-
phase was indicated by antibody labeling of interbands on polytene
chromosomes (Fig. 1B).* Chromator is coincident with Skeletor
staining at interphase and, like Skeletor, reorganizes into a spindle-
like structure from prophase to metaphase (Fig. 1B). However,
in addition to its colocalization with Skeletor, Chromator is also
found on centrosomes and is prominent at the midbody during
telophase.?’

Although both Megator and EAST colocalize with the
Skeletor-defined spindle at metaphase,“ they are both part of
an interchromosomal domain during interphase.*%4%” Staining
for both of these proteins is complementary to Hoechst stain-
ing of the DNA, easily visualized in salivary gland nuclei whole
mount preparations where they fill the intranuclear space between
chromosomes or in light squash preparations where they appear
as “sausage casing” enwrapping the chromosomes (Fig. 1B).*
In addition, Megator also localizes to the nuclear rim, presum-
ably as part of the nuclear pore complex.”” The dynamics of how
proteins from two different nuclear compartments (i.e., Skeletor
and Chromator in a chromosomal compartment and Megator and
EAST in the interchromosomal domain) reorganize during mito-
sis to come together into a spindle-shaped structure will require
future live imaging studies. However, the association of a subset of
Skeletor and Chromator with the nuclear envelope (Fig. 2) where
Megator is localized during the early prophase could suggest that
these two proteins disassociate from the chromosomes to align
with the reorganizing Megator/EAST nuclear structure.

The microtubule spindle coaligns with the spindle-like struc-
ture comprised of Skeletor/Chromator/Megator/EAST dur-
ing metaphase. However, several lines of evidence indicate that
the Skeletor/Chromator/Megator/EAST structure is a separate
entity from the microtubule spindle: (1) the formation of this
structure precedes the formation of the microtubule spindle
(Fig. 2); (2) this structure tends to extend more broadly than

Fly Volume 3 Issue 3

Spindle Matrix Function

The critical role of microtubules and motor

proteins in spindle assembly and function is
undisputed yet the complexities underlying spindle dynamics as
well as the mechanics of force production suggest other players
are likely to be involved. Thus the concept of a “spindle matrix”
was initially proposed as a stationary or elastic structure or scaffold
that interacts with and stabilizes the microtubule-based spindle
during force production.”" In some formulations of the model
the spindle matrix is also proposed to provide a motor system
working in concert with microtubule motors.'®> Indeed, the
spindle matrix could be envisioned to perform multiple functions
and some of the data obtained in flies support multiple roles for
the spindle matrix, as reviewed below.

Microtubule assembly and function. The reorganization of
spindle matrix components into a separate spindle-like structure
that precedes, yet at metaphase coaligns with, the microtubule
spindle infers a potential role for the spindle matrix to serve as
a guide or stabilizing structure for the microtubule spindle.’**
Fluorescence recovery after photobleaching (FRAP) experiments
in S2 cells indicate that the spindle matrix is less dynamic than
the microtubule spindle as measured by bleaching fluorescently-
tagged Megator,”® a result consistent with a scaffold function for
the spindle matrix. In that same study, however, RNAi knock-
down of Megator was correlated with defects in spindle matu-
ration such as impairment of recruitment of Mad2 and Mpsl
to unattached kinetochores affecting mitotic duration and spin-
dle assembly checkpoint (SAC) response. However no obvious
defects were observed in microtubule spindle assembly or shape.
This could indicate that undetectable levels of Megator remain-
ing after the RNAI treatment are nevertheless sufficient for func-
tion or that Megator is functionally redundant with other matrix
component(s). When the spindle matrix is instead perturbed by
expression of mutant spindle matrix components consisting of
early truncation or a missense substitution in Chromator and
Megator, respectively, the microtubule spindle is observed to
show a range of abnormalities including mis-aligned and/or mul-

tipolar spindles.®>’
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Force production. Even after a UV microbeam was used to
sever k-fibers during anaphase in crane fly spermatocytes, chro-
mosomes continued to be pulled to the spindle poles.'”*** These
results suggested that poleward forces are acting on the k-fibers
that themselves act to resist these forces, and the rate of chromo-
some movement to the poles might, in fact, be regulated by the
rate of k-fiber disassembly.>*¢
system, the spindle matrix, contributes to these pulling forces.®

"It has been proposed that a separate

Although similar experiments at anaphase have not yet been per-
formed in Drosophila, the spindle matrix does appear compressed
after nocodazole- or cold-treatment.*®* This compaction is best
observed in timelapse imaging experiments of mCherry-tagged
Megator upon colchicine-induced depolymerization of the micro-
tubules.” Such results would be consistent with the presence of
compressive forces within the matrix.

Chromosome dynamics. Irrespective of whether the spindle
matrix is directly responsible for force generation, it appears to
play a role in proper chromosome congression and/or segrega-
tion. Loss or mutation of east hinders chromosome congression
to the metaphase plate, delays the onset of anaphase, and leads to
nondisjunction of achiasmate chromosomes in female meiosis.*®
Conversely, although depletion of Megator by RNAI in S2 cells
also interferes with chromosome congression leading to a poorly
defined metaphase plate, anaphase onset occurs prematurely and
cells progress through mitosis ~15% more rapidly than normal.**
Interestingly, Megator RNAi-induced errors in chromosome con-
gression were ameliorated when anaphase onset was delayed by
treating the cells with the proteosome inhibitor MG132.>* RNAi
depletion of Chromator in S2 cells or a hypomorphic Chromator
mutant allele also perturbs chromosome segregation as indicated
by a high incidence of misaligned and/or lagging chromosomes
on the spindle.?

Regulation of the spindle assembly checkpoint. The spindle
assembly checkpoint ensures proper chromosome segregation
by inhibiting the anaphase-promoting complex (APC) to delay
anaphase until all of the kinetochores (KTs) are properly attached
6263 The presence of activated Mad2 in
a checkpoint complex at unattached KTs serves as the primary
checkpoint sensor. In addition, spindle defects activate the
kinase Mps1 which hyperphosphorylates Mad2 to trigger meta-
phase arrest.®® The lower mitotic index and weakened check-

to spindle microtubules.

point response to MT depolymerization found in Mtor-depleted
cells®*>* is consistent with a requirement for Mtor for proper SAC
response. Furthermore, Lince-Faria et al.>* also showed that the
premature anaphase onset observed in Mtor-depleted S2 cells was
very similar to that observed after depletion of the spindle assem-
bly checkpoint protein Mad2. Consistent with this, a subset of
Mad2 accumulates at the nuclear-derived spindle matrix during
mitosis when microtubules just begin to invade the nuclear space
and is retained in this structure even after microtubule depolymer-
ization. Confirmation of a physical interaction was shown by
immunoprecipitation experiments that revealed Mtor interacts in
a complex with both Mad2 and Mps1. Depletion of Mtor results
in loss of Mad2 from unattached KTs.”* Taken together, these
results are consistent with a role for the spindle matrix as a spatial
regulator of SAC signaling, facilitating the activation and recruit-
ment of Mad2 and Mps1 to unattached KTs as cells enter mitosis.
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This role appears to be evolutionarily conserved, as the mamma-
lian Mtor ortholog, Tpr, also interacts with Mad2 and is required

for checkpoint signaling.”**

Interestingly, the spindle matrix may
sequester other signaling molecules to the spindle region as well
during mitosis. Recently Mtor was shown to physically interact
with Asator, the Drosophila tau-tubulin kinase homolog that is
cytoplasmic during interphase but localizes to the spindle during
mitosis.®’

Other possible functions. Early studies in Drosophila noted
a mitotic membranous “spindle envelope” that included lamin B
that was proposed to act to confine proteins to the spindle region
to promote spatio-temporal regulation of spindle assembly fac-
tors before anaphase.>**”! However, MT disassembly experiments
reveal exchange of a microtubule-associated protein, Jupiter,
occurs with the cytoplasm despite the presence of this spindle
envelope, arguing that it does not act as a diffusion barrier® which
is consistent with EM imaging studies showing that this mem-
brane is fenestrated.®® Experiments in other systems suggest lamin
B and a membranous spindle matrix may tether spindle assembly
factors’” as well as serve to partition membrane systems during
cell division.”? Though these functions have not yet been explored
in Drosophila, the rapid mitotic cycling in embryonic nuclei that
would presumably be greatly facilitated by spindle assembly factor
sequestering suggest Drosophila should be a good model system
to elucidate such potential roles for the spindle matrix. In addi-
tion, it is possible that much like chromosomal passenger proteins
that “piggyback” on chromosomes during mitosis,”*” there may
be cellular components that for structural reasons are difficult to
degrade and reassemble on a rapid time scale that therefore associ-
ate with the spindle matrix during division to ensure equal parti-
tioning to daughter cells during division.

Evolutionary conservation. The apparent lack of evolution-
ary conservation of Skeletor, Chromator and EAST with spindle
proteins in other eukaryotes has raised the issue of the general sig-

nificance of these proteins.”

However, multiple studies spanning
the evolutionary spectrum from lower eukaryotes to vertebrates
have provided intriguing evidence that a spindle matrix may be a
general feature of mitosis.® Nonetheless, considering the diversity
of potential and unrelated spindle matrix molecules so far impli-
cated the possibility that different molecules may have attained
the same function in different organisms. Alternatively, this could
reflect the presence of multiple redundant systems or that differ-
ent spindle matrices are operational at different stages of the cell
cycle. Therefore, if the principles for how a stationary or elastic
molecular matrix independent of microtubule polymerization can
contribute to microtubule spindle function and/or assembly could
be established in a model system such as Drosophila, it would be
likely to inform the function of other spindle matrices regardless
of their specific molecular composition. And for at least one of the
Drosophila spindle matrix proteins, Megator, functional orthologs
have been identified in organisms from yeast to humans.®

Spindle Matrix Through the Cell Cycle:
Double Duty at Interphase?

The spindle matrix components Skeletor, Chromator, Megator and
EAST reside in two different interphase nuclear compartments,
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the chromosomal and interchromosomal domains, before com-
ing together at mitosis to form the spindle matrix. Several lines
of evidence suggest they play important roles in their interphase
compartments as well. Skeletor and Chromator localize specifi-
cally to regions within the interbands in a pattern coincident with
the histone H3S10 kinase JIL-1,*777% which has been shown to
play a role in establishing euchromatin by preventing its packag-
ing as heterochromatin.””* Chromator directly interacts with the
C-terminus of JIL-1 although this interaction is not required for
the chromosomal targeting of either protein.” However, loss of
either protein severely perturbs polytene chromosome structure,
resulting in not only the loss of interbands but also in disorganiza-
tion of the banded regions.”*# These results raise the prospect
that one or more spindle matrix components (the effect of loss
of Skeletor is not yet known) may play an important interphase
role regulating genomic organization. Importantly, the observed
disruption of chromosome structure is correlated with decreased
gene expression levels in mutants of both JIL-1 and Chromator.**
Consistent with a requirement for Chromator for proper regula-
tion of gene expression, novel pupal-lethal Chromator mutants
have been identified that cause developmental defects in muscle
remodeling during metamorphosis and from these studies it was
concluded that Chromator activates processes and genes involved
in tissue destruction and remodeling.” These alleles do not show
any changes in the Chromator coding sequence but consist of
internal deletions of the P-element insertion that is present in the
lethal loss-of-function Chro*®?%8 allele’® and thus are likely to be
mutations that affect either the level and/or tissue-specific expres-
sion of the Chromator protein.

Although spindle matrix components sort into two different
compartments (chromosomal and interchromosomal domain) at
interphase, they still functionally interact. In their study of muscle
remodeling during metamorphosis, Wasser et al.** found that EAST
is also involved in tissue destruction and remodeling events dur-
ing development and, intriguingly, acts to counteract the activity
of Chromator. So whereas Chromator mutants showed incomplete
muscle histolysis, the muscles of east mutants degenerated prema-
turely. Additional support for an antagonistic role for these two pro-
teins includes that eclosion defects of pupal-lethal Chro alleles are
rescued in an east heterozygous background.” Thus, EAST appears
to inhibit the same processes and genes involved in tissue destruction
and remodeling that are activated by Chromator although the pre-
cise mechanism for this regulation is not yet well understood. Despite
that the majority of interphase EAST resides in the interchromosomal
domain, it is possible that a subset of EAST not easily detected in
whole mount stainings does interact with chromosomes to regulate
gene expression. For one, FRAP experiments indicate that whereas in
non-permeabilized nuclei the interchromosomal EAST-GFP is highly
mobile, when nuclei are permeabilized under low salt conditions,
EAST-GEFP rapidly associates with chromosomes and mobility signif-
icantly decreases. However, if EAST’s C-terminus, which includes the
Chromator interaction domain, is truncated, EAST-ACTD-GFP’s
affinity for chromosomes is severely reduced and mobility recovers
to normal levels even after exposure to permeabilized, low salt con-
ditions.” Notably, when EAST-GFP was observed to associate with
chromosomes, it localized to transcriptionally silent heterochromatic
regions, which would further support a role in gene repression.*®
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Other studies also have supported a role for EAST in regu-
lating gene expression.**® Increased levels of EAST protein were
found to nearly completely repress yellow expression at the y” allele
in a manner dependent on the MDG¥ retrotransposon sequences
present in this allele. It was suggested that this effect may be due
to a role for EAST in regulating insulator activity and/or gene
positioning in the nucleus.* A subsequent study, however, showed
further examples of the effect of manipulating EAST levels on reg-
ulation of additional candidate genes. In this case, some genes that
contained MDG4 sequences showed no effect, while other genes
without MDG4 sequences were repressed.*> Thus the authors
speculate that EAST is part of a global protein system of the
nuclear matrix that may function to interact with chromosomal
factors that regulate proper temporal and tissue-specific expression
of all genes.® An alternative model proposes that EAST may act as
a salt sensor that modulates gene expression in response to chang-
ing ion (Na*/K*) concentrations with lower salt conditions medi-
ating binding to chromosomes and repression while higher salt
conditions trigger dissociation from chromosomes and activation
of target genes.” Since the cast of chromatin characters present
influences ionic effects felt at different genes, this could explain
the inability to correlate EAST regulation of gene expression with
a specific genomic sequence or insulator protein.®

Megator, which colocalizes in the interchromosomal domain
at interphase with EAST, has also been associated with regula-
tion of gene expression at interphase. The MSL dosage compen-
sation complex copurifies with Megator and depletion of Mtor
was reported to eliminate targeting of the MSL complex to the
male X.% Proper localization of the MSL complex is a required
step to achieve the dosage compensation that equalizes the level
of X-linked gene expression in males and females (reviewed in ref.
87). Megator’s role is in this process is not clear, but several models
have been proposed including that Megator may influence dosage
compensation through chromatin loop organization and spatial
positioning at the nuclear pore complex. Alternatively, Megator
might link transcription to the regulation of nuclear export of
mRNAs through the nuclear pore complex by the exosome. In the
third model Megator might function away from the nuclear pore
complex in the interchromosomal domain to bind chromosomal
regions to activate or repress gene expression.®® It has also been
suggested that Megator might mediate compartmentalization of
the X chromosome that facilitates the targeting and/or spreading
of the MSL complex.®’

In summary, the interphase functions of spindle matrix com-
ponents promise to be as fascinating and significant as their
mitotic functions. Although nuclear architecture has traditionally
been considered to “disassemble” during mitosis, it may be more
accurate to characterize it as being “remodeled” throughout the
cell cycle. This provides the cell with a malleable structure that
may facilitate nuclear or spindle architectural organization as well
as provide a binding platform for regulatory and other factors that
contribute to cell cycle specific functions such as gene regulation
or chromosome segregation.

Acknowledgements
We thank members of the laboratory for discussion, advice and
critical reading of the manuscript. The authors’ work on the spin-

dle matrix work is supported by NSF grant MCB0817107.

www.landesbioscience.com



20.

21.

22.

23.

24.

25.

26.

References

Kirschner MW, Mitchison T. Beyond self-assembly: from
microtubules to morphogenesis. Cell 1986; 45:5-7.
McKim KS, Hawley RS. Chromosomal control of
meiotic cell division. Science 1995; 270:1595-601.
Maiato H, Rieder CL, Khodjakov A. Kinetochore-
driven formation of kinetochore fibers contributes to
spindle assembly during animal mitosis. J Cell Biol
2004; 167:831-40.

Wadsworth P, Khodjakov A. E pluribus unum: towards
a universal mechanism for spindle assembly. Trends
Cell Biol 2004; 14:413-9.

Bonaccorsi S, Giansanti MG, Gatti M. Spindle self-
organization and cytokinesis during male meiosis in
asterless mutants of Drosophila melanogaster. ] Cell Biol
1998; 142:751-61.

Megraw TL, Kao L-R, Kaufman TC. Zygotic develop-
ment without functional mitotic centrosomes. Curr
Biol 2001; 11:116-20.

Basto R, Lau J, Vinogradova T, Gardiol A, Woods CG,
Khodjakov A, Raff JW. Flies without centrioles. Cell
2006; 125:1375-86.

Johansen KM, Johansen J. Cell and molecular biol-
ogy of the spindle matrix. Internat Rev Cytol 2007;
263:155-206.

Forer A. Chromosome movements during cell-division. iz
Handbook of Molecular Cytology (Lima-de-Faria A, ed.,).
North-Holland Publ., Amsterdam 1969; 554-601.

. Goldman RD, Rebhun LI. The structure and some

properties of the isolated mitotic apparatus. J Cell Sci
1969; 4:179-210.

. Behnke O, Forer A. Some aspects of microtubules in

spermatocyte meiosis in a crane fly (Nephrotoma suturalis
Loew): Intranuclear and intrachromosomal microtubules.
C.R. Trav Lab Carlsberg 1966; 35:437-55.

. Forer A. Characterization of the mitotic traction

system, and evidence that birefringent spindle fibers
neither produce nor transmit force for chromosome
movement. Chromosoma 1966; 19:44-98.

. Pickett-Heaps JD, Forer A, Spurck T. Rethinking

anaphase: where “Pac-Man” fails and why a role for the
spindle matrix is likely. Protoplasma 1996; 192:1-10.

. Leslie RJ, Hird RB, Wilson L, McIntosh JR, Scholey

JM. Kinesin is associated with a nonmicrotubule com-
ponent of sea urchin mitotic spindles. Proc Natl Acad
Sci USA 1987; 84:2771-5.

. Rebhun LI, Palazzo RE. In vitro reactivation of ana-

phase B in isolated spindles of sea urchin egg. Cell
Motil Cytoskel 1988; 10:197-209.

. Wein H, Bass HW, Cande WZ. DSKI, a kinesin-

related protein involved in anaphase spindle elongation
is a component of a mitotic spindle matrix. Cell Motil
Cytoskeleton 1998; 41:214-24.

. Pickett-Heaps JD, Tippit DH, Porter KR. Rethinking

mitosis. Cell 1982; 29:729-44.

. Pickett-Heaps JD, Forer A, Spurck T. Rethinking

anaphase: where “Pac-Man” fails and why a role for the
spindle matrix is likely. Protoplasma 1996; 192:1-10.

. Pickett-Heaps JD, Forer A, Spurck T. Traction fibre:

toward a “tensegral” model of the spindle. Cell Motil
Cytoskel 1997; 37:1-6.

Mitchison TJ. Mitosis: basic concepts. Curr Opin Cell
Biol 1989; 1:67-74.

Sawin KE, Mitchison TJ. Microtubule flux in mitosis
is independent of chromosomes, centrosomes and anti-
parallel microtubules. Mol Biol Cell 1994; 5:217-26.
Fuller MT, Wilson PG. Force and counterforce in the
mitotic spindle. Cell 1992; 71:547-50.

Heald R, Walczak CE. Microtubule-based motor function
in mitosis. Curr Opin Struct Biol 1999; 9:268-74.

Sharp DJ, Rogers GC, Scholey JM. Microtubule
motors in mitosis. Nature 2000; 407:41-7.

Sharp DJ, Rogers GC, Scholey JM. Roles of motor pro-
teins in building microtubule-based structures: a basic
principle of cellular design. Biochimica et Biophysica
Acta 2000; 1496:128-41.

Block SM. Nanometres and piconewtons: the macromolecu-
lar mechanics of kinesin. Trends Cell Biol 1995; 5:169-75.

www.landesbioscience.com

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Howard J. The mechanics of force generation by kine-
sin. Biophys J 1995; 68:245-53.

Scholey JM, Brust-Mascher I, Mogilner A. Cell divi-
sion. Nature 2003; 422:746-52.

Svoboda K, Block SM. Force and velocity measured for
single kinesin molecules. Cell 1994; 77:773-84.
Nicklas RB. Measurements of the force produced by the
mitotic spindle in anaphase. J Cell Biol 1983; 97:542-8.
Elbaum M, Fygenson DK, Libchaber A. Buckling micro-
tubules in vesicles. Phys Rev Lett 1996; 76:4078-81.
Fygenson DK, Marko JF Libchaber A. Mechanics of
microtubule-based membrane extension. Phys Rev Lett
1997; 79:4497-500.

Freitas R Jr. Nanomedicine, Volume I: Basic Capabilities.
1999; Landes Bioscience: Georgetown.

Sillers PJ, Forer A. Action spectrum for changes in
spindle fibre birefrigence after ultraviolet microbeam
irradiations of single chromosomal spindle fibres in
crane-fly spermatocytes. J Cell Sci 1983; 62:1-25.
Spurck T, Forer A, Pickett-Heaps J. Ultraviolet micro-
beam irradiations of epithelial and spermatocyte spin-
dles suggest that forces act on the kinetochore fibre
and are not generated by its disassembly. Cell Motil
Cytoskel 1997; 36:136-48.

Forer A, Spurck T, Pickett-Heaps J. Actin and myosin
inhibitors block elongation of kinetochore fibre stubs
in metaphase crane-fly spermatocytes. Protoplasma
2007; 232:79-85.

Mitchison TJ, Maddox P, Gaetz J, Groen A, Shirasu
M, Desai A, et al. Roles of polymerization dynamics,
opposed motors, and a tensile element in governing the
length of Xenopus extract meiotic spindles. Mol Biol
Cell 2005; 16:3064-76.

Walker DL, Wang D, Jin Y, Rath U, Wang Y,
Johansen ], Johansen KM. Skeletor, a novel chro-
mosomal protein that redistributes during mitosis
provides evidence for the formation of a spindle
matrix. ] Cell Biol 2000; 151:1401-11.

Rath U, Wang D, Ding Y, Xu Y-Z, Blacketer MJ, Girton J, et
al. Chromator, a novel and essential chromodomain protein
interacts directly with the spindle matrix protein skeletor in
Drosophila. ] Cell Biochem 2004; 93:1033-47.

Qi H, Rath U, Wang D, Xu Y-Z, Ding Y, Zhang W,
et al. Megator, an essential coiled-coil protein localizes
to the putative spindle matrix during mitosis. Mol Biol
Cell 2004; 15:4854-65.

Qi H, Rath U, Ding Y, Ji Y, Blacketer MJ, Girton J,
et al. EAST interacts with Megator and localizes to the
putative spindle matrix during mitosis in Drosophila. ]
Cell Biochem 2005; 95:1284-91.

Johansen KM, Johansen J, Back K-H, Jin Y. Remodeling
of nuclear architecture during the cell cycle in Drosophila
embryos. ] Cell Biochem 1996; 63:268-79.

Wasser M, Osman ZB, Chia W. EAST and Chromator
control the destruction and remodeling of muscles during
Drosophila metamorphosis. Dev Biol 2007; 307:380-93.
Gortchakov AA, Eggert H, Gan M, Mattow J,
Zhimulev IF, Saumweber H. Chriz, a chromodomain
protein specific for the interbands of Drosophila mela-
nogaster. Chromosoma 2005; 114:54-66.

Rath U, Ding Y, Deng H, Qi H, Bao X, Zhang W, et al.
The chromodomain protein, Chromator, interacts with
JIL-1 kinase and regulates the structure of Drosophila
polytene chromosomes. J Cell Sci 2006; 119:2332-41.
Ding Y, Yao C, Lince-Faria M, Rath U, Cai W, Maiato H,
et al. Chromator is required for proper microtubule spindle
formation and mitosis in Drosophila. 2009; (submitted).
Zimowska G, Aris JB, Paddy MR. A Drosophila Tpr
homolog is localized both in the extrachromosomal
channel network and to nuclear pore complexes. J Cell
Sci 1997; 110:927-44.

Mitchell PJ, Cooper CS. Nucleotide sequence analysis of
human tpr cDNA clones. Oncogene 1992; 7:383-8.
Byrd DA, Sweet DJ, Panté N, Konstantineov KN,
Guan T, Saphire ACS, et al. Tpr, a large coiled coil
protein whose amino terminus is involved in activation
of oncogenic kinases, is localized to the cytoplasmic
surface of the nuclear pore complex. J Cell Biol 1994;
127:1515-26.

Volume 3 Issue 3

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Bangs PL, Sparks CA, Odgren PR, Fey EG. Product of
the oncogene-activating gene Tpr is a phosphorylated
protein of the nuclear pore complex. J Cell Biochem
1996; 61:48-60.

Strambio-de-Castillia C, Blobel G, Rout MP. Proteins
connecting the nuclear pore complex with the nuclear
interior. ] Cell Biol 1999; 144:839-55.

Kosova B, Pante N, Rollenhagen C, Podtelejnikov A,
Mann M, Aebi U, Hurt E. Mlp2p, a component of
nuclear pore attached intranuclear filaments, associates
with Nic96p. ] Biol Chem 2000; 275:343-50.

Torok T, Tick G, Alvarado M, Kiss I. P-lacW inser-
tional mutagenesis on the second chromosome of
Drosophila: isolation of lethals with different over-
growth phenotypes. Genetics 1993; 135:71-80.
Lince-Faria M, Maffini S, Orr B, Ding Y, Florindo C,
Sunkel CE, et al. Spatiotemporal control of mitosis by
the conserved spindle matrix protein Megator. ] Cell
Biol 2009; 184:647-57.

Anand A, Fernandes J, Arunan MC, Bhosekar S,
Chopra A, Dedhia N, et al. Drosophila “enhancer trap”
transposants: gene expression in chemosensory and
motor pathways and identification of mutants affected
in smell and taste ability. ] Genetics 1990; 69:151-68.
VijayRaghavan K, Kaur J, Paranjape J, Rodrigues V.
The east gene of Drosophila melanogaster is expressed
in the developing embryonic nervous system and is
required for normal olfactory and gustatory responses
of the adult. Dev Biol 1992; 154:23-36.

Wasser M, Chia W. The EAST protein of Drosophila
controls an expandable nuclear endoskeleton. Nat Cell
Biol 2000; 2:268-75.

Wasser M, Chia W. The Drosophila EAST protein
associates with a nuclear remnant during mitosis and
constrains chromosome mobility. ] Cell Sci 2003;
116:1733-43.

Qi H, Ding Y, Zhu L, Rath U, Girton J, Johansen KM,
Johansen J. Mutational analysis of the role of spindle
matrix proteins in tubulin spindle assembly and func-
tion. Mol Biol Cell 2006; 17.

Pickett-Heaps J, Forer A. Mitosis: spindle evolution
and the matrix model. Protoplasma 2009; 235:91-9.
Forer A, Pickett-Heaps JD, Spurck T. What gener-
ates flux of tubulin in kinetochore microtubules?
Protoplasma 2008; 232:137-41.

Elledge SJ. Cell cycle checkpoints: preventing an iden-
tity crisis. Science 1996; 274:1664-72.

Rudner AD, Murray AW. The spindle assembly check-
point. Curr Opin Cell Biol 1996; 8:773-80.

Weiss E, Winey M. The Saccharomyces cerevisiae spindle
pole body duplication gene Mpsl is part of a mitotic
checkpoint. J Cell Biol 1996; 132:111-23.

Hardwick KG, Weiss E, Luca FC, Winey M, Murray
AW. Activation of the budding yeast spindle assembly
checkpoint without mitotic spindle disruption. Science
1996; 273:953-6.

Lee SH, Sterling H, Burlingame A, McCormick E Tpr
directly binds to Mad1 and Mad2 and is important for
the Mad1-Mad2-mediated mitotic spindle checkpoint.
Genes Dev 2008; 22:2926-31.

Qi H, Yao C, Cai W, Girton ], Johansen KM, Johansen
J. Asator, a tau-tubulin kinase homolog in Drosophila
localizes to the mitotic spindle. 2009; submitted.
Stafstrom JP, Stachelin LA. Dynamics of the nuclear
envelope and of nuclear pore complexes during mito-
sis in the Drosophila embryo. Eur J Cell Biol 1984;
34:179-89.

Harel A, Zlotkin E, Nainudel-Epszteyn S, Feinstein N,
Fisher B, Gruenbaum Y. Persistence of major nuclear
envelope antigens in an envelope-like structure during
mitosis in Drosophila melanogaster embryos. J Cell Sci
1989; 94:463-70.

Paddy MR, Saumweber H, Agard DA, Sedat JW. Time-
resolved, in vivo studies of mitotic spindle formation
and nuclear lamina breakdown in Drosophila early
embryos. J Cell Sci 1996; 109:591-607.

Katsani KR, Karess RE, Dostatni N, Doye V. In vivo
dynamics of Drosophila nuclear envelope components.

Mol Biol Cell 2008; 19:3652-66.

Fly



72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Fly

Tsai M-Y, Wang S, Heidinger JM, Shumaker DK,
Adam SA, Goldman RD, Zheng Y. A mitotic lamin
B matrix induced by RanGTP required for spindle
assembly. Science 2006; 311:1887-93.

Zheng Y, Tsai MY. The mitotic spindle matrix: a
fibro-membranous lamin connection. Cell Cycle 20065
5:2345-7.

Adams RR, Carmena M, Earnshaw WC. Chromosomal
passengers and the (aurora) ABCs of mitosis. Trends
Cell Biol 2001; 11:49-54.

Terada Y. Role of chromosomal passenger complex in
chromosome segregation and cytokinesis. Cell Struct
Funct 2001; 26:653-7.

Heald R, Walczak CE. Mitotic spindle assembly mecha-
nisms. 72 The Kinetochore (De Wulf P, Earnshaw WC,
eds.,). Springer Science, New York 2009; 231-68.

Jin Y, Wang Y, Walker DL, Dong H, Conley C,
Johansen J, Johansen KM. JIL-1: a novel chromosomal
tandem kinase implicated in transcriptional regulation
in Drosophila. Mol Cell 1999; 4:129-35.

Eggert H, Gortchakov A, Saumweber H. Identification
of the Drosophila interband-specific protein Z4 as a
DNA-binding zinc-finger protein determining chro-
mosomal structure. ] Cell Sci 2004; 117:4253-64.
Zhang W, Deng H, Bao X, Lerach S, Girton J,
Johansen J, Johansen KM. The JIL-1 histone H3S10
kinase regulates dimethyl H3K9 modifications and het-
erochromatic spreading in Drosophila. Development
2006; 133:229-35.

Deng H, Bao X, Cai W, Blacketer MJ, Belmont AS,
Girton J, et al. Ectopic histone H3S10 phosphorylation
causes chromatin structure remodeling in Drosophila.
Development 2008; 135:699-705.

Wang Y, Zhang W, Jin Y, Johansen J, Johansen KM.
The JIL-1 tandem kinase mediates histone H3 phos-
phorylation and is required for maintenance of chroma-
tin structure in Drosophila. Cell 2001; 105:433-43.
Deng H, Zhang W, Bao X, Martin JN, Girton J,
Johansen J, Johansen KM. The JIL-1 kinase regulates
the structure of Drosophila polytene chromosomes.
Chromosoma 2005; 114:173-82.

Bao X, Deng H, Johansen J, Girton J, Johansen KM.
Loss-of-function alleles of the JIL-1 histone H3S10
kinase enhance position-effect-variegation at pericen-
tromeric sites. Genetics 2007; 176:1355-8.

Melnikova LS, Krivega IV, Georgiev PG, Golovnin AK.
Nuclear matrix protein EAST is involved in regulation
of transcription of the yellow gene in Drosophila mela-
nogaster. Dokl Biol Sci 2007; 415:313-6.

Melnikova LS, Krivega IV, Georgiev PG, Golovnin
AK. The nuclear matrix protein EAST affects the tran-
scription of Drosophila melanogaster genes irrespective
of the presence of retrotransposon MDG4 sequences.
Genetika 2007; 43:1685-9.

Mendjan S, Taipale M, Kind J, Holz H, Gebhardt B,
Schelder M, et al. Nuclear pore components are involved
in the transcriptional regulation of dosage compensation
in Drosophila. Mol Cell 2006; 21:811-23.

Lucchesi JC, Kelly WG, Panning B. Chromatin remod-
eling in dosage compensation. Annu Rev Genet 2005;
39:615-51.

Mendjan S, Akhtar A. The right dose for every sex.
Chromosoma 2007; 116:95-106.

Gelbart ME, Kuroda MI. Drosophila dosage com-
pensation: a complex voyage for the X chromosome.
Development 2009; 136:1399-410.

Volume 3 Issue 3

www.landesbioscience.com



