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1 | INTRODUCTION

Rebecca Heald®

Abstract

Skeletal muscle differentiation occurs as muscle precursor cells (myoblasts) elongate
and fuse to form multinucleated syncytial myotubes in which the highly-organized
actomyosin sarcomeres of muscle fibers assemble. Although less well characterized,
the microtubule cytoskeleton also undergoes dramatic rearrangement during
myogenesis. The centrosome-nucleated microtubule array found in myoblasts is lost
as the nuclear membrane acquires microtubule nucleating activity and microtubules
emerge from multiple sites in the cell, eventually rearranging into a grid-like pattern
in myotubes. In order to characterize perinuclear microtubule organization using a
biochemically tractable system, we isolated nuclei from mouse C2C12 skeletal mus-
cle cells during the course of differentiation and incubated them in cytoplasmic
extracts prepared from eggs of the frog Xenopus laevis. Whereas centrosomes associ-
ated with myoblast nuclei gave rise to radial microtubule arrays in extracts, myotube
nuclei produced a sun-like pattern with microtubules transiently nucleating from the
entire nuclear envelope. Perinuclear microtubule growth was suppressed by inhibi-
tion of Aurora A kinase or by degradation of RNA, treatments that also inhibited
microtubule growth from sperm centrosomes. Myotube nuclei displayed microtubule
motor-based movements leading to their separation, as occurs in myotubes. This
in vitro assay therefore recapitulates key features of microtubule organization and

nuclear movement observed during muscle cell differentiation.
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microtubule associated proteins correlate with nuclear mis-

positioning that can impede muscle function, but the molecular

The cytoskeleton of muscle cells is highly organized and specialized
with actin, myosin, and many associated proteins forming contractile
sarcomeres (Henderson, Gomez, Novak, Mi-Mi, & Gregorio, 2017).
Much less is known about microtubules, which arrange into grid-like
arrays parallel to the long axis of sarcomeres in myofibers, the giant
multinucleated cells of skeletal muscle, where microtubules are
thought to provide viscoelastic resistance, maintain nuclear integrity
in the presence of vigorous contractile forces, and contribute to
proper spacing of nuclei at the cell periphery (Azevedo &
Baylies, 2020; Becker, Leone, & Engel, 2020; Caporizzo, Chen,
Salomon, Margulies, & Prosser, 2018; Heffler et al., 2020; Oddoux
et al, 2013; Robison et al, 2016; Warren, 1974). Defects in

mechanisms leading to the organization and function of the microtu-
bule cytoskeleton in muscle cells remain poorly understood
(Azevedo & Baylies, 2020).

The microtubule cytoskeleton is dramatically reorganized dur-
ing muscle cell differentiation (Abmayr & Pavlath, 2012; Becker
et al., 2020). Microtubule depolymerization and re-growth assays
have demonstrated that microtubules in differentiated muscle cells
do not nucleate from centrosomes, but polymerize from non-
centrosomal microtubule organizing centers (ncMTOCs) found in
the cytoplasm and on the nuclear envelope (Gimpel et al., 2017;
Kronebusch & Singer, 1987; Musa, Orton, Morrison, &
Peckham, 2003; Oddoux et al., 2013; Tassin, Maro, &
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Bornens, 1985). This change in microtubule organization correlates
with the expression of specific isoforms of the nesprin family of
nucleoskeletal proteins during differentiation (Apel, Lewis, Grady, &
Sanes, 2000; Duong et al., 2014; Randles et al.,, 2010; Zhang
et al., 2001). In cultured muscle cells, Nesprin 1a recruits microtu-
bule organizing proteins to the nuclear envelope, such as AKAP450,
PCM-1 and pericentrin, three proteins that are also important for
(Balczon, Bao, &
Zimmer, 1994; Dammermann & Merdes, 2002; Dictenberg
et al.,, 1998; Doxsey, Stein, Evans, Calarco, & Kirschner, 1994,
Espigat-Georger, Dyachuk, Chemin, Emorine, & Merdes, 2016;
Gimpel et al, 2017; Kubo, Sasaki, Yuba-Kubo, Tsukita, &
Shiina, 1999; Schmidt et al., 1999; Srsen, Fant, Heald, Rabouille, &
Merdes, 2009; Takahashi et al., 1999; Witczak et al., 1999).

Microtubule-based motors dynein and kinesin also localize to the

centrosomal  microtubule  nucleation

nuclear envelope where they mediate nuclear movements
(Azevedo & Baylies, 2020; Cadot et al, 2012; Wilson &
Holzbaur, 2012, 2015).

A challenge in the field is to understand the molecular basis of
microtubule rearrangements during myogenesis, including how
centrosomal microtubule nucleation is attenuated, and how ncMTOCs
arise. Indeed, noncentrosomal microtubule organization observed in
myotubes is a common feature of many differentiated cell types that
reorganize their microtubule cytoskeletons to serve particular func-
tions, such as establishing the polarity of epithelial cells (Sanchez &
Feldman, 2017). There is also a need to elucidate precisely how micro-
tubule populations emerging from various nucleation centers in the
cell contribute to nuclear positioning in animals, thereby revealing
potential therapeutic targets for muscular dystrophies, as well as
novel, yet undiscovered roles for microtubules and associated factors
at the nuclear envelope.

To begin addressing these questions, we developed an assay
based on Xenopus laevis egg extracts that recapitulate interphase
cytoplasmic organization around nuclei in vitro, and the mouse C2C12
culture system in which precursor myoblast cells differentiate into
syncytial myotubes that localize ncMTOCs to the nuclear membrane
and form ordered actomyosin arrays (Bugnard, Zaal, & Ralston, 2005;
Cheng & Ferrell, 2019; Lu, Joseph, Bugnard, Zaal, & Ralston, 2001;
Musa et al., 2003). By isolating nuclei at different stages of muscle cell
differentiation and incubating them in egg extract, we could repro-
duce features of myoblast and myotube microtubule organization
(Fant, Srsen, Espigat-Georger, & Merdes, 2009; Lu et al., 2001; Musa
et al.,, 2003; Srsen et al., 2009). Whereas myoblast nuclei produced
centrosome-nucleated arrays, myotube nuclei generated distinct sun-
like patterns of perinuclear microtubules, indicating robust microtu-
bule nucleation activity at the nuclear membrane. We show that
microtubule polymerization from the nuclear envelope requires
Aurora A kinase activity and is inhibited by RNase treatment, and that
muscle cell nuclei move apart in a microtubule- and motor-dependent
manner. These results show that important aspects of muscle-specific
microtubule organization can be reconstituted in vitro, providing a
novel assay for analyzing mechanisms of ncMTOC function in differ-

entiating cells.
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2 | RESULTS AND DISCUSSION

2.1 | Purified muscle nuclei retain the ability to
nucleate and organize microtubules

Nuclei isolated from mouse skeletal muscle C2C12 cells differentiated
in culture for 4-5 days were added to Xenopus laevis egg extracts in
interphase of the cell cycle and supplemented with rhodamine-labeled
tubulin. Within 10 min, microtubules were observed emanating from
the surface of nuclei in a sun-like array (Figure 1a), similar to the pattern
seen in mono-nucleated, differentiating muscle cells in culture (Srsen
et al., 2009). Perinuclear microtubule fluorescence intensity decreased
gradually with increasing distance from each nucleus (Figure 1b) and a
very weak correlation between nuclear area and total microtubule
intensity was observed (Figure 1c) (R?> = .045, p = .02). To determine
whether the in vitro system recapitulated differences between
undifferentiated and differentiated C2C12 cells, the assay was per-
formed with nuclei isolated from successive stages of differentiation.
Whereas undifferentiated myoblasts (Day 0) nucleated microtubules
from a focal centrosome adjacent to the nucleus, myotube nuclei (Day
5) organized microtubules all around the nuclear periphery (Figure 1d).

A time-course of microtubule polymerization from C2C12 nuclei
in egg extracts revealed that fluorescence of the microtubule network
in a 5 pm zone proximal to the nuclear membrane was most intense at
10 min of incubation and decreased significantly by 20 min (from
72.8 £ 31.7 AU to 46.2 + 18.8 AU) (Figure 1e,f) with a lower propor-
tion of nuclei showing either perinuclear or centrosomal microtubule
nucleation at later time points (Figure 1g). We therefore used 10 min
as the endpoint in subsequent assays.

This in vitro system therefore demonstrates that nuclei from muscle
cells retain microtubule organization capacity corresponding to their differ-
entiation state as observed in cultured cells (Fant et al, 2009;
Kronebusch & Singer, 1987; Srsen et al., 2009; Tassin et al., 1985). How-
ever, our assay did not detect a relationship between ncMTOC area and
total microtubule intensity, perhaps because microtubule polymerization
was variable and/or our assay is not sensitive enough. The transient nature
of nuclear envelope-associated microtubule nucleation is interesting and
consistent with the pattern of microtubule growth in differentiating mus-
cle, as perinuclear microtubules are thought to dissociate and rearrange
into bundles parallel to the long axis of the cell (Figure 2a) (Lu et al., 2001;
Oddoux et al., 2013; Tassin et al., 1985; Warren, 1974). Analogous parallel
microtubule organization was not observed in egg extracts at later time
points, which is not surprising considering differences in composition and
organization of the cytoplasm compared to muscle cells. Future experi-
ments will investigate mechanisms underlying the burst of nuclear

envelope-associated ncMTOC activity observed both in vivo and in vitro.

2.2 | Microtubule-organizing factors stably
associate with muscle cell nuclei

To examine the source of the microtubule nucleation patterns

observed in the in vitro system, reactions were fixed and spun down
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FIGURE 1

Differentiated C2C12 nuclei organize microtubules in Xenopus egg extract. (a) Fluorescence images of microtubules (red) radiating

from C2C12 nuclei (cyan) isolated from differentiated myotubes incubated in Xenopus egg extract. (b) Microtubule fluorescence profile of a 10 pm
zone from the edge of each nucleus shows decreasing intensity from the nuclear periphery. (c) Plot of normalized nuclear area and total
microtubule intensity shows a very slight positive correlation (R? = .045, p = .02, n = 3 extracts). (d) Comparison of microtubule polymerization
from undifferentiated (Day 0) and differentiated (Day 5) nuclei illustrate the change in microtubule nucleation patterns. (e) Representative images
of microtubules around myotube nuclei fixed in squashes at 5, 10, 20, and 30 min after addition to Xenopus egg extract. (f) Corresponding
quantification showing that fluorescence of microtubules proximal to the nuclear surface peaks at 10 min (representative extract out of n = 3 is
depicted, p = .0065). (g) Quantification of nucleation activity at 10 and 20 min shows that the percentage of nuclei with centrosomal or
perinuclear nucleation decreases over time as the percentage nuclei that exhibit no microtubule nucleation increases by 50%. Scale bars are 5 pm.

onto coverslips and examined by immunofluorescence for the centro-
some scaffolding protein pericentrin (Dictenberg et al., 1998; Doxsey
et al., 1994). As observed in cultured myoblasts and myotubes
(Figure 2a), pericentrin colocalized with sites of microtubule nucle-
ation at centrosomes attached to myoblast nuclei, or at the myotube
nuclear periphery (Figure 2b) (Musa et al., 2003). Isolated myotube
nuclei added to buffer instead of egg extract exhibited similar peri-
centrin localization (Figure 2c), indicating a stable association with the
nuclear envelope during preparation as previously described (Srsen
et al., 2009) .

The Golgi complex, which is also recognized as an ncMTOC, sur-
rounds myotube nuclei and was recently reported to be a major
source of microtubule nucleation in differentiating skeletal muscle
cells based on the localization of the centrosome- and Golgi-
associated protein CDK5RAP2 at sites of perinuclear microtubule
growth and the inhibitory effects of brefeldin A treatment (Chabin-
Brion et al, 2001; Ide, Muko, & Hayashi, 2021; Kronebusch &
Singer, 1987; Oddoux et al., 2013; Ralston, 1993). We therefore sta-
ined isolated myotube nuclei using antibodies to GM130, a Golgi
matrix component, and observed puncta that partially colocalized with
pericentrin (Figure 2c).

Altogether, these observations indicate that pericentrin and other

factors mediating microtubule polymerization remain associated with

mouse muscle cell nuclei during preparation. To what extent Golgi ele-
ments play a role in perinuclear microtubule growth in egg extracts

remains to be determined.

2.3 | Aurora A and RNA are required for
perinuclear microtubule growth

We next used the in vitro system to identify molecules important
for perinuclear microtubule nucleation and to test whether con-
served pathways control both centrosomal and perinuclear micro-
tubule polymerization in egg extracts. We first evaluated the
Aurora A kinase, which functions in centrosome maturation,
recruitment of pericentriolar material, and microtubule nucleation
(Magnaghi-Jaulin, Eot-Houllier, Gallaud, & Giet, 2019). Beads
coated with Aurora A act as ncMTOCs, however a role for this
kinase in perinuclear microtubule network formation has not been
described (Ishihara, Nguyen, Groen, Field, & Mitchison, 2014;
Nguyen et al., 2014; Tsai & Zheng, 2005). Treatment of Xenopus
egg extracts with the Aurora A inhibitor MLN8237 greatly dimin-
ished microtubule arrays formed around C2C12 nuclei (Figure 3a,b)
and nearly abolished microtubules at Xenopus sperm centrosomes
(Figure 3c,d), indicating that similar mechanisms underlie
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FIGURE 2 Pericentrin redistributes to
the nuclear membrane of myotube nuclei
and remains associated with isolated (a)
muscle cell nuclei. (a) Immunofluorescence
images showing that pericentrin (magenta)
localizes to the centrosome in an
undifferentiated C2C12 myoblast and to
the nuclear envelope in a differentiated
myotube, where microtubules (yellow)
have reorganized parallel to the long axis
of the syncytial cell. (b) Images of isolated
myoblast and myotube nuclei incubated in
Xenopus egg extract exhibit similar
pericentrin localization to the centrosome
and nuclear periphery, respectively.

(c) Golgi elements labeled with antibodies
to GM130 (yellow in merged image)
associate with nuclei purified from C2C12
myotubes and incubated in buffer,
partially overlapping with pericentrin at
the nuclear periphery. Scale bars are 5 pm.

Egg extract

microtubule network formation in both cases in egg extract. To test
whether Aurora A inhibition diminished perinuclear microtubules
by displacing pericentrin, we measured pericentrin intensity around
myotube nuclei and found it was unchanged in control versus drug-
treated nuclei (Figure S1).

Previous work has shown that RNA localizes to microtubules
and that RNA-containing protein complexes (RNPs) function to sta-
bilize spindle microtubules in metaphase Xenopus egg extracts
(Blower, Nachury, Heald, & Weis, 2005). We found that treating
interphase egg extracts with RNase A similarly impaired microtu-
bule polymerization, reducing microtubule abundance at both
myotube nuclei (~1.5-fold) and sperm centrosomes (~2-5-fold)
(Figure 3e-g). Co-translational targeting of pericentrin mRNA has
been shown to contribute to centrosome maturation (Sepulveda

et al., 2018). However, because perinuclear microtubule network

Myoblast

S_WILEY_L**
Myotube

Pericentrin

formation occurs even in the presence of translation inhibitors

(Figure S2), we favor a translation-independent model in which
RNA contributes directly to microtubule stabilization by promoting
formation of RNPs such as the Rael complex, which was shown to
be regulated by importin g and RanGTP in metaphase egg extracts
(Blower et al., 2005).

Overall, these findings support a model in which common factors
control the formation of microtubule arrays at centrosomes and at the
periphery of myotube nuclei in the interphase egg cytoplasm, includ-
ing Aurora A and its substrates as well as microtubule-stabilizing
RNPs. Perturbations combining RNAi of specific factors in C2C12
myotubes prior to nuclear isolation and depletion of candidate micro-
tubule organizing proteins from egg extracts will be essential to iden-
tify and characterize the key drivers of perinuclear microtubule

nucleation and growth in this assay.
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FIGURE 3

Control RNase

Control RNase

Perturbation of Aurora-A kinase activity and degradation of RNA inhibit microtubule growth around both myotube nuclei and

sperm centrosomes. (A) Representative fluorescence images of myotube nuclei (cyan) in Xenopus egg extract treated with 0.5% DMSO or

1 uM Aurora A inhibitor MLN8237 show that microtubules (red) are greatly reduced in the presence of the drug. Scale bar is 5 pm. (B) Plot of
quantified average microtubule fluorescence of a 5 pm zone around the nuclear periphery shows that microtubule assembly is significantly
decreased upon kinase inhibition (control = 216.4, SD = 51.77, drug-treated = 53.71, SD = 18.37, units = AU, p < .0001 [t-test with Welch's
correction]). Graph shows a representative extract from three independent experiments, n > = 30 nuclei for each. (c) Representative images of
sperm nuclei in DMSO- and MLN8237-treated extracts show that the robust microtubule aster normally emanating from the sperm centrosome
is lost upon kinase inhibition. Scale bar = 2 pm (d) Plot of quantified average microtubule fluorescence of a fixed area of radius 20 pm shows that
microtubule assembly from centrosomes is strongly impaired (control = 187.2, SD = 54.81, drug-treated = 5.83, SD = 7.49, units = AU, p < .0001

[t-test with Welch's correction]) (e) Representative images of myotube nuclei or sperm centrosomal asters in extract treated with buffer or

100 pg/ml RNase-A that show reduced tubulin intensity. Scale bar = 5 pm. (f) Quantification of average microtubule intensity shows that the
microtubule array is disrupted around myotube nuclei (control = 146.3, SD = 54.55, RNase-treated = 98.32, SD = 26.30, units = AU, p < .0001
[t-test with Welch's correction]) as well as (g) sperm centrosomes when extract is treated with RNase-A (control = 86.45, SD = 27.16, RNase-
treated = 43.66, SD = 16.86, units = AU, p < .0001 [t-test with Welch's correction]).

24 | Movement of myotube nuclei in vitro is
driven by microtubules and motors

Nuclear movements in muscle cells depend on the microtubule cyto-
skeleton and associated proteins, including microtubule-based motors
(Cadot et al., 2012; Englander & Rubin, 1987; Metzger et al., 2012;
Wilson & Holzbaur, 2012). To determine whether the in vitro system
could recapitulate this aspect of muscle cell organization, we imaged

myotube nuclei in live squashes of interphase egg extract sup-
plemented with rhodamine tubulin and the Hoechst DNA dye. We
observed that nuclei moved apart at rates averaging 1-3 pm/min and
that movement was completely lost upon addition of the microtubule-
depolymerizing drug nocodazole (Figure 4a,b, and Videos S1 and S2).
Treatment with the dynein inhibitor ciliobrevin also strongly impaired
nuclear movement (Figure 4c,d, Videos S3 and S4) (Firestone

et al., 2012). These results are consistent with the observed roles of
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FIGURE 4 Nuclear movement in Xenopus egg extract is microtubule- and motor-dependent. (a) Image montage from 30 min time-lapse
videos of myotube nuclei in thin squashes of Xenopus egg extract showing nuclear movements are completely blocked in extract treated with

5 pug/ml of the microtubule depolymerizing drug nocodazole compared to the solvent control (DMSO). Yellow triangles indicate original positions
of nuclei at t = 0. (b) Quantification of rates showing that nuclear movement in control extract, 2.69 + 1.6 um/min, is reduced to 0.11 + 1.21 um/
min upon nocodazole treatment, p < .0001. Data pooled from n = 4 extracts are depicted along with the mean. Individually color-coded points
indicate rates from a single extract. (c) Image montage from 30 min time lapse movies of myotube nuclei in extracts in the presence of solvent
control, 25 um dynein inhibitor ciliobrevin, or 25 pm Eg5 inhibitor monastrol. (d) Quantification of motility rates showing that dynein inhibition
decreases nuclear movements from 1.43 + 1.51 pm/min to 0.193 + 0.21 pm/min (p = .0008) while Eg5 inhibition increases the rate of nuclear
movement two-fold (2.97 + 1.74 pm/min, p = .0018). Scale bars are 10 pm.

microtubules and dynein in nuclear movement in muscle cells (Cadot
et al., 2012; Wilson & Holzbaur, 2012). Interestingly, treatment with
monastrol, an inhibitor of the kinesin 5 motor Eg5, increased the aver-
age rate of nuclear movement ~2-fold, to 2.97 + 1.74 pm/min com-
pared to 1.429 + 1.51 um/min in control extracts (Figure 4c,d) (Mayer
et al, 1999). However, the basis of this effect is unclear, since
monastrol treatment resulted in the formation of more robust
perinuclear microtubule networks (Video S5), and Eg5 has been
shown to affect microtubule dynamics (Chen et al., 2017; Fridman
et al., 2013; Gardner et al., 2008; Kapoor, Mayer, Coughlin, &
Mitchison, 2000; Sharp et al., 1999). Initial distances between nuclei
were variable across experiments, but perhaps unexpectedly, did not
correlate with movement kinetics (Figure S3). Effects of inter-nuclear
distance may be difficult to distinguish due to the wide range of
movement rates observed (Figure 4b,d). It is important to note that
rates of nuclear movement in DMSO-treated control reactions them-
selves varied across experiments performed on different days, but
were internally consistent. We attribute this to variability of extract
and nuclear preparations, as well as to slight modifications of the
assay.

Thus, live imaging of the in vitro assay allowed us to observe how

myotube nuclei move and distribute themselves in a microtubule- and

motor-dependent manner. However, the measured rates of move-
ment were significantly higher than in cultured C2C12 myotubes
(0.213 pm/min) (Wilson & Holzbaur, 2012). This discrepancy may be
explained by the physically unconstrained nature of live squash prepa-
rations compared to muscle cells that are only tens of micrometers
wide and contain ordered actomyosin arrays that could impede
nuclear movements. Moreover, microtubules may be more dynamic in
egg extract compared to the stable arrays found in muscle cells
(Gundersen, Khawaja, & Bulinski, 1989). The nuclear movements
observed required adsorption of microtubules and motors to the cov-
erslip. When coverslips were passivated, nuclei movement appeared
to be driven by bulk extract flow (Figure S4). Thus, nuclear move-
ments may require buttressing of microtubule arrays against stable
structures both in vitro and in vivo, providing a mechanism to evenly
position nuclei at the periphery of the muscle fiber (Folker,
Schulman, & Baylies, 2012; William Roman & Gomes, 2018).

In conclusion, by combining features of mouse C2C12 cells with
the biochemically tractable Xenopus egg extract we have developed
an assay to identify and dissect the roles of different factors in
perinuclear microtubule nucleation and subsequent nuclear move-
ments. In vivo, however, microtubules emanate not only from the

perinuclear region, but also from other cytoplasmic sites in muscle
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cells to coordinate several important functions, such as movement of
myonuclei to sites of muscle injury (Bugnard et al., 2005; Gimpel
et al., 2017; Musa et al., 2003; Oddoux et al., 2013; W Roman et al.,
2021). It will be interesting to learn how different populations of
microtubules in muscle cells contribute to this important process.

A major function of perinuclear microtubules could be to help
organize subcellular domains in muscle cells, a long-standing idea in
the field positing that each nucleus could be responsible for the fate
of the cytoplasm in its immediate vicinity. In support of this hypothe-
sis, subcellular localization of mRNA to the area surrounding source
nuclei has been observed (Hall & Ralston, 1989; Pavlath, Rich, Web-
ster, & Blau, 1989; Ralston & Hall, 1989, 1992; Rotundo, 1990; Wind-
ner, Manhart, Brown, Mogilner, & Baylies, 2019). This observation
was recently reinforced, and microtubules have been implicated in
size-dependent sorting and distribution of mRNA molecules in muscle
(Denes, Kelley, & Wang, 2021; Pinheiro et al., 2021; Scarborough
et al., 2021). This would be consistent with the spatial restriction of
proteins and mRNA that has been discovered in many other systems
(Blower, 2013; Saxton, 2001).

Perinuclear ncMTOCs have also been identified in other cell types
including Drosophila fat body cells and transiently during Drosophila
oogenesis and it would be interesting to observe the subcellular orga-
nization that perinuclear microtubules mediate in these systems (Sun
et al, 2019; Tillery, Blake-Hedges, Zheng, Buchwalter, &
Megraw, 2018; Zheng et al., 2020). An important open question is
whether the same set of molecules organize the perinuclear ncMTOC
in different of cell types or even among nuclei in different regions
within a single muscle cell syncytium, for example near the neuromus-
cular junction. Further development of in vitro assays promises to
shed light on how microtubules emanating or anchored at the
perinuclear ncMTOC contribute to cellular organization in different

tissue types.

3 | MATERIALS AND METHODS

3.1 | Animal models

Xenopus laevis frogs were maintained in accordance with the Animal
Use and Care Protocol at University of California, Berkeley. Frogs
were obtained from NASCO and were maintained in a recirculating
system as previously described (Miller, Session, & Heald, 2019).

3.2 | Xenopus egg extract preparation

CSF-arrested egg extract was made as previously described
(Hannak & Heald, 2006; Maresca & Heald, 2006). Briefly, eggs
arrested in meiosis Il of the cell cycle were collected, dejellied, packed,
and lysed by centrifugation. The cytoplasmic layer was collected using
a syringe and supplemented with 10 mg/ml of leupeptin (Neta Scien-
tific), pepstatin (Sigma Aldrich) and chymostatin (Millipore Sigma)
(LPC), 20 mM of cytochalasin B (diluted 1:500) (cytoB - Sigma-Aldrich

C6762) and energy mix (3.75 mM creatine phosphate, 0.5 mM ATP,
0.5 mM MgCl,, 0.05 mM EGTA). Extract was supplemented with
750 nM fluorescently labeled rhodamine tubulin. For live imaging,
extract was also supplemented with 50 ng/ml Hoechst 33342
(Thermo Fisher) to label DNA.

3.3 | Cell culture and differentiation

Mouse myoblast C2C12 cells (ATCC Cat# CRL-1772, RRID:
CVCL_0188) were obtained from the UC Berkeley cell culture facility
and were cultured in DMEM (Gibco- Thermo Fisher 1165092 high
glucose, +L-glutamine, 10% FBS, with the addition of 100 U/ml Pen/-
Strep-Gibco). Cells were seeded at 5000 cells/cm? for passaging.
Undifferentiated cultures were not allowed to exceed 60% conflu-
ence. Frozen cell stocks were thawed for each preparation of nuclei
to ensure the myoblast population was not depleted. To induce differ-
entiation, cells were allowed to reach confluence and media was
switched with DMEM containing 2% horse serum (Invitrogen). Media
was switched every day for four full days, and cells were harvested by
trypsinization (0.25% Trypsin-EDTA, Gibco) for 1-2 min, to ensure
only differentiated cells detached. Trypsinization was monitored by
phase contrast microscopy. Purification of C2C12 cell nuclei was car-
ried out as described with minor modifications (Srsen et al., 2009).
Trypsin was neutralized and detached cells were washed 2x in PBS.
The washed pellet was resuspended in a minimal volume of cold PBS
to which was added an equal volume of hypotonic buffer (10 mM
KCl, 10 mM PIPES pH 7.4, 0.5 mM MgCl,, 20 pm cytoB, 0.2 mM
PMSF and 20 pg/ml LPC) and 0.75 volumes of PBS with 0.1% NP40.
Subsequent steps were carried out quickly and on ice. The cell sus-
pension was passed ~3-4 times through a syringe and 27-gauge nee-
dle. Lysis was monitored by phase contrast microscopy. The material
was layered over a 30% sucrose cushion in homogenization buffer
(0.2 M KCl, 50 mM PIPES pH 7.4, 0.5 mM MgCl,, 0.1 mM PMSF,
10 pg/ml LPC). The nuclear pellet was stored in 50% glycerol,
250 mM sucrose, 80 mM KCI, 20 mM NaCl, 5 mM EGTA, 15 mM
PIPES pH 7.4, 1 mM DTT, 0.5 mM spermidine, 0.2 mM spermine and
protease inhibitors. For experiments comparing undifferentiated cell
nuclei and nuclei isolated from cells on various days of differentiation,

nuclei were isolated as described (Nabbi & Riabowol, 2015).

3.4 | Extract reactions

To induce interphase 1x Ca™2 solution was added from a 50x stock
solution (20 mM CaCl,, 500 mM KCI, 5 mM MgCl,). C2C12 myotube
(760 nuclei/pl of extract) or Xenopus sperm nuclei (1000 nuclei/pl -
prepared as previously described) were added to extract 1 min after
the addition of 1x Ca™? solution (Murray, 1991). Microtubules were
allowed to assemble for 10 min after which 3.5 pl of the reaction was
fixed by addition to an equal volume of fresh spindle fix (48% glycerol,
11% formaldehyde, 1 pg/ml Hoechst). Small molecules/ proteins were
added to extracts as follows: 1 pm MLN8237 (Sigma-Aldrich) (or 0.5%
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DMSO) was added to CSF extract for a 10 min preincubation.
RNase-A (Sigma-Aldrich 10109142001) was added to a final concen-
tration of 100 pg/ml for 1 h prior to induction of interphase. Motor
inhibitors (Ciliobrevin- Millipore 250401 and Monastrol -Sigma
M8515) were added 10 min prior to interphase induction to a final
concentration of 25 pm.

3.5 | Preparation of clean coverslips and live
imaging of nuclei

Coverslips were sonicated for 30 min each in 1% Hellmanex deter-
gent (Hellma USA Inc.) and 1 M KOH followed each by 10 washes in
deionized water. Coverslips were nutated in 100% acetone, washed
and sonicated in 100% ethanol and stored in ethanol as described
with modifications (Kueh, Charras, Mitchison, & Brieher, 2008). Cov-
erslips were dried with compressed air and a chamber was made by
sandwiching 6.5 (for Figure 4c,d) or 8 pl (for Figure 4a,b) of extract
containing nuclei between two coverslips stuck to a glass slide with
double-sided tape. Coverslips were passivated using PLL-PEG (SuSoS
surface tech.) when applicable as described with modifications (dried
with air instead of nitrogen) (Field, Pelletier, & Mitchison, 2017). The
live squash sandwich was sealed with VALAP. Time lapse images were
obtained every 90 s for 30 min.

3.6 | C2C12 nuclei immunofluorescence

Nuclei in egg extracts were mixed with 20 volumes fix buffer (ELB -
250 mM sucrose, 50 mM KCI, 2.5 mM MgCl,, and 10 mM HEPES
pH 7.8, 15% glycerol, 3.7% formaldehyde) for 15 min at room temper-
ature, layered over a 5 ml cushion buffer (1x XB buffer —10 mM
HEPES pH 7.4, 100 mM KCl, 1 mM MgCl,, 0.1 mM CaCl, with
200 mM sucrose and 25% glycerol), and spun onto 12 mm circular
coverslips at 1000 xg for 15 min at 16°C. Nuclei were postfixed in
methanol (—20°C) for 1 min and rehydrated in 1x PBS with 0.1%
NP40. Coverslips were blocked with 3% Bovine Serum Albumin (BSA)
in PBS for 1 h at room temperature and incubated at room tempera-
ture for 1 h each with primary and secondary antibody diluted in PBS-
BSA followed by 1 pg/ml Hoechst, mounted in Vectashield (Vector
Laboratories), and sealed with nail polish (Sally Hansen). Antibodies
used were pericentrin (PCNT) antibody (PRB-432C- Biolegend,
Covance Cat# PRB-432C, RRID:AB_2313709), GM130 (anti-rat
amino acids 869-982 BD Transduction Laboratories), mouse mono-
clonal alpha-tubulin (Sigma-Aldrich Cat# T9026, RRID:AB_477593)
and secondary antibodies goat anti mouse 488 and anti-rabbit

568 antibodies (Invitrogen).

3.7 | Microscopy and data quantification

Microscopes used were Olympus BX51 microscope with a Hamama-

tsu ORCA-ER camera. Objectives used were Olympus UPlan FL

20x/NA 0.5, 40x/NA 0.75 air, and Olympus PlanApo N 60x/NA 1.42
oil. Images and movies were taken with micromanager or Olympus
CellSens Dimension 2 software (Edelstein et al., 2014). Confocal
images were acquired on an inverted Zeiss LSM 800 confocal micro-
scope with Zeiss PlanApo (20x/NA 0.8, 63x/NA 1.4 oil) objectives.
In most cases, the average gray value corresponding to microtubule
intensity in a doughnut shaped zone around the nucleus was mea-
sured (i.e., total gray value/area of doughnut) from which the average
gray value of background in each individual image was subtracted
using a macro written in FIJI (Schindelin et al., 2012). For sperm asters,
a circle of diameter 40 pm was used to encompass the center of the
aster and average fluorescence was measured from which background
was subtracted. At least three independent extracts were used for
each experiment and a representative graph was depicted due to the
nature of variability between Xenopus egg extracts. When comparing
across extracts, nuclear size and microtubule intensity were normal-
ized within each extract to account for variability. Data across extracts
was pooled in Figure 4b,d (where conclusions were confirmed also by
analyzing mean of means). Data was determined to follow a normal
distribution by a QQ plot. Control versus drug experiments were ana-
lyzed using t-test with Welch's correction (for unequal variances)
using GraphPad Prism version 8.2.1 for Mac, GraphPad Software, San
Diego, California USA, www.graphpad.com. For nuclear movement,
with control and drug-treated extracts, distance traveled was obtained
by using the Trackmate plugin divided by total time of the track
(Tinevez et al., 2017). Linear scaling of microtubule fluorescence
between compared images was always the same if fluorescence was
to be quantified. In exceptional cases where Hoechst (DNA) signal
varied greatly due to squash conditions, fluorescence intensity was
scaled to match visually as quantitative comparisons of DNA were not
carried out in this work (Figure 4c).
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