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SHORT COMMUNICATION

Composite biopolymer scaffolds shape muscle nucleus:
Insights and perspectives from Drosophila

Shuoshuo Wang and Talila Volk*

Department of Molecular Genetics; Weizmann Institute of Science; Rehovot, Israel

Contractile muscle fibers produce enormous intrinsic forces during contraction/relaxation waves. These
forces are directly applied to their cytoplasmic organelles including mitochondria, sarcoplasmic reticulum,
and multiple nuclei. Data from our analysis of Drosophila larval somatic muscle fibers suggest that an
intricate network of organized microtubules (MT) intermingled with Spectrin-Repeat-Containing Proteins
(SRCPs) are major structural elements that protect muscle organelles and maintain their structure and
position during muscle contraction. Whereas the perinuclear MT network provides structural rigidity to the
myonucleus, the SRCPs Nesprin and Spectraplakin form semiflexible filamentous biopolymer networks,
providing nuclei with the elasticity required to resist the contractile cytoplasmic forces produced by the
muscle. Spectrin repeats are domains found in numerous structural proteins, which are able to unfold under
tension and are subject to mechanical stresses in the cell. This unique composite scaffold combines rigidity
and resilience in order to neutralize the oscillating cellular forces occurring during muscle contraction/
relaxation waves and thereby protect myonuclei. We suggest that the elastic properties of SRCPs are
critical for nuclear protection and proper function in muscle fibers.

KEYWORDS. EBI, microtubules, muscles, Nesprin, semiflexible polymers, Spectraplakin, spectrin
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MYONUCLEAR STRENGTH AND force generation.' It can be found in all eumeta-
STABILITY: A ROBUST ORGANELLE  j0an, either as single contractile cells or as bun-
IN A “HEAVY DUTY” TISSUE dled myofibers like in the human body. Despite

enormous diversity in morphology, organiza-
Muscle is an extraordinary and ancient tissue  tion, and function, all muscle cells face

hlghly specialized for reiterative and directed the same paradoxica] Cha]]enge. A]though
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contraction/relaxation waves generate tremen-
dous periodical stresses, myocytes must
maintain a robust intrinsic cytoarchitecture,
including sarcomeric structure, organelle distri-
bution and homogenous nuclear morphology.
To date, the mechanisms associated with main-
taining cytoplasmic order in contractile muscle
fibers are not entirely clear.

Under a microscope, one hallmark of mature
muscle architecture is the equal distribution of
numerous flattened nuclei aligned along the
muscle surface (Fig. 1A). Although this non-
spherical, discoidal (plate-like) morphology
and the peripheral position of myonuclei have
long been described,? their biological signifi-
cance is unclear. Because aberrant nuclear mor-
phology is characteristic of various muscle
pathogenesis,> it is assumed that these specific
shape and distribution are physiologically
important. Strikingly, the biological principles
behind these attributes have remained uninves-
tigated. Herein, we focus on fully differentiated
muscle fibers and try to lift the veil off myonu-
clear shape maintenance.

The nucleus is considered to be the largest
and the stiffest organelle in most mammalian
cells and can greatly influence cell mechanics.’
Its shape is greatly influenced by the nucleoske-
leton, a relatively stiff frame of a network of
lamin-based intermediate filaments that associ-
ates with the inner nuclear membrane. Because
muscles change their shape dramatically during
contraction and relaxation, we suggest that the
combination of a flattened shape and peripheral
position helps to minimize the impact of rapid
oscillation between axial tension and lateral
compression during muscle function. Further-
more, the well-defined and homogenous oval
and flattened nuclear shape indicates aniso-
tropic forces applied to the muscle nuclei,
which are possibly counteracted by a shape-
forming scaffold and robust nuclear anchorage
to the cytoskeleton. In addition to nuclear
shape, such a mechanism would maintain equal
nuclear positioning along the entire muscle
fiber. Indeed, centralized nuclear aggregates
with aberrant shape are seen in diverse mutants
lacking the mechanical linkage between the
cytoskeleton on one side and the chromatin on
the other side of the nuclear envelope.6

Emerging evidence indicates that changes in
the transmission of external mechanical stimuli
to the nuclear interior induced by modulating
components of the Linker of Nucleoskeleton
and Cytoskeleton (LINC) complex®® may
affect genome stability, suggesting that LINC
proteins couple chromatin and gene expression
with mechanosensitive signals. Recently, it has
been shown that a stable covalent disulfide
bond that forms between a cysteine residue in
SUN1/2 and a cysteine in the KASH domain of
Nesprins (nuclear envelope spectrin repeat pro-
teins) in the perinuclear space assists in load
bearing and force transmission to the nucleus.’

COMPOSITE BIOPOLYMER
SCAFFOLDS SHAPE MUSCLE
NUCLEUS: SPECTRIN-REPEAT-
CONTAINING PROTEINS (SRPCS)
ALONGSIDE MICROTUBULES (MT)

Similarly to immobile or migrating adherent
cells plated on matrigel or micropattern, muscle
fibers generate elastic stresses through actomyosin
contraction. Nevertheless, they differ from cul-
tured cells in that they are permanently anchored
through tendons to bones, thus producing
polarized cyclic stresses counteracted by these
rigid structures. In response to physiological chal-
lenges, muscles use cytoskeletal components and
other filamentous biopolymers of distinct physical
properties to balance between stability and
flexibility. High stability is achieved by reinforce-
ment with ordered arrays of long, parallel stiff-
eners such as MTs, which may be further
stabilized locally by posttranslational modifica-
tion and by binding to microtubule-associated
proteins (MAPs). Flexibility is attained by
SRCPs (Nesprin/MSP300 and Spectraplakin/
Shot), which are elastic molecules presumably
due to spectrin repeats. Because these networks
are interdependent and associate with the nuclear
membrane, the interplay between the 2 systems
will determine the ultimate physical forces
applied to the muscle nuclei. Interestingly, the
interaction between SRCPs and MTs seems to be
quite ancient. Recently, the spectrin-like protein
EzrA was shown to regulate polymer bundling of
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FIGURE 1. The myonucleus and the surrounding microtubules in Drosophila larval muscle. (A)
Orthogonal views of a muscle nucleus from the third instar larva. The nuclear lamina was labeled
in green and the histone associated with chromatin in magenta. The dark round spot in the center
is the nucleolus (nc). Under specific physiological and cellular conditions, the geometry of a myonu-
cleus can vary, but in general they are flat rather than spherical. (B) A nucleus on the muscle sur-
face embedded in a microtubule meshwork (labeled in white). The chromatin is labeled with HP1a
in an intensity-dependent manner. The chromocenter (cc), abundant with pericentric heterochroma-
tin, is indicated by the blue spot. (C) A microtubule scaffold on the nuclear surface. (D) An enlarge-
ment showing a possible crossover of microtubules. (E) The perinuclear ring structure consists of
microtubules associated with the plus-end binding proteins Shot and EB1. (F, G) The ring is
anchored to the sarcomeres by longitudinal (F) and lateral (G) MTs.

lateral
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the tubulin homolog FtsZ in bacterial cell
division.®

MICROTUBULES PLAY A
PREDOMINANT ROLE IN MUSCLE
CELL ARCHITECTURE

During myogenesis, microtubules perform
versatile roles and undergo extensive rear-
rangement. Interestingly, whereas the myoblast
exhibits a conspicuous microtubule organizing
center (MTOC), mature myofibers no longer
possess it. Instead, a circular perinuclear micro-
tubule organizing complex is formed,”'® pre-
sumably facilitating the reorganization of the
MT perinuclear network. How the MTOC is
inactivated and rearranged into a perinuclear
ring remains to be elucidated. In mature mus-
cle, MTs are abundant in the periphery of the
muscle and especially around each of the nuclei
(Fig. 1B). The perinuclear MTs can be divided
into 2 parts. The first forms a cage-like struc-
ture of a high-density meshwork (Fig. 1C) and
may be responsible for nuclear shaping and
mechanical protection. The fact that mechani-
cal stability and rigidity of networks depends
on their connectivity, raises the question if
these MTs are cross-linked and bundled
(Fig. 1D). The other part is circular (Fig. 1E)
and radial-anisotropic MTs, which are either
polarized in the direction of contraction
(Fig. 1F) or in the lateral direction (Fig. 1G).
Apparently, this part anchors the nucleus in the
correct position but may also transduce forces
from the sarcomeres at long distance.

NESPRINS ARE REQUIRED FOR
TENSIONAL HOMEOSTASIS AND
FORCE TRANSMISSION

The equilibration of variable mechanical
forces applied to the muscle nuclei during con-
traction/relaxation waves necessitates an elastic
network of Drosophila Nesprin MSP300 (mus-
cle-specific protein 300 kDa).'' High resolu-
tion microscopy unveils an organization of a
flexible polymer network (Fig. 2A). The small
puncta, connecting either neighboring Z-lines

(red arrowheads) or massive lines (blue arrow-
heads), are both regions of multiple spectrin
repeats, representing the epitope recognized by
the anti-MSP300 antibody. These structures,
which seem to be cross-linked, connect sepa-
rate myofibrils with each other (Figs. 2A-D,
yellow arrowheads). This observation suggests
that Nesprin/MSP300 filaments redistribute
variable local cytoplasmic stresses and reestab-
lish global tensional homeostasis within the
muscle by force-induced unfolding. Consis-
tently, upon application of external force to the
muscles by stretching the larvae, the distance
between these dots increases. Our interpretation
is that the dotted lines may represent a single
Nesprin fiber formed by head-to-tail oligomeri-
zation, whereas the thick line overlapping with
the Z-lines is probably parallel-bundled fibers.

Strikingly, in isoform-specific mutants, for
example in Msp300™°*° the stereotypical
assembly pattern described above is impaired, as
MSP300 molecules are either disorganized
(Fig. 2E) or assembled as abnormally long fibers
(red arrowheads in Figures 2E and E’). We pos-
tulate that different Nesprin isoforms serve as
molecular building bricks for modular self-
assembly of the Nesprin/MSP300 network. We
predict a stoichiometric and hierarchical organi-
zation of Nesprin, depending on cell type, devel-
opmental stage and physiological conditions.

In vertebrates, Nesprin-coding genes gener-
ate a large palette of transcripts possessing var-
ied number of spectrin repeats. Moreover,
many of the gene products lack either a nuclear
envelope anchoring KASH-domain, or a cyto-
skeleton-associating domain, or both. This indi-
cates that they are highly versatile components,
rather than a plain linear linker between nuclear
membrane and cytoskeletal elements.'*'* It
remains unclear if invertebrates like Drosoph-
ila possess intranuclear Nesprin isoforms, too,
and if so, how they enter the nuclear envelope
and whether they directly interact with the
inner nuclear membrane (INM) and chromatin.

Traditionally, Nesprins have been illustrated in
conceptual models of diverse literatures as simple
and diminutive linkers between cytoskeleton and
outer nuclear membrane (ONM). However, the
diversity of isoforms of varying lengths suggests a
more complex organization. Homology modeling
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FIGURE 2. Extranuclear MSP300 distribution and organization in muscle cells. (A) MSP300 is
localized to the sarcomeric Z-lines (blue arrowhead) and is also seen between the Z-lines (red
arrowhead) or between the staggered Z-lines (yellow arrowhead). Note that MSP300 is also able to
form a network, suggesting a cross-linking activity. (B) The Z-lines were labeled in green. MSP300
(red) was found between staggered Z-lines and therefore interconnects adjacent myofibrils. (C)
High resolution details of MSP300 organization (grayscale inverted) on and between staggered
Z-lines. (D) Enlarged part of (C) without inversion. (E, E’) In the isoform-specific mutation
Msp300MB9°410 " the assembly patterns of MSP300 fibers are perturbed. Grayscale-inverted
enlargement of (E) is shown in (E’). (F,G) In a-mutant of Msp300, an F-actin ring can occasionally

be observed.
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based on spectrin structure suggests that even as a
monomer, the Nesprin molecule will reach a
gigantic size. A single Spectrin Repeat (SR) con-
tains 99-114 amino acids and has an approximate
length of 5 nm (Figs. 3 A and B). As contiguous
SRCPs, a Spectrin tetramer is about 180-190 nm
long, which is confirmed by super-resolution
microscopy.'>'® Moreover, the physiological
resting length of spectrin can undergo a 3-fold
extension, which can be explained by a compact
supercoil model.'” Excluding the linker regions

0MBOO41 0

msp30

between SRs, a giant isoform of Nesprin-1 pos-
sesses 74 SRs and MSP300 at least 78 SRs 18(our
unpublished data). Thus, their static length should
be more than 370 nm and the de facto total length
under tension can be much longer.

With the exception of the N-terminal tandem
calponin homology (CH) domains and the C-ter-
minal KASH domain in Nesprins or EF-hand-
GAS2 in spectraplakins, interspecies sequence
conservation of SRs is relatively low. This is prob-
ably because SRs are merely structural elements
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FIGURE 3. Highly conserved non-canonical motifs in spectrin-repeat-containing proteins. (A) Rib-
bon diagram of the chicken brain «-spectrin fragment (1u4q) exemplifies 3 contiguous SRs. (B)
Homology modeling of MSP300 isoform D (5140-5460) based on 1u4q exemplifies 3 non-contigu-
ous SRs. The magenta arrowheads indicate the position of the linkers. (C) A highly conserved but
non-canonical SR is found in nesprins of different animal groups. (D) The hexapeptide linker
regions between 2 consecutive SRs are conserved in nesprins and spectraplakins. The blue frame
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and, therefore, under low selection pressure dur-
ing evolution. Nevertheless, in Nesprins we rec-
ognized a highly conserved SR with clear
consensus (Fig. 3C). Surprisingly, this highly
conserved sequence is non-canonical and may
harbor functionally indispensable structures or
residues for oligomerization. Its helix C, which
was thought to contain a bipartite NLS-consen-
sus," can be found in both mammalian Nesprin-1
and 2, but also in homologs from 22 different spe-
cies including mollusc, polychaete, arthropods,
echinoderm, hemichordate, cephalochordate but
also lower vertebrates (Fig. 3C). Thus, this SR
sequence might be very informative for under-
standing the biology of Nesprins.

In contrast to spectrins, which are stringently
organizedincontiguoustandemrepeats (Fig. 3A),
both Nesprins and Spectraplakins possess a hexa-
peptide linker (Fig. 3D). Interestingly, sequences
of these linkers are even more conserved than the
SRs themselves. This suggests either that they are
not only connective elements but also serve other
functions, for instance to provide additional flexi-
bility or to form curvatures, or, in the case of

HsACF7
IMACF1

HsBPAG1

Spectraplakins

~CeVAB-10c g=_#A=¥

Nesprins, that the last position is either an aromatic
tryptophan or positively charged and protonable
histidine. We suggest that this is an important and
unique feature of Nesprinsin general, which might
be correlated to their cellular functions. For exam-
ple, filamentous molecules of that size must be
well organized and folded before the assembly into
even longer structures. The stoichiometry of the
possible MSP300 oligomer needs to be deciphered
in order to understand the control of the hierarchi-
calself-assembly processin vivo.

A NEWLY DISCOVERED ANCIENT
ROLE FOR SPECTRAPLAKIN IN
MECHANICAL COUPLING BETWEEN
NUCLEUS AND CYTOSKELETON

Several independent pieces of evidence have
revealed the role of Spectraplakin in organizing
MTs in myocytes. Similar to our observation,
depletion of microtubule-actin cross-linking fac-
tor 1 (MACF1), the mammalian homolog of short
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stop (Shot), in neonatal rat cardiomyocytes
perturbs microtubule organization. Proper MT
organization is essential for ventricle adaptation
to hemodynamic overload. Under aortic pressure
overload, MACF1 expression in heart was
increased, indicating a specific correlation
between cardiovascular malfunction and mechan-
ical responses.”® Shot, the only member of the
plakin family in the fly genome, was originally
identified as a provider of mechanical linkage
between the cortical actin and MTs.?'* Similarly
in C. elegans, the intracellular role of spectrapla-
kins in nuclear anchoring and movement ** seems
to be more ancient. Interestingly, in a recent
S2-cell based screen, nesprins and Shot were also
identified as factors involved in nuclear morphol-
ogy,** possibly indicating a more general role in
protecting nuclei.

Genes encoding primitive but complete prede-
cessors of spectraplakin can also be found in ani-
mals without tissue organization, such as the
placozoan Trichoplax adhaerens or the sponge
Amphimedon queenslandica (our unpublished
data). Noteworthy, vertebrate genomes contain a
few genes encoding different plakins, although
their functions partially overlap. Conversely,
invertebrate genome usually contains only one
plakin gene; but, this gene expresses a large num-
ber of splice variants, both with and without plec-
tin repeats. As most arthropods, like Drosophila,
lack cytoplasmic intermediate filaments, the yet
uncharacterized cellular roles of the plectin
repeats-containing isoforms are very interesting.

Last but not least, Drosophila proteomic stud-
ies have revealed that both MSP300 and Shot
undergo multiple phosphorylation,**° suggesting
a potential role for phosphorylation in regulating
mechanical stability. Also, a general mechanism
for force-induced conformational change by
exposing cryptic sites has been identified in lam-
ins *"*® and emerin.”

“FASTER, HIGHER, STRONGER:”
BREAKING BOTTLENECKS IN
MUSCLE NUCLEAR BIOLOGY

Recently, the main bottleneck in the research
of muscle nuclear biology is being eliminated
by rapid development and integration of new

. . . 30-32 . .
techniques. With few exceptions,”*>? in vivo

myocyte studies have so far been conducted
mainly in fixed condition. Due to contractility,
investigating aspects of muscle cell biology,
such as cytoskeleton dynamics, turnover and
rearrangement, under physiological conditions
requires a combination of high-speed and high-
resolution image acquisition. Advancement in
visualization technology has opened new
experimental opportunities. Another technical
barrier that is being overcome is the ability to
directly measure myonuclear-specific biome-
chanics. Under forces, changes in curvature,
length and orientation of myonuclei, as well as
their displacement over time, are highly infor-
mative for a dynamic stress field analysis.

In summary, whereas we presented here novel
aspects of the construction principles of myonu-
clear protection, numerous details of the assem-
bly and architecture of this fundamental
mechanism are still missing. For example factors
controlling MT polarity around the myonucleus
and their dynamic behavior are yet to be charac-
terized. Furthermore, the architectural features,
such as oligomerization patterns and in vivo elas-
tic behavior of tandem SRs in large number
should be further characterized by approaches
such as nanoscale microscopy '>'® and 2-dimen-
sional infrared spectroscopy (2DIR). We believe
and hope that the present data would encourage
scientists of bioengineering background to further
address the bioarchitecture of myonuclei in more
quantitative approaches.
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