UCSF

UC San Francisco Electronic Theses and Dissertations

Title
Opposing forces and torques provide robustness in the human mitotic spindle

Permalink
bttgs:ééescholarshiQ.orgéucéitemg3dg9v3v;|
Author

Neahring, Lila

Publication Date
2023

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3dg9v3v1
https://escholarship.org
http://www.cdlib.org/

Opposing forces and torques provide robustness in the human mitotic spindle

by
Lila Neahring

DISSERTATION

Submitted in partial satisfaction of the requirements for degree of

DOCTOR OF PHILOSOPHY

in

Developmental and Stem Cell Biology

in the

GRADUATE DIVISION
of the

UNIVERSITY OF CALIFORNIA, SAN FRANCISCO

Approved:

Orion Weiner

DocuSigned by:
[ m
DCO0B9413C4A0416...

»~——DocuSigned by:

Chair

(NMUN,(, MMS(M\U, Wallace Marshall
>—— DRRUGIGASA BY447 ..

Jfbruy Busl Jeffrey Bush
me;wwm...

Soy(,u'(, DWMV\,{’ Sophie Dumont

\——8305715E0D454DC...

Committee Members






Dedicated to my parents, Jenni Neahring and Rick Neahring



Acknowledgements

| am forever grateful to the many scientists, friends, and family members that |
relied upon throughout my PhD. First, | thank my advisor Sophie Dumont for her truly
world-class mentorship. Sophie has guided me at every step as | learned how to frame
questions, handle risks and setbacks, communicate my findings, and develop
independence. | thank her for her unwavering support and faith in me.

| am also grateful to the members of the Dumont Lab, past and present, who have
taught, inspired, and encouraged me. Thank you to Mary Elting, Jon Kuhn, Christina
Hueschen, Alex Long, Andrea Serra Marques, Josh Guild, Pooja Suresh, Meelad
Amouzgar, Manuela Richter, Miquel Rosas Salvans, Renaldo Sutanto, Ronja
Houtekamer, Megan Chong, Nathan Cho, Carly Garrison, Caleb Rux, Vanna Tran, Zack
Mullin-Bernstein, Jinghui Tao, Matt Keefe, Tania Singh, Trase Aguigam, and Camille
Derderian. Collaborating, traveling, and relaxing with the lab have provided many of the
highlights of graduate school.

My thesis committee members Orion Weiner, Jeff Bush, and Wallace Marshall
provided invaluable experimental and career planning advice across many years. | thank
them for their encouragement and the time they invested in me. Thank you also to the
Developmental & Stem Cell Biology student community, current and former DSCB
directors Jeremy Reiter, Robert Blelloch, and Todd Nystul, and program coordinator
Demian Sainz for making UCSF such a welcoming and fun place to be a graduate
student.

| was fortunate to work with many wonderful collaborators during graduate school.

| thank Pranav Vyas, Vivek Prakash, Scott Coyle, Andrei Goga, Ahmet Yildiz, Yifei He,



Jon Fernandes, Radhika Subramanian, Srigokul Upadhyayula, Gaoxiang Liu, Shalin
Mehta, lvan Ivanov, Talon Chandler, Sabine Petry, and Venecia Valdez for sharing their
expertise and their time. | am deeply grateful to Manu Prakash for welcoming me into his
lab for many months and sharing his enthusiasm for curiosity-driven science. | am still
fascinated by the research questions we worked on together, and they serve as a
reminder of the big open questions that are alive and well in biology.

| am indebted to Phil Beachy and Ben Myers, my Pl and postdoc mentor while |
was an undergraduate at Stanford University, for kindling my love of science. Phil and
Ben saw potential in me long before | deserved their confidence, and their advice guided
me through the process of applying to and navigating graduate school.

My sister Aja has celebrated my successes and helped me through many difficult
moments over the past years. | thank the Alejandre family for providing me another home,
and for showing me so many examples of lives well lived. Jakob Alejandre, my husband,
has been by my side through all the highs and lows of college and graduate school, and
brings joy to everything | do. | am more grateful than | can express for his love and
support.

Finally | thank my parents, Rick and Jenni, for their unconditional love and for all
the sacrifices they made for me. My parents gave me a world full of possibility, and instilled

in me the desire to make it a better place.



Contributions

Chapter 1 of this dissertation contains material that was previously published:
Valdez, V. A.*, Neahring, L.*, Petry, S.*, and Dumont, S.* (2023). Mechanisms underlying
spindle assembly and robustness. Nature Reviews Molecular Cell Biology (*equal
contribution). | wrote the sections of the review article and created the figures that were
adapted in Chapter 1, under the supervision of Sophie Dumont, PhD. Co-authors Venecia
Valdez and Sabine Petry, PhD (Princeton University) contributed equally by writing other
sections, creating other figures, and in discussing and editing the entire review.

Chapter 2 of this dissertation is a reprint of work that was previously published:
Neahring, L., Cho, N. H., and Dumont, S. (2021). Opposing motors provide mechanical
and functional robustness in the human spindle. Developmental Cell 56(21):3006-3018. |
performed the experiments described herein, analyzed the data, and wrote the
manuscript under the guidance of Sophie Dumont, PhD.

Chapter 3 of this dissertation comprises unpublished material that is a work in
progress. | performed the studies described in this chapter under the guidance of Sophie
Dumont, PhD. | collaborated with Gaoxiang Liu, PhD, Srigokul Upadhyayula, PhD (UC
Berkeley) and Caleb Rux (UCSF) to perform the lattice light sheet imaging. | also
collaborated with lvan Ivanov, PhD, Talon Chandler, PhD, and Shalin Mehta, PhD (Chan
Zuckerberg Biohub) on preliminary polarization microscopy experiments not included
here. Yifei He (UC Berkeley), Ahmet Yildiz, PhD (UC Berkeley), and Radhika
Subramanian, PhD (Harvard) also contributed in vitro experiments, not included here, to
this project. Nathan Cho (UCSF) assisted with experiments not included here in this

project.

Vi



Chapter 4 of this dissertation contains unpublished material that is a work in
progress: Sutanto, R.*, Neahring, L.*, Serra Marques, A., Kilinc, S., Goga, A., and
Dumont, S. The oncogene cyclin D1 promotes bipolar spindle integrity under compressive
force. (Manuscript in preparation, *equal contribution). | performed preliminary validation
and optimization experiments, helped to design the experiments presented here,
performed data analysis, and wrote the manuscript under the guidance of Sophie
Dumont, PhD and Andrei Goga, PhD. Andrea Serra Marques, PhD and Renaldo Sutanto
performed immunofluorescence and live imaging experiments, and Seda Kilinc, PhD

provided technical advice.

Vii



Opposing forces and torques provide robustness in the human mitotic spindle

Lila Neahring

Abstract

At each cell division, nanometer-scale motors and microtubules give rise to the
micron-scale spindle. Although the biophysical properties of many individual motors are
well studied, it is not fully understood how these molecular components push, pull, and
twist microtubules to build a spindle with emergent mechanics and robust function, or how
these processes are subverted in disease. We first focus on the contractile motor dynein
and the extensile motor Eg5. Although these motors are individually required to build the
human spindle, typical bipolar spindles form when both are inhibited together, raising the
question of what roles these opposing motors play. Using quantitative live imaging, we
find that co-inhibiting Eg5 and dynein’s targeting factor NuMA generates spindles that
attain a normal metaphase shape and undergo anaphase. However, these spindles
exhibit reduced microtubule dynamics, mechanical fragility, and error-prone chromosome
segregation. Thus, although these opposing motors are not required for spindle assembly,
they are essential to the spindle's mechanical and functional robustness. Unexpectedly,
we also find that spindles lacking NuMA/dynein and Eg5 activity display strong left-
handed twist at anaphase, leading us to ask how molecular torques generated by chiral
mitotic motors are balanced to regulate global spindle twist. We find that the midzone
motors KIF4A and MKLP1 contribute to left-handed twist at anaphase, as does the actin
cytoskeleton. Depletion of LGN or dynein, which generate force at the cell cortex,

counteracts these left-handed torques. Thus, competing torques are balanced to
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establish the spindle’s global twist, and torques acting from the outside of the spindle
balance those generated within it. Finally, we investigate how oncogenic transformation
affects spindle architecture and mechanics. We find that cyclin D1 overexpression
increases the incidence of spindles with extra poles, centrioles, and chromosomes, but
that it also protects spindle poles from fracturing under compressive forces. We propose
that cyclin D1 overexpression may be adaptive in stiff solid tumors, contributing to its
prevalence in cancer by allowing continued proliferation in mechanically challenging
environments. Together, this work reveals design principles by which the spindle achieves

robustness, and how they are rewired in disease.
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Chapter 1: Introduction



Spindle assembly: From molecular parts to robust machine

The spindle is the microtubule-based machine that divides the genome at each
cell division, a process that has fascinated biologists for over a century [1]. During
assembly of the mammalian spindle, hundreds of thousands of nanometer-scale proteins
interact to give rise to a cellular-scale ensemble. While a nearly complete inventory of the
spindle’s molecular components has been achieved [2], how these components give rise
to the spindle’s emergent mechanical and functional properties that are more than the
sum of their parts (i.e. spatially varying viscoelasticity, accurate chromosome segregation)
remains incompletely understood.

In addition to providing an excellent case study for the principles of self-
organization, the spindle is also fundamentally important to human health. There are an
estimated 10'® cell divisions in a human lifespan [3], yet errors in chromosome
segregation can lead to birth defects [4] and cancer [5, 6]. Thus, is it critical that
chromosomes are faithfully segregated despite biochemical and mechanical noise, such
as variations in gene expression or forces from surrounding cells. Indeed, the spindle is
robust to a wide variety of experimental perturbations: it can rapidly re-establish its shape
and size after laser ablation of microtubule bundles [7-9], deformation with a microneedle
[10], and even after complete spindle depolymerization with nocodazole followed by drug
washout [11].

In this dissertation, | ask which molecular components give rise to the spindle’s
emergent robustness, and how these mechanisms are co-opted in disease. In Chapter 2,
| investigate the roles of opposing contractile and extensile motor activity in establishing

the spindle’s structural integrity and accurate function. In Chapter 3, | describe molecular



torque generators that are balanced to set the spindle’s global twist. In Chapter 4, | ask
how the oncogene cyclin D1 modifies spindle architecture and mechanics to model
spindle adaptations in a disease state. Finally, in Chapter 5, | discuss open questions

about the spindle’s emergent robustness.

Molecular components of the spindle

At the start of mitosis, the interphase microtubule network is broken down into
tubulin subunits, and thousands of microtubules must be rapidly reformed to build the
spindle (Figure 1.1A). Several pathways of spatially regulated microtubule nucleation are
employed to accomplish this task, including centrosome-, microtubule-, and kinetochore-
mediated nucleation pathways. Once nucleated, spindle microtubules are organized into
structural modules that fulfill distinct roles such as generating force at kinetochores (k-
fibers), providing structural stability (bridging fibers and other non-kinetochore
microtubules) and positioning the spindle (astral microtubules). Microtubules must also
be assembled into a bipolar structure with two focused poles to guide chromosome
segregation into two daughter cells (Figure 1.1B).

This modular organization is mediated by a variety of motor and non-motor
microtubule-associated proteins (MAPs) [12], which bundle, slide and focus microtubules.
Mitotic motors include cytoplasmic dynein and members of several kinesin families. Many
of these motors bind to microtubules through both a motor domain and a second
microtubule-binding domain, allowing them to bridge two microtubules and thereby
crosslink and slide them in an ATP-dependent manner. Non-motor MAPs include passive

microtubule crosslinkers, which consume no energy but function in an ATP-independent



fashion to regulate bundling, elasticity, and friction within the spindle. Microtubule
polymerases and depolymerases also localize to specific structural modules, fine-tuning

the dynamics of these modules as they arise during spindle assembly.

Architectural features of the spindle
Focused spindle poles

Motors and MAPs generate several key architectural features of the spindle, in
addition to the structural modules described above. Microtubules belonging to several
classes (including kinetochore microtubules, non-kinetochore microtubules, and astral
microtubules) are focused into a point on each side of the spindle, and these poles serve
as a regulatory hub for microtubule nucleation and dynamics. Although spindle poles
contain centrosomes in most cells, the formation of focused poles in acentrosomal
oocytes [13-15] and somatic cells after centrosome ablation [16-21] has established that
centrosomes are not necessary for the formation of focused spindle poles. Instead, pole
focusing is driven by minus-end-directed motors that are able to dwell at microtubule
minus ends and transport these minus end cargos along neighboring microtubules — the
same mechanism that forms microtubule asters in vitro [22].

Dynein and its cofactors dynactin and NuMA are key players in pole focusing, and
their inhibition leads to unfocused barrel-shaped or turbulent spindles [14, 23-28]. NuUMA
localizes to minus ends, where it recruits dynactin and dynein to walk along neighboring
microtubules, facilitating the end-dwelling behavior [29] (Figure 1.2). The large and
multifunctional NuMA likely contributes to pole focusing in many ways: in addition to

localizing dynein, it is a putative activating adaptor of dynein motility [30, 31] and may



have auxiliary roles in organizing microtubules via passive crosslinking [32] and/or phase
separating at spindle poles [33, 34]. The kinesin-14 family of motors, including Xenopus
XCTK2, Drosophila Ncd, and human HSET, also contributes to pole focusing, although
the exact mechanisms by which these motors organize spindle poles remain unclear. The
relative importance of dynein and kinesin-14 varies between species, with Ncd playing a
dominant role in Drosophila [26] whereas HSET depletion has only mild phenotypes in
human mitotic spindles [35, 36].

Functionally, poles and the motors that focus them are important in concentrating
minus end regulatory factors like y-tubulin. As y-tubulin accumulates during pole
maturation, it enhances microtubule nucleation and stabilizes the focused pole, even in
acentrosomal spindles that initially lack nucleation at poles [37, 38]. Pole focusing also
functions to maintain a steady-state spindle shape, thereby ensuring that growing and
shrinking microtubules are confined to the spindle region without interacting with

organelles or generating cytoplasmic flows [27].

Spindle bipolarity

The assembly of a spindle with two poles is critical to segregate chromosomes into
two daughter cells. Monopolar, aster-shaped spindles are often the result of failed spindle
assembly, and multipolar spindles are associated with genomic instability and cancer [39].
The bipolar homotetrameric kinesin-5 motors (Eg5 in humans) play a central role in
establishing spindle bipolarity in both acentrosomal and centrosome-containing spindles
[40, 41], due to their ability to crosslink and slide antiparallel microtubules apart [42, 43]

(Figure 1.2).



In prophase, spindle bipolarity is templated by the sliding apart of duplicated
centrosomes to opposite sides of the nucleus. This movement is driven by the pulling
forces of dynein attached to the nuclear envelope [44] and by Eg5-mediated antiparallel
sliding of centrosomal microtubules. After nuclear envelope breakdown, microtubules
from opposite centrosomes form additional antiparallel overlaps on which Eg5 can
localize. Nascent k-fibers also promote bipolarity, potentially due to an outward pushing
force on centrosomes from k-fiber polymerization at kinetochores [45, 46]. In metaphase,
spindles in many mammalian cell types remain bipolar even if Eg5 is inhibited due to the
partially redundant activity of the kinesin-12 KIF15 [47-50], which allows maintenance
though not initial generation of spindle bipolarity. Thus, the cooperation of multiple motor-
based and nucleation pathways between prophase and metaphase promotes the robust
assembly of a bipolar spindle, setting the stage for chromosome biorientation and equal

segregation into two daughter cells.

Emergent properties of the spindle

The spindle exhibits many cellular-scale emergent properties that are qualitatively
different from those of its individual components and that enable the spindle to segregate
chromosomes accurately. These include dynamic features such as microtubule flux and
continuous self-repair, mechanical features such as spatially varying viscoelasticity, and

architectural features such as helical twist.



Poleward flux

Poleward flux is a phenomenon in which spindle microtubules continuously
treadmill towards poles, undergoing net polymerization at plusends and
depolymerization at minus ends [51]. Eg5 was the first known driver of flux, identified in
Xenopus egg extract [52], but it plays only a minor role in flux in mammalian spindles [53,
54]. Instead, flux in mammalian spindles appears to be driven by Eg5 and KIF15 acting
in coordination with CENP-E in prometaphase and KIF4A in metaphase, with the
depolymerase KIF2A acting at minus ends and kinetochore-localized CLASPs promoting
plus-end polymerization [54, 55]. These motors exert poleward forces on non-KMTs,
which are only partially transmitted to k-fibers through crosslinkers such as NuMA and
HSET [54, 56], explaining why non-KMTs flux faster than k-fibers [37, 54, 57]. While the
function of flux is not entirely clear, it appears that flux is required to maintain dynamic
kinetochore-microtubule attachments [56, 58], and thus that it supports accurate

chromosome segregation in anaphase [56, 58, 59].

Spindle material properties

Although the biophysical properties of microtubules and many individual MAPs are
well understood in vitro, far less is known about the material properties of the spindle —
its deformation, remodeling and structural failure under force — as an ensemble. The
spindle must respond to forces generated both internally (by motors and dynamic
microtubules) and externally (by cortical motors and by neighboring cells), and
mechanical forces regulate many aspects of cell division including chromosome

movement, spindle positioning, and error correction at kinetochores [60-62]. Rheological



studies using microneedles, force-sensing cantilevers and cell confinement have
demonstrated that invertebrate, mammalian and Xenopus egg extract spindles are stiffer
in their long axes compared to their short axes [63-65]. This may be functionally important
in permitting efficient longitudinal movements during chromosome congression,
oscillation, and segregation, while allowing chromosomes to deform their surroundings
laterally. The dynamic and complex microstructure of the spindle also mediates distinct
responses at different timescales of force application. In Xenopus egg extract spindles,
the short axis deforms elastically on short (<10 s) or long (>100 s) timescales but is more
viscous on intermediate timescales [66]. On the long axis, stiffness is highest at the pole
and equator but the spindle is softer between them [67]. These behaviors allow maximal
structural plasticity on the timescale at which chromosomes move through the spindle,
with minimal deformability near microtubule connections to chromosomes and poles.
Microneedle manipulation of mammalian PtK2 cells has revealed that similar principles
of spatially heterogeneous mechanics apply to spindles with prominent k-fibers [10, 68].

The molecular components of the spindle constantly dissipate energy in the form
of GTP (microtubule dynamics) and ATP (motor proteins such as dynein), meaning that
although the spindle reaches a steady-state structure at metaphase, it does not reach
thermodynamic equilibrium. Accordingly, the full complexity of the spindle cannot be fully
captured by the rheological models described above. Additional insight into spindle
material properties has been gained from active matter theories that model non-
equilibrium systems. The microtubule architecture and dynamics of Xenopus egg extract
spindles have been described by active liquid crystal theory, modelling the spindle as a

droplet of microtubules that is shaped by microtubule turnover, mutual alignment, surface



tension and motor-driven active stresses [69]. Active matter theory has also been applied
to the human spindle, where the cell membrane provides boundary conditions absent in
the Xenopus egg extract system. In human cells, unchecked extensile sliding by Eg5
results in the bending and buckling of microtubules against the cell cortex, leading to
chaotic, turbulent microtubule networks. This effect is opposed by dynein-mediated
contractile stress that allows the spindle to maintain a steady-state shape [27, 70] (Figure

1.2).

Spindle twist

The regulation and function of spindle twist is a new area of research, sparked by
a recent report that metaphase human U20S and HelLa spindles are slightly left-handed
on average [71]. Many mitotic motors have an off-axis component to their stepping
behavior in vitro, resulting in helical motion around the microtubule track. Since plus-end-
directed motors studied thus far have a left-handed bias [72-74] and minus-end-directed
motors have a right-handed bias [75-77], how the spindle resists these additive torques
to maintain its relatively untwisted global architecture is not known. So far it appears that
twist varies between cell types, with HeLa and U20S cells having more twisted spindles
than RPE1 cells [59, 71, 78], and between mitotic stages, peaking in early anaphase [78].
The inhibition of several motors and MAPs, including Eg5, Kif18A, and augmin, each has
a small impact on spindle twist, but each contributes to left-handed twist in the expected
direction [71, 78]. Notable exceptions are that spindles of the amoeba Naegleria are right-
handed [79], suggesting that the left-handed bias may not be a highly conserved feature

of the spindle across evolution, and that deletion of NuMA results in strong left-handed



twist [59], suggesting that NuMA/dynein motor activity or crosslinking may be important
contributors to counteracting left-handed twist. Although the function, if any, of spindle
twist remains unknown, a recent study proposed that twist allows the spindle to bear
mechanical load along the pole-pole axis (e.g. from neighboring cells) without buckling
[78]. Further research is required to determine whether maintaining spindle twist within a

specific range is important for spindle function.

Robustness

The spindle can repair itself after a range of experimental perturbations, and
several classes of failsafe mechanisms have been identified that allow the spindle to
maintain its architecture and accurate function in the face of biochemical and mechanical
fluctuations. Redundancy exists in many spindle processes, including microtubule
nucleation pathways and motor activities that establish spindle architecture. Several pairs
of partially redundant motors cooperate to promote correct spindle architecture. KIF15
maintains bipolarity when Eg5 is inhibited in metaphase [47, 48], and when
overexpressed, can fully compensate for Eg5 in bipolar spindle assembly [46, 47].
Further, kinesin-14 motors focus poles in a manner partially redundant with dynein,
making the human kinesin-14 HSET nonessential for normal mitosis [35, 36] but important
in the context of dynein inhibition [80]. Motor redundancy has important implications for
the therapeutic targeting of cell division; for example, KIF15 is essential for the evolution
of resistance to Eg5 inhibitors [81].

Robustness in the spindle is also mediated by specialized mechanisms that

reinforce and repair key spindle connections at both the plus and minus ends of k-fibers.
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The NuMA—-dynein—dynactin complex acts at minus ends to anchor k-fibers in the spindle.
Not only does this complex transport KMT minus ends poleward during k-fiber formation,
it is also sufficient to re-establish k-fiber connections to the poles after acute perturbations
such as laser severing [7, 8]. Recent studies have also identified mechanisms that anchor
the first few microns near k-fiber plus ends within the spindle microtubule network,
protecting kinetochore—microtubule attachments from acute perturbation [10, 82-84].
PRC1 provides short-lived-reinforcement in this region [10, 83], presumably by
crosslinking KMTs with nearby antiparallel non-KMTs, thus preventing microtubule
pivoting near kinetochores in response to external force supplied by a microneedle [10].
NuMA has also been shown to support k-fiber anchorage near the plus end [84], an effect
that may reflect crosslinking between KMTs and the minus ends of short microtubules in
the center of the spindle. On the longer (~minutes) timescale, these reinforcements are
relaxed [10], allowing spindle remodeling and chromosome movement. Together, these
mechanisms ensure that k-fibers remain robustly attached at kinetochores and anchored
at poles.

Tension regulates microtubule dynamics at both plus and minus ends, enhancing
the spindle’s robustness to mechanical perturbation. Tension on microtubules decreases
the catastrophe rate and increases rescue frequency of microtubules at purified yeast
kinetochores, stabilizing kinetochore-microtubule attachments under force [85, 86]. In
microneedle manipulation experiments in newt epithelial cells [87], grasshopper
spermatocytes [88], and more recently mammalian PtK2 cells [68], individual k-fibers
elongated under applied force, demonstrating that similar principles apply to bundled k-

fibers composed of many microtubules. At minus ends, depolymerization is inhibited when
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tension is applied to k-fibers either globally via cell compression [64] or individually via a
microneedle [68]. The molecular mechanisms underlying these responses remain
unknown, and they present an exciting opportunity to identify how the spindle physically
and biochemically remodels under force. Collectively, these mechanisms allow the
spindle to accommodate local deformations while limiting force propagation in space and

time, suggesting a strategy to preserve global architecture and connectivity.

Objectives of thesis

Although the molecular bases of many of the spindle’s emergent, cellular-scale
properties have begun to be unraveled, conceptual and technical gaps remain in our
understanding of spindle self-organization. In this dissertation, | use quantitative live
imaging and physical perturbations in human cells to ask how the spindle attains its
mechanical and functional robustness, and how these properties are co-opted in disease.

In Chapter 2, | find that the opposing motors NuMA/dynein and Eg5—mediating
contractile and extensile stress, respectively—are not required for bipolar spindle
architecture, but that they are essential for the spindle’s mechanical integrity and
accuracy in segregating chromosomes. In Chapter 3, | find that spindle architecture is
maintained by opposing torques in addition to opposing stresses in the pole-to-pole axis.
Focusing on the anaphase spindle, | show that the spindle contains both factors that
promote left-handed helical twist and factors that counteract these torques. Lastly, in
Chapter 4, | find that overexpression of the oncogene cyclin D1 protects spindle poles

from fracturing under compressive force. This suggests that cyclin D1 may adapt cell
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division to stiff tumor environments, and thus that spindle mechanical robustness can
serve as a double-edged sword in pathological states.

Together, these studies reveal new design principles at work in spindle self-
organization. The spindle is built and maintained by opposing force generators in the pole-
to-pole axis as well as opposing torques, and this antagonism between active, energy-
consuming motors allows the spindle to respond more effectively to biochemical and
mechanical perturbations. Secondly, the spindle’s structural integrity can be strengthened
by oncogenic transformation, potentially providing a selective advantage to error-prone
spindles in altered mechanical environments. These principles may provide insight into

the robustness of other force-generating cellular structures.
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Figures and figure legends
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Figure 1.1. Overview of spindle assembly, from molecular parts to cellular-scale
properties.

A) Stages of spindle assembly. During prophase, centrosomes are separated to opposite
sides of the nucleus and chromosomes become condensed, followed by nuclear
envelope breakdown at the end of prophase. In prometaphase, microtubules are
nucleated from several sources, and kinetochores begin to capture microtubules. In
metaphase, chromosomes align to form the metaphase plate, and bundles of
microtubules attached to each kinetochore mature.
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B) Spatial scales of spindle assembly. Spindle assembly requires formation of
microtubules from tubulin dimers. Individual spindle microtubules assemble into structural
modules through the action of crosslinkers and motor proteins. The spindle is
characterized by emergent properties—characteristics of the ensemble that are not
exhibited by its component parts—such as its material properties and poleward

microtubule flux.
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Figure 1.2. Motor-driven stresses in the spindle.
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Dynein and its cofactors NuMA and dynactin generate contractile stress in vitro and in the
spindle, clustering minus ends together. Eg5 mediates extensile stress, giving rise to
nematic motifs of aligned, mixed-polarity microtubules. These opposing motor activities
are balanced in bipolar spindles, while an excess of contractile activity leads to monopolar

spindles and an excess of extensile sliding produces turbulent microtubule networks.

16



Chapter 2: Opposing motors provide mechanical and functional robustness in the

human spindle
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Abstract

At each cell division, the spindle self-organizes from microtubules and motors. In
human spindles, the motors dynein and Eg5 generate contractile and extensile stress,
respectively. Inhibiting dynein or its targeting factor NuMA leads to unfocused, turbulent
spindles and inhibiting Eg5 leads to monopoles, yet bipolar spindles form when both are
inhibited together. What, then, are the roles of these opposing motors? Here, we generate
NuMA/dynein- and Eg5-doubly inhibited spindles that not only attain a typical metaphase
shape and size, but also undergo anaphase. However, these spindles have reduced
microtubule dynamics and are mechanically fragile, fracturing under force. Further, they
exhibit lagging chromosomes and dramatic left-handed twist at anaphase. Thus, while
these opposing motors are not required for spindle shape, they are essential to its
mechanical and functional robustness. This work suggests a design principle whereby

opposing active stresses provide robustness to force-generating cellular structures.
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Introduction

At each cell division, the spindle self-organizes from dynamic microtubules,
crosslinkers, and motors [89, 90]. Together, these molecular-scale force generators give
rise to a cellular-scale structure with emergent properties such as a steady-state shape
in metaphase and the ability to accurately segregate chromosomes at anaphase. The
mammalian spindle’s molecular components have been extensively cataloged [2], and
the biophysical properties of many individual motors are now known. However, it remains
poorly understood how combinations of motor activities—many of which act redundantly
or in opposition to each other—give rise to the mammalian spindle’s emergent
architecture, mechanics, and function.

The motors Eg5 and dynein are key determinants of spindle architecture. Both
generate directional forces between pairs of microtubules that they crosslink, building
distinct cellular-scale motifs that coexist in the spindle’s microtubule network. The kinesin-
5 Eg5 (KIF11) is a bipolar homotetrameric motor that slides antiparallel microtubules
apart, generating extensile stress in the spindle and maintaining pole separation [41, 43,
70]. Conversely, dynein is recruited to microtubule minus ends by its targeting factor
NuMA, where it generates contractile stress by carrying minus end cargoes towards the
minus ends of neighboring microtubules (Figure 2.1A) [91-93]. The activities of Eg5 and
dynein are multifaceted and complex; for example, Eg5 also exerts braking forces in
certain velocity regimes and between parallel microtubule pairs [94], and dynein-mediated
end-clustering may require cooperative motor accumulation at microtubule minus ends
[95]. However, at the length scale of the spindle, these motors have opposing loss-of-

function phenotypes that are deleterious for the dividing cell. When Eg5 is inhibited,
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spindles form as monopoles with minus ends clustered into a single aster [96], whereas
NuMA or dynein deletion leads to turbulent, disordered spindles with no steady-state
shape and with microtubule bundles extending against the cell cortex [27].

Despite their importance to spindle architecture, when dynein and Eg5 are co-
depleted, human spindles form as typical bipoles [27, 80, 97, 98]. Similar phenomena
have been reported in yeast, Drosophila, Xenopus laevis extract, and pig spindles when
the homologous kinesin-5 and the dominant end-clustering motor (dynein or a kinesin-
14) are inhibited [11, 99-102]. These observations suggest that the balance of contractile
and extensile stress in the spindle is more important than the specific magnitude of these
stresses. This raises the question: what are the functions of opposing, energy-consuming
motor activities in the spindle if the same structure can be formed without them? Previous
work in Xenopus extract spindles has suggested a role for opposing activities of dynein
and Eg5 in establishing the spindle’s microtubule organization, mechanical integrity, and
heterogeneity [67, 101, 103], but it is unknown if this applies to other spindles, whose
architectures differ and whose mechanics are challenging to probe. In human cells, the
primary defect in dynein- and Eg5-doubly inhibited spindles is reported to be in
kinetochore-microtubule attachments [80]. However, dynein performs multiple functions
at the kinetochore in addition to its role in minus end clustering [104, 105], complicating
the interpretation of dynein- and Eg5-doubly inhibited phenotypes in metaphase and
limiting their study in anaphase. Thus, antagonistic contractile and extensile stress
generation is a highly conserved feature of the spindle, but its mechanical and functional

roles throughout the spindle’s lifetime remain unclear.
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Here, we show that while the opposing motor activities of NuMA/dynein and Eg5
are not required to build the human spindle, they are instead essential to its robustness—
the spindle’s ability to tolerate mechanical and biochemical fluctuations while maintaining
its integrity and functional accuracy. Without these opposing motor activities, we find that
spindles are more fragile when mechanically challenged in metaphase, and highly twisted
and error-prone in anaphase. More broadly, these findings suggest a design principle by

which opposing active force generators make self-organizing cellular structures robust.
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Results
Eg5 inhibition allows turbulent spindles to recover bipolarity and progress to anaphase
To generate human spindles lacking the opposing motor activities of NuMA/dynein
and Eg5, we used an inducible CRISPR knockout (KO) approach [106] to delete either
dynein heavy chain (DHC) or NuMA in RPE1 cells (Figures 2.7A-D). This results in
chaotic, turbulent spindles that lose their long-range nematic order and constantly
remodel, akin to active nematic materials in vitro [27, 107]. This phenotype differs from
the barrel-shaped spindles resulting from RNAi depletion of DHC [97] and from multipolar
spindles, both of which reach a steady-state shape. We induced Cas9 expression for 4
days to knock out DHC or NuMA, synchronized cells with the Cdk1 inhibitor RO-3306,
and released cells into mitosis before live imaging labeled microtubules and
chromosomes to ensure that turbulent spindles did not accumulate defects during an
extended mitotic arrest (Figure 2.1B). As previously reported, spindles with DHC and
NuMA deleted exhibited a very similar turbulent phenotype, consistent with NuMA and
dynein’s acting as a complex to cluster microtubule minus ends [27, 91]. After confirming
knockout in each cell via spindle turbulence, we acutely inhibited Eg5 with S-trityl-L-
cysteine (STLC), leading both DHC-KO and NuMA-KO spindles to recover into steady-
state metaphase bipoles (Figures 2.1C-D; Figure 2.7E). Many doubly inhibited spindles
exhibited local defects that dynamically arose and repaired (Figure 2.7F), but in contrast
to expanded turbulent NuMA-KO spindles, global metaphase spindle shape and size was
indistinguishable from controls (Figures 2.1E-H). The rescue and maintenance of
bipolarity were highly reproducible and dependent on Eg5 inhibition (Figure 2.11; Figure

2.7G).
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A key advantage of this experimental system was that many (60.3%) of the bipolar
NuMA-KO+STLC spindles progressed to anaphase within 90 min of STLC addition. The
rest remained in metaphase after 90 min, with no detectable sister chromatid separation
or spindle elongation. In contrast, few (3.3%) of the DHC-KO+STLC spindles entered
anaphase (Figure 2.1J). Consistent with dynein’s NuMA-independent roles at the
kinetochore in attachment formation and silencing the spindle assembly checkpoint (SAC)
[105, 108], bypassing the SAC using the MPS1 inhibitor reversine caused almost all
NuMA- and DHC-KO+STLC cells to enter anaphase (Figure 2.1J). Due to these dynein-
associated kinetochore defects, and their confounding effects in previous studies of DHC-
and Eg5-doubly inhibited spindles [80], we used NuMA-KO cells for the remainder of our
experiments to isolate dynein’s minus end clustering role. This approach provided us a
system for probing the contributions of opposing motors to spindle mechanics and

function in both metaphase and anaphase, independently of spindle architecture.

Doubly inhibited spindles are sensitized to changes in microtubule organization,
dynamics, and motor-based forces

We next asked what mechanisms allow turbulent spindles to establish bipolarity in
the absence of NuMA/dynein and Eg5. We tested the contributions of additional candidate
spindle factors, representing several functional classes, in the context of our live-imaged
double inhibition experiment. Partially depleting the kinesin-12 KIF15 in doubly inhibited
spindles led to an increase in monopolar spindle formation (46%; Figures 2.2A-B; Figure
2.8A), consistent with KIF15’s known role in extensile stress generation [46, 80]. Similarly,

depleting the microtubule crosslinker PRC1 or destabilizing microtubules with a low dose
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(30 nM) of nocodazole increased the frequency of monopolar spindles (Figures 2.2A-B;
Figure 2.8B). In all three conditions, spindles that did achieve bipolarity were shorter on
average than controls (Figure 2.2C). Abrogating kinetochore-fiber (k-fiber) formation via
Nuf2 depletion did not significantly impact the frequency of bipolarization in doubly
inhibited spindles, but we observed a variety of defects including bent, over-bundled, and
narrow spindles (Figures 2.2A-B; Figure 2.8C). None of these perturbations prevents
bipolar spindle assembly in control cells [47, 48, 109, 110], yet these data suggest that
KIF15, PRC1, and dynamic microtubules all generate extensile stresses that are
necessary for bipolarity in the absence of Eg5.

Conversely, depleting the kinesin-14 HSET caused more spindles to remain
turbulent (44%; Figures 2.2A-B; Figure 2.8A), indicating that it performs contractile minus
end clustering redundantly with NuMA/dynein. F-actin was not required to focus minus
ends during bipolarization, despite its importance in clustering supernumerary
centrosomes [111]. Together, these triple inhibition experiments reveal that redundant
motors and crosslinkers can generate bipolar spindles in the absence of NUMA and Eg5.
However, these spindles are sensitized to changes in motor activity, microtubule
organization and dynamics—biochemical fluctuations to which the wild-type spindle is

robust.

Microtubule organization and dynamics are disrupted in doubly inhibited spindles
Given that NuMA- and Eg5-doubly inhibited spindles are less robust to
perturbations in microtubule organization and dynamics, we tested the hypothesis that

internal architecture is disrupted in doubly inhibited spindles. We examined microtubule
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organization by quantifying the distribution of tubulin intensity along the spindle’s pole-to-
pole axis. As expected [112], control cells had strongest tubulin intensity near the two
poles and lower intensity near the spindle equator. In contrast, tubulin intensity was more
uniform in NuMA- and Eg5-doubly inhibited spindles (Figures 2.3A-B). This pattern was
not due to a difference in chromosome alignment, as the intensity profile of the DNA stain
Hoechst overlapped between the two conditions (Figure 2.3C). Thus, doubly inhibited
spindles have altered microtubule organization, indicating that microtubule transport,
nucleation, and/or length regulation in the spindle is disrupted without NuMA and Eg5.
Because both dynein and Eg5 are known to contribute to the continuous transport
of non-kinetochore microtubules in the spindle [37], we next asked whether the altered
spatial distribution of microtubules in doubly inhibited spindles was associated with
perturbed microtubule dynamics. We expressed photoactivatable-GFP-tubulin in NuMA-
KO cells, co-labeled spindles with SiR-tubulin, and photoactivated stripes near the
metaphase plate (Figure 2.3D). Tracking photomark movements on individual k-fibers
revealed that the poleward flux rate was halved in doubly inhibited spindles compared to
controls (0.9 £ 0.5 ym/min compared to 1.8 £ 0.6 ym/min; Figure 2.3E). While outward
sliding by Eg5 drives microtubule flux in Xenopus laevis extract spindles [52], k-fiber flux
in mammalian spindles is thought to be largely powered by mechanisms other than Eg5
[53, 58, 113]. However, our findings indicate that NUMA and Eg5 are together key to
microtubule flux in the human spindle. We conclude that redundant motors and
crosslinkers can establish the spindle’s global shape and size without the opposing
stresses generated by NuMA/dynein and Eg5 (Figure 2.2), but they cannot recapitulate

its locally specialized microtubule organization and dynamics.
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Doubly inhibited spindles are structurally unstable in response to mechanical force

We next tested the hypothesis that opposing motors contribute to the spindle’s
ability to maintain its structure under force. Loss of opposing NuMA/dynein and Eg5
activities could give rise to mechanical defects through reduced microtubule organization
and dynamics (Figure 2.3), or through changes to the spindle’s material properties as a
result of altered local force generation. To probe the mechanics of NUMA- and Eg5-doubly
inhibited spindles, we reproducibly confined metaphase cells in PDMS devices [114],
forcing them into a flattened 5 um-high geometry (Figure 2.4A). Doubly inhibited spindles
exhibited a different characteristic response to confinement than controls, both in their
deformation over time and in their loss of structural integrity (Figure 2.4B). Although all
spindles widened and lengthened during confinement, controls reached a new steady-
state size after the first few minutes [64] while doubly inhibited spindles continued to
expand, failing to reach a new steady-state size in our observation period. During initial
expansion, spindles in both conditions widened similarly but doubly inhibited spindles
lengthened more slowly, consistent with a role of NuMA/dynein in spindle elongation [115].
However, doubly inhibited spindles continued to grow in both dimensions throughout the
perturbation, ultimately surpassing the new steady-state mean length and width of
controls (Figures 2.4C-D). As another metric of spindle shape evolution, we calculated
the 2-D correlation coefficient between binarized masks of the same spindle at multiple
timepoint pairs. The shape correlation of doubly inhibited spindles was lower than that of
controls at increasing lag times, and exponential fits revealed that shape correlation

decayed to a lower minimum value for doubly inhibited spindles (Figure 2.4E). Thus,
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under force, doubly inhibited spindles not only deform more but have a weaker “shape
memory” than controls.

Strikingly, the impaired ability of doubly inhibited spindles to stabilize their shapes
was associated with increased structural failure. By 20 minutes after confinement onset,
k-fibers had detached from poles in 91% of doubly inhibited spindles, compared to 25%
of controls (Figures 2.4B and 2.4F). Although control spindle poles can split during
sustained confinement [116], failure in doubly inhibited spindles began sooner and
occurred more frequently (Figure 2.4F). Dynein- and Eg5-doubly inhibited spindles, but
not Eg5-inhibited spindles, also failed during confinement more often than controls
(Figures 2.9A-C), indicating that the observed loss of mechanical integrity is due to a loss
of opposing motor activity rather than due to Eg5 inhibition alone or any dynein-
independent functions of NuMA. Moreover, the mode of failure qualitatively differed
between doubly inhibited and control spindles: detached k-fibers in control spindles
remained clustered into acentrosomal foci, but k-fibers in both NuMA- and DHC-KO
doubly inhibited spindles splayed as individual bundles. Thus, while unperturbed doubly
inhibited spindles maintain a similar geometry to controls (Figures 2.1F-H), their reduced
structural integrity becomes evident upon mechanical challenge. Together, the larger
deformation, lack of new steady-state establishment, and structural fragility of doubly
inhibited spindles under force indicate that the opposing motor activities of NuMA/dynein

and Eg5 are essential to the spindle’s mechanical robustness.
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Spindles with reduced opposing motor activity exhibit twist and functional defects in
anaphase

Given that NuMA/dynein and Eg5 are together required for the metaphase
spindle’s internal organization, dynamics (Figure 2.3) and mechanical robustness (Figure
2.4), we next sought to determine whether they are important to anaphase spindle
structure and function. Our finding that NUMA-KO+STLC spindles efficiently undergo
anaphase (Figure 2.1), in contrast to DHC-KO+STLC spindles, allowed us to address this
question. In the first 3 minutes of anaphase doubly inhibited spindles elongated, and
chromosomes segregated, at rates indistinguishable from controls (Figures 2.5A-C;
Figures 2.10A-B). However, in doubly inhibited cells, spindle elongation and chromosome
segregation continued at these rates for extended durations, causing spindle poles to
often hit the cortex and chromosomes to segregate to greater distances (Figure 2.5C;
Figures 2.10C-D). Although cortical NuMA/dynein complexes generate anaphase pulling
forces in other systems [117, 118], and although Eg5 has been reported to contribute to
outward sliding during human spindle elongation [119], our results indicate that NuMA-
and Eg5-doubly inhibited spindles are not deficient in elongation but instead over-
elongate in anaphase. Thus, either doubly inhibited spindles are subject to increased
outward forces in anaphase, or they resist them less strongly.

Unexpectedly, we observed that in contrast with control spindles and Eg5-inhibited
spindles, doubly inhibited spindles were highly twisted in anaphase. Interpolar
microtubule bundles followed a left-handed helical path around the spindle (Figure 2.5D).
While doubly inhibited spindles exhibited twist to a small degree at metaphase (Figures

2.11A-B), the phenotype was much more pronounced and consistently left-handed after
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anaphase onset. To quantify this effect, we imaged z-stacks of anaphase spindles and
tracked interpolar microtubule bundles in three-dimensional space. Viewing these
trajectories along the pole-to-pole axis, interpolar bundles in doubly inhibited spindles had
a helicity of -6.3 + 3.4 °/um, a 17-fold increase over control bundles’ helicity of -0.4 £ 2.0
°/um (mean % s.d.; Figures 2.5E-F; Figure 2.11C). Mean helicity was not correlated with
anaphase spindle length (r = -0.04, Figure 2.11D), suggesting that spindle twist does not
markedly increase or decrease as anaphase progresses. Together, these findings reveal
an unexpected role for the opposing motor activities of NuMA/dynein and Eg5: although
not required for linear force balance in the pole-to-pole axis (Figure 2.1F), they are
required for rotational force balance in the anaphase spindle.

Finally, we asked whether chromosome segregation fidelity was preserved in
doubly inhibited spindles. The incidence of chromosome segregation errors—defined
here as lagging chromosomes or chromosome bridges—was significantly higher in
NuMA-KO+STLC spindles than in controls (45.7% vs 7.1%; Figures 2.5G-H). Thus, while
NuMA and Eg5 are not required for efficient spindle elongation, they are instead required
at anaphase for the spindle’s straight long-range architecture and for accurate

chromosome segregation.
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Discussion

The conserved presence of opposing extensile and contractile force-generators,
despite their expendability for bipolar spindle formation, presents a long-standing paradox
in spindle assembly. Our use of direct mechanical perturbations, as well as our approach
of deleting NuMA to preserve dynein’s functions at the kinetochore, reveal key roles of
this opposing motor activity. Although NuMA- and Eg5-doubly inhibited spindles appear
strikingly similar to controls, they are mechanically fragile at metaphase as well as
dramatically twisted and error-prone at anaphase, defects that we propose stem from
their altered dynamics, organization, and material properties (Figure 2.6). While partially
redundant motors can establish spindle shape and support anaphase progression, the
opposing activities of NuMA/dynein and Eg5 are required to build a spindle that can
maintain its structure and accurate function despite internal and external pushes, pulls,
and torques.

We show that mechanistically, the bipolarization of turbulent spindles after Eg5
inhibition requires the motors KIF15 and HSET, crosslinking by PRC1, and dynamic
microtubules (Figure 2.2). KIF15 is known to compensate for the loss of Eg5 in forming
and maintaining bipolar spindles, generating extensile stress through a mechanism
distinct from that of Eg5 [46-48, 80]. Although HSET has a mild loss-of-function phenotype
in human cells [36], it forms microtubule asters in vitro [35, 120] and clusters centrosomes
in cancer cells [111], and our data suggests that it has a minus end clustering role that is
unmasked in the absence of NuMA/dynein. Interestingly, fission yeast lacking all mitotic
motors can form bipolar spindles that require the PRC1 homolog Ase1 and microtubule

polymerization [102]. That we observe similar requirements in the absence of NuMA and
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Eg5 may reflect a conserved pathway for spindle assembly, based on microtubule
bundling and polymerization, that complements the spindle’s motor-driven microtubule
sorting and that becomes essential when motor activity is reduced.

NuMA and Eg5 are together essential to establishing the spindle’s locally
specialized microtubule organization and dynamics (Figure 2.3), roles that may explain
the spindle’s sensitivity to further molecular perturbations in their absence. The spindle’s
microtubule organization is established by spatially non-uniform distributions of
microtubule nucleation and transport, and inhibition of Eg5 and NuMA/dynein could affect
both activities. Eg5 and dynein are required to transport the nucleation factor TPX2
polewards in the mammalian spindle [121], and in their absence, microtubule nucleation
may be shifted towards chromosomes. Eg5 and dynein both transport non-centrosomal
microtubules towards poles [37, 103], polarity-sorting them and incorporating them into
the spindle. Thus, in the absence of NuMA/dynein and Eg5, we propose that the spindle’s
tubulin intensity distribution is homogenized due to both deregulated microtubule
nucleation and transport towards poles. K-fiber flux in the human spindle is thought to
arise from imperfect coupling of k-fibers to these non-kinetochore microtubules [56, 113],
a model that would explain why we observe reduced k-fiber flux in doubly inhibited
spindles.

We find that spindles are more mechanically fragile without opposing NuMA/dynein
and Eg5 activity (Figure 2.4). This could stem from lower microtubule enrichment at poles
(Figure 2.3B) [67], a less dynamic spindle (Figure 2.3E), reduced passive crosslinking, or
decreased active stresses throughout the spindle. All of these are ways in which reduced

opposing motor activity could impair the spindle’s ability to distribute and dissipate force,

31



and thereby change the magnitude and timescale of the spindle’s deformation under
force. Motors broadly regulate the material properties of microtubule networks, such as
their elasticity and viscosity [66, 69]. Looking forward, combining the experimental system
used here with approaches such as microneedle manipulation [66, 67, 122, 123] will
enable us to understand how opposing motors quantitatively tune the spindle’s emergent
mechanical properties.

Our anaphase observations indicate that spindles have structural as well as
functional defects without NUMA and Eg5. The efficient elongation of doubly inhibited
spindles supports a model where Eg5-independent sliding within the spindle can generate
the bulk of the force required for chromosome segregation [9, 119, 124]. However, in
contrast to controls, doubly inhibited anaphase spindles exhibit strong left-handed twist,
suggesting that they have an imbalance in torques. Multiple mitotic motors have an
intrinsic chirality to their stepping motion in vitro [72, 77, 125, 126], which can twist
microtubules around each other [76]. At the cellular scale, left-handed helicity of a smaller
magnitude (approximately -2°/um) exists in metaphase and anaphase human spindles,
but this twist is reduced by Eg5 inhibition [71, 127]. Thus, as Eg5 is inhibited in the
anaphase spindles probed here, a different mechanism must produce the left-handed
torque. One possibility is that spindles lacking NuMA/dynein and Eg5 activity are twisted
due to abnormally high torques generated by the motors that compensate for their
absence. However, because doubly inhibited spindles are more mechanically deformable
(Figure 2.4) and because they over-elongate in anaphase (Figure 2.5B), we favor a model
in which they are instead more torsionally compliant. Regardless of its molecular origin,

the appearance of twist upon inhibition of NUMA and Eg5 raises the question of how the
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cell builds a micron-scale, near-achiral spindle from nanometer-scale chiral events. This
requires a balancing of three-dimensional rotational forces over large length scales,
through mechanisms that remain poorly understood. The doubly inhibited spindles we
generate here may provide a system to uncover these mechanisms, and to address the
functional impact of twist in the anaphase spindle.

Doubly inhibited spindles exhibit a 6-fold increase in chromosome segregation
errors. Decreased flux has been linked to attachment errors and lagging chromosomes
in anaphase, through a mechanism that remains incompletely understood [56, 58]; this
phenomenon could be at play in doubly inhibited spindles, given their drastically reduced
flux. Alternatively, lagging chromosomes could arise due to the assembly pathway of
doubly inhibited spindles in our assay. Since the NuUMA- or DHC-KO spindles begin as
turbulent networks before Eg5 inhibition, the minus end clustering process could lead to
an elevated rate of merotelic attachment formation, similar to the attachment errors that
arise during the clustering of supernumerary centrosomes [39]. In addition to either or
both of these mechanisms, anaphase twist in doubly inhibited spindles could contribute
to segregation errors. For example, segregating chromosomes might follow more
complex, entangled trajectories, or the elongating spindle could generate an increased
non-productive force component that diminishes the spindle’s ability to resolve merotelic
attachments.

Overall, our findings indicate that the opposing activities of NuMA/dynein and Eg5
are critical for the spindle’s mechanical and functional robustness, allowing the spindle to
withstand force and accurately segregate chromosomes despite its dynamic molecular

parts. An energy-accuracy tradeoff has been demonstrated experimentally and
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theoretically in biochemical networks: for instance, repeated energy-consuming cycles of
kinase and phosphatase activity synchronize cell cycle timing in zebrafish embryos [128],
and phase coherence scales with energy dissipation in a variety of biochemical oscillators
[129]. We propose that opposing spindle motors provide a mechanical analog, where the
spindle’s structural integrity and functional accuracy incur an energetic cost beyond that
required to establish spindle structure. Opposing active force generators may constitute
a physical design principle that underlies robustness in other dynamic, self-organizing

cellular structures, such as cell-cell junctions.

Limitations of the study

NuMA/dynein and Eg5 actively transport microtubules to generate contractile and
extensile stresses in the spindle, but also contribute to passive crosslinking by virtue of
interacting with microtubule pairs. Eliminating this motor-mediated crosslinking, in
addition to reducing opposing active stresses, could play a role in the defects we observe
in doubly inhibited spindles. However, we find that STLC treatment alone increases
mechanical robustness (Figure 2.9) and does not change anaphase twist (Figure 2.11C)
compared to control spindles, rather than producing phenotypes intermediate between
controls and doubly inhibited spindles. NuMA has also been proposed to have a dynein-
independent passive crosslinking role [130]. While further work is required to define
NuMA's contributions to passive and dynein-dependent crosslinking, we observe similar
responses to confinement in doubly inhibited spindles generated via knockout of NUMA

or dynein heavy chain (Figure 2.4F; Figures 2.9B-C). Thus, reduced crosslinking
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mediated by Eg5 or NuUMA alone does not appear to play a substantial role in the

mechanical fragility or anaphase twist we report in doubly inhibited spindles.
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Figures and figure legends
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Figure 2.1. Eg5 inhibition allows turbulent spindles to recover bipolarity and
progress to anaphase.

A) Schematic illustrations of contractile microtubule (gray filament) minus end clustering
by dynein, dynactin, and NuMA (left, green), and extensile sliding of antiparallel
microtubules by Eg5 (right, purple) in the human spindle. Dynein/dynactin, targeted to
minus end cargoes by NuMA, walks towards microtubule minus ends (denoted by “-“).
Eg5 walks towards microtubule plus ends (denoted by “+”). Direction of motor stepping is
indicated by green and purple arrows, and contractile and extensile stresses are indicated
by gray arrows.

B) Schematic diagram of opposing motor (NuMA/dynein and Eg5) inhibition experiment
in human spindles. Cas9 expression was induced by doxycycline addition (+DOX) for 4
days to knock out dynein heavy chain or NuMA. Cells were synchronized in G2 (with Cdk1
inhibitor RO-3306) for 0.5 days before imaging, released into mitosis, and Eg5 was
acutely inhibited during imaging with 5 uM STLC. See also Figure 2.7.

C) Representative timelapse confocal images of an RPE1 DHC-KO cell stably expressing
GFP-tubulin (gray, maximum intensity projection of 5 planes) with SiR-DNA labeling
chromosomes (cyan, single plane), starting as a turbulent spindle. After 5 yM STLC
addition to inhibit Eg5 (time 0:00), the turbulent spindle recovers bipolarity, but does not
progress to anaphase. Scale bar = 5 ym.

D) Representative timelapse confocal images of an RPE1 NuMA-KO cell stably
expressing GFP-tubulin (gray, maximum intensity projection of 5 planes) and mCherry-
H2B (cyan, single plane), starting as a turbulent spindle. After 5 yM STLC addition to
inhibit Eg5 (time 0:00), the turbulent spindle recovers bipolarity and progresses to
anaphase. Scale bar =5 pym.

E) Schematic illustrations of spindle length and width measurements.

F-H) Length (F), width (G), and aspect ratio (length/width; (H)) of control (-DOX), turbulent
NuMA-KO, and bipolar NUMA-KO+STLC spindles. Spindle dimensions were measured
after establishment of bipolarity (control, NUMA-KO+STLC) or 45 min after the start of
imaging (NuMA-KO). Data in (F)-(H) include the same 49 (control), 36 (NuMA-KO), and
75 (NUMA-KO+STLC) spindles pooled from = 3 independent experiments. ****, p <
0.00005; n.s. = not significant, two-sample t-test. Error bars represent mean + s.d.

I) Outcomes 90 min post-STLC addition to NuMA- and DHC-KO turbulent spindles.
Without STLC addition, DHC-KO and NuMA-KO spindles remain turbulent. After STLC
addition, most spindles establish bipolarity.

J) Percentage of bipolar spindles entering anaphase within 90 min of STLC addition, with
and without 500 nM of the MPS1 inhibitor reversine to bypass the SAC. DHC-KO+STLC
cells enter anaphase after reversine addition, consistent with DHC-KO+STLC cells
experiencing a SAC-dependent metaphase arrest. For (l)-(J), number of spindles is
indicated on each bar; cells pooled from =3 independent experiments. ****, p < 0.00005,
n.s. = not significant, Fisher’s exact test.
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Figure 2.2. Doubly inhibited spindles are sensitized to changes in microtubule
organization, dynamics, and motor-based forces.

A) Representative timelapse confocal images of RPE1 NuUMA-KO cells, stably expressing
GFP-tubulin (gray, maximum intensity projection of 5 planes) and mCherry-H2B (cyan,
single plane), and transfected with the indicated siRNA or treated with the indicated drug.
5 UM STLC was added at time 0:00 in each case, and 500 nM LatA and 30 nM nocodazole
were added at time 0:00 where indicated. Scale bars = 5 ym. See also Figure 2.8.

B) Spindle outcomes in NuMA-KO cells 90 min after STLC addition, with luciferase
(Control), KIF15, HSET, PRCA1, or Nuf2 knockdown, 500 nM latrunculin A to disrupt actin,
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or 30 nM nocodazole to destabilize microtubules. Depletion of KIF15 or PRC1 and
microtubule destabilization using low-dose nocodazole result in more monopolar
spindles, while depletion of HSET causes more spindles to remain disorganized. Number
of spindles is indicated on each bar; cells pooled from =3 independent experiments. ****,
p < 0.00005; **, p < 0.005; n.s., not significant, Fisher’s exact test.

C) Length of NuMA-KO + STLC spindles, transfected with the indicated siRNA or treated
with the indicated drug, after the establishment of bipolarity. Data include the same
spindles as (B), restricted to those scored as bipolar. Doubly inhibited bipoles are shorter
on average after KIF15 or PRC1 depletion or treatment with low-dose nocodazole, and
are longer on average after disruption of F-actin with latrunculin A. ***, p < 0.0005; **, p <
0.005, two-sample t-test. Error bars represent mean * s.d.
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Figure 2.3. Microtubule organization and dynamics are disrupted in doubly
inhibited spindles.

A) Representative immunofluorescence images (maximum intensity projections) of
control and NUMA-KO+STLC RPE1 cells, stained for tubulin (left) and with Hoechst
(right). Scale bar =5 ym.

B-C) Distributions of mean tubulin (B) and Hoechst (C) intensity at each point along the
spindle’s pole-to-pole axis, quantified from sum intensity projections of
immunofluorescence images and normalized to the maximum value in each spindle (see
Methods). Doubly inhibited spindles have defects in microtubule organization. (B) and (C)
include the same 335 control and 336 NUMA-KO+STLC cells pooled from 8 independent
experiments. Plots represent mean * s.d.

D) Representative timelapse widefield images of RPE1 control and NuMA-KO+STLC
cells stably expressing photoactivatable (PA)-GFP-tubulin (green), co-labeled with 100
nM SiR-tubulin (gray) and photomarked near the spindle equator (t = 0:00). The PA-GFP-
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tubulin channel alone is shown below the merged images. Arrowheads track the
photomark position, and asterisks mark the spindle pole. Scale bars = 5 pym.

E) Poleward flux rates in control and NuMA-KO+STLC cells, showing reduced
microtubule transport in doubly inhibited spindles. Each dot represents an individual k-
fiber. n = 39 k-fibers pooled from 14 cells in 1 experiment (control), n = 61 k-fibers pooled
from 25 cells in 5 independent experiments (NUMA-KO+STLC). ****, p < 0.00005, two-
sample t-test. Error bars represent mean * s.d.
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Figure 2.4. Doubly inhibited spindles are structurally unstable in response to
mechanical force.

A) Schematic illustration of cell confinement experiment to probe spindle mechanical
robustness. Confinement to 5 um was applied over a period of 2 min, and the confined
geometry was sustained for an additional 20 min.

B) Timelapse confocal images of control and NuMA-KO+STLC RPE1 cells stably
expressing GFP-tubulin (gray) and H2B (cyan) during confinement (begins at t = 0:00).
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K-fibers detach from poles in the doubly inhibited spindle, while the control spindle
remains intact, as cartooned (right). Scale bars =5 um.

C-D) Spindle width (C) and length (D) during confinement of control and NUMA-KO+STLC
RPE1 cells, normalized to the initial length and width of each spindle. Mean values shown
in bold lines. n = 12 control and 11 NuMA-KO+STLC cells, pooled from 5 and 4
independent experiments, respectively.

E) Mean % s.e.m. of spindle shape correlation coefficient between all pairs of two binary,
segmented frames (green ti, purple t2in inset), as a function of the time elapsed between
the two frames (t2-t1). Shape correlation was fit to the exponential function r = a *

o(3)tag time | b, where b = 0.87 for controls and b = 0.58 for NUMA-KO+STLC. Analysis
includes the same cells as (C-D).

F) Percentage of spindles that structurally fail under confinement, defined qualitatively as
a loss of continuity between k-fibers and poles. Doubly inhibited spindles begin to fail
earlier, and fail more frequently, than controls. *, p < 0.05; **, p < 0.005; n.s., not
significant; Fisher’s exact test. Analysis includes the same cells as (C-E). See also Figure
2.9.
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Figure 2.5. Spindles with reduced opposing motor activity exhibit twist and
functional defects in anaphase.

A) Representative timelapse confocal images of control and NUMA-KO+STLC RPE1
cells, stably expressing GFP-tubulin (gray) and H2B (cyan), during anaphase (begins at
t = 0:00). Images represent a single z-plane. Scale bars = 5 pym.

B) Spindle pole-to-pole distance during anaphase (aligned to anaphase onset at t = 0).
Spindles initially elongate at indistinguishable rates (mean rates calculated over gray
boxed area), but ultimately elongate more in doubly inhibited spindles. Lines and shaded
regions indicate mean * s.e.m. of 20 cells (control) or 18 cells (NUMA-KO+STLC) pooled
from 4 independent days. See also Figure 2.10.

C) Distance between the two segregating chromosome masses in anaphase (anaphase
onset at t = 0), same cells as (B). Chromosomes initially segregate at indistinguishable
rates (mean rates calculated over gray boxed area), but segregate a greater total distance
in doubly inhibited spindles. Lines and shaded regions indicate mean + s.e.m. See also
Figure 2.10.

D) Representative confocal images of GFP-tubulin-labeled control (left) and NuMA-
KO+STLC (right) RPE1 anaphase cells, showing a single timepoint from live imaging.
Spindles are colored by z-plane. Scale bars = 5 ym.

E) Spindle pole end-on views (90° rotation compared to view in (D)) of tracked interpolar
microtubule bundles in control and NUMA-KO+STLC anaphase spindles. Arrow vectors
represent the displacement of each bundle per um traversed along the pole-to-pole axis,
moving towards the viewer. n = 370 bundles, pooled from 40 cells in 5 independent
experiments (control) and n = 238 bundles, pooled from 26 cells in 5 independent
experiments (NUMA-KO+STLC).

F) Helicity of individual interpolar microtubule bundles, measured in degrees rotated (0)
around the pole-to-pole axis per um traversed (d) along the pole-to-pole axis for each
bundle. Schematic illustration of the helicity measurement shown in inset. Plot includes
the same bundles tracked in (E). ****, p < 0.00005, two-sample t-test. Error bars represent
mean = s.d. See also Figure 2.11.

G) Representative confocal images of control and NuMA-KO+STLC RPE1 anaphase
cells stably expressing GFP-tubulin (not shown) and mCherry-H2B (cyan, maximum
intensity projections, single frame from live imaging), showing lagging chromosomes in
the NUMA-KO+STLC cell. Scale bars =5 pym.

H) Percentage of anaphase cells with lagging chromosomes or chromosome bridges,
showing increased segregation defects in NUMA-KO+STLC cells. n = 84 control cells
pooled from 6 independent experiments; n = 35 NUMA-KO+STLC cells pooled from 5
independent experiments. **** p < 0.00005, Fisher’s exact test.
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Figure 2.6. Model for opposing active stresses providing mechanical and functional
robustness to the human spindle.

The spindle has opposing contractile and extensile stresses generated by NuMA/dynein
(dark green) and Eg5 (dark purple), respectively. Without these opposing active stresses
(center), the human spindle retains its steady-state shape and size, due in part to the
activities of the motors HSET (light green) and KIF15 (light purple) and the crosslinker
PRC1 (black). However, these doubly inhibited spindles have reduced internal
organization (gray gradient) and dynamics (gray arrows). These spindles are more
structurally fragile when subjected to force at metaphase (top right), become highly
twisted at anaphase, and exhibit chromosome segregation errors (lower right). We
propose that opposing active stresses give rise to mechanical and functional robustness
by increasing the spindle’s microtubule organization and dynamics, and by tuning its
material properties (springs, elasticity; dashpots, viscosity) to limit the magnitude and
timescale of allowed deformations. Together, this work suggests a design principle
whereby opposing active force generators promote mechanical and functional robustness
of cellular machines.
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Supplemental figures and figure legends
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Figure 2.7. Additional analysis of NuMA- and Eg5-doubly inhibited spindles, related
to Figure 2.1.

A) Western blot of NuMA and HSET levels in RPE1 cells after DOX-induced Cas9
expression for the indicated number of days. Although NuUMA and HSET both perform
microtubule minus end clustering in the spindle, HSET is not upregulated during NuMA
knockout. Tubulin is shown as a loading control, and quantifications are normalized to the
tubulin level in each lane.

B) Representative immunofluorescence images (sum projections) of inducible NuMA-KO
RPE1 cells with or without DOX induction of Cas9 for 4 days. Cells are stained for tubulin
(left) and NuMA (right). Scale bar = 5 pm.

C) Quantification of NuMA intensity in immunofluorescence images (sum projections),
normalized to tubulin intensity. Control (-DOX) metaphase cells were compared to NuMA-
KO (+DOX) cells with turbulent spindles. n = 39 cells (-DOX) and 53 cells (+DOX) from
one experiment. Error bars represent mean + s.d.

D) Cell viability after DOX-induced Cas9 expression for the indicated number of days, in
the RPE1 NuMA-KO (green) and DHC-KO (purple) cell lines. The 4-day DOX treatment
used throughout this study was chosen to optimize for full protein depletion while retaining
adequate cell viability. Viability was measured using the CellTiter-Glo assay. Error bars
represent mean % s.d.

E) Spindle outcomes in NUMA-KO cells, 90 minutes after addition of 5 or 40 uM STLC.
Number of spindles indicated on each bar, pooled from =3 independent experiments. n.s.,
not significant, Fisher’s exact test.

F) Timelapse confocal images of RPE1 NUMA-KO+STLC cells, stably expressing GFP-
tubulin (gray) and mCherry-H2B (cyan). Spindles recover bipolarity after 5 yM STLC
addition at time 0:00. White arrows indicate pole unfocusing, and yellow arrows indicate
k-fibers that dynamically splay and reincorporate into the bipolar spindle. The tubulin
channel shows maximum intensity projections of 5 planes spaced 0.5 ym apart, while the
H2B channel shows single z-planes. Scale bars = 5 uym.

G) STLC washout experiment. NUMA-KO cells were synchronized overnight with RO-
3306, released into mitosis to form turbulent spindles, and treated with 5 yM STLC. After
spindles established bipolarity, cells were washed 4 times at t = 45 min into plain media
or media containing 5 yM STLC, and spindle outcomes were scored 90 min later. In both
conditions, many spindles progressed to anaphase within 90 min; the remainder became
expanded or re-established turbulence in the absence of STLC (media) or mostly
maintained their bipolar structures (STLC). Thus, continued inhibition of Eg5 is required
for long-term maintenance of bipolarity. n = 32 spindles (media) and 23 spindles (STLC)
pooled from 3 independent experiments.
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Figure 2.8. Validation of RNAi depletions, related to Figure 2.2.

A) Western blot of NuUMA, KIF15, and HSET levels in RPE1 cells with or without DOX
induction of Cas9 for 4 days, and transfected with siRNA targeting luciferase (Control) or
HSET for 48 hours, or siRNA targeting KIF15 for 24 hours. Tubulin is shown as a loading
control, and quantifications are normalized to the tubulin level in each lane. While NuUMA-
KO efficiency at the population level varied between experiments, NUMA-KO was verified
in each individual cell, for all experiments, based on NuUMA immunofluorescence or live
imaging of the turbulent phenotype prior to STLC addition.

B) Western blot of NUMA and PRC1 levels in RPE1 cells with or without DOX induction
of Cas9 for 4 days, and transfected with siRNA targeting luciferase (Control) or PRC1 for
24 hours. Tubulin is shown as a loading control, and quantifications are normalized to the
tubulin level in each lane.

C) Western blot of NuMA and Hec1 levels in RPE1 cells with or without DOX induction of
Cas9 for 4 days, and transfected with siRNA targeting luciferase (Control) or Nuf2 for 48
hours. RNAI targeting Nuf2 or Hec1 has been shown to result in the depletion of both
proteins [131]. Tubulin is shown as a loading control, and quantifications are normalized
to the tubulin level in each lane.
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Figure 2.9. Dynein- and Eg5-doubly inhibited spindles, but not Eg5-inhibited
spindles, are mechanically fragile, related to Figure 2.4.

A) Timelapse confocal images of a control RPE1 cell stably expressing GFP-tubulin
(gray), treated with 5 uM STLC during metaphase at t = -19:00 and confined beginning at
t = 0:00. The spindle shrinks after Eg5 inhibition and then expands during confinement,
but remains structurally intact. Cells that had not collapsed into monopoles by 15 min
post-STLC addition were chosen to follow during confinement. Scale bar = 5 ym.

B) Timelapse confocal images of a DHC-KO RPE1 cell stably expressing GFP-tubulin
(gray), treated with 5 yM STLC at t = -39:00 and confined beginning at t = 0:00. The
spindle re-establishes bipolarity after Eg5 inhibition and then expands during confine-
ment, and structurally fails as k-fibers detach from spindle poles. Scale bar = 5 ym.

C) Percentage of spindles that structurally fail under confinement, defined qualitatively as
a loss of continuity between k-fibers and poles. Similarly to NUMA-KO + STLC spindles,
DHC-KO + STLC doubly inhibited spindles (purple) structurally fail earlier and more
frequently than control spindles (blue). Spindles with only Eg5 inhibited (STLC; green)
were never observed to fail. n = 12 control (same spindles as shown in Figure 2.4), 9
STLC, and 7 DHC-KO + STLC spindles pooled from =3 independent experiments.
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Figure 2.10. Comparison of anaphase movements in control and doubly inhibited
spindles, related to Figure 2.5.

A) Average spindle elongation rate (change in pole-to-pole distance per min) in the period
from 30-180 s after anaphase onset, corresponding to the gray shaded box in Figure
2.5B, in control and NuMA-KO+STLC RPE1 cells.

B) Average chromosome segregation rate (change in distance between chromosome
masses per min) in the period from 30-180 s after anaphase onset, corresponding to the
gray shaded box in Figure 2.5C, in control and NUMA-KO+STLC cells.

C) Pole-to-pole distance 9 min after anaphase onset, when spindle elongation has largely
ceased, in control and NuMA-KO+STLC cells.

D) Chromosome segregation distance 9 min after anaphase onset, when chromosome
segregation has largely ceased, in control and NUMA-KO+STLC cells. For (A)-(D), each
dot represents one cell. Data include the same 20 control and 18 NuMA-KO+STLC cells
shown in Figures 2.5B-C, pooled from 4 independent experiments. ****, p < 0.00005, n.s.,
not significant, two-sample t-test. Error bars indicate mean * s.d.
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Figure 2.11. Additional analysis of spindle twist in control and doubly inhibited
spindles, related to Figure 2.5.

A) Helicity of individual metaphase k-fibers, measured in degrees rotated around the pole-
to-pole axis per uym traversed along the pole-to-pole axis. Each dot represents one k-fiber.
The mean helicity of control k-fibers is 0.08°/um, while NUMA-KO+STLC k-fibers have a
left-handed average helicity of -1.08°/um. n = 155 k-fibers from 19 cells (control) and 99
k-fibers from 12 cells (NUMA-KO+STLC), pooled from 3 (control) or 2 (NUMA-KO+STLC)
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independent experiments. **, p = 0.0027, two-sample t-test. Error bars indicate mean +
s.d.

B) Mean helicity of metaphase k-fibers per cell (each dot represents one cell), including
the same data as (A). Metaphase twist is not consistently left- or right-handed for control
or NuMA-KO+STLC spindles. **, p = 0.0039, two-sample t-test. Error bars indicate mean
ts.d.

C) Mean helicity of anaphase interpolar bundles per cell (each dot represents one cell),
including the same control and NuMA-KO + STLC cells as Figures 2.5E-F. NuMA-
KO+STLC spindles all exhibit left-handed twist, while twist in control and STLC-treated
spindles is not consistently left- or right-handed. n = 40 cells (control), 10 cells (STLC),
and 26 cells (NuUMA-KO + STLC), pooled from 5 (control and NuMA-KO + STLC) or 3
independent experiments (STLC). ****, p < 0.00005; n.s., not significant; two-sample t-
test. Error bars indicate mean + s.d.

D) Scatterplot of anaphase spindle length vs. mean helicity of interpolar bundles (each
dot represents one cell), including the same data as (C) and Figures 2.5E-F. Mean helicity
is not correlated with the extent of anaphase spindle elongation for either control or
NuMA-KO+STLC cells, suggesting that spindles do not markedly twist or untwist as
anaphase progresses.
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Materials and methods
Experimental model details

All cell lines were generated from an hTERT-RPE1 cell line (female human retinal
epithelial cells) stably expressing neomycin-resistant tet-on SpCas9, a gift from I.
Cheeseman [106]. Cell lines additionally expressed a puromycin-selectable sgRNA
targeting NuMA or dynein heavy chain [27]. All cell lines were cultured at 37° and 5% CO-
in DMEM/F12 (11320, Thermo Fisher) supplemented with 10% tetracycline-screened
FBS (PS-FB2, Peak Serum). Fluorescently tagged proteins were introduced by
transduction with blasticidin-resistant GFP-tubulin, mCherry-H2B, or PA-GFP-tubulin
lentivirus, produced in HEK293T cells, supplemented with 10 pg/ml polybrene. Cell lines
were selected with 5 pg/ml puromycin and 5 ug/ml blasticidin. SpCas9 expression was
induced by the addition of 1 ug/ml doxycycline hyclate 4 days before each experiment,

refreshed after 24 and 48 h.

Transfection and small molecule treatments

For siRNA knockdowns, cells were transfected with 50 pmol siRNA targeting
luciferase as a negative control (5-CGUACGCGGAAUACUUCGA-3’, 48 h), HSET (5’-
UCAGAAGCAGCCCUGUCAA-3’, 48 h) [36], KIF15 (5-GGACAUAAAUUGCAAAUAC-3’,
24 h) [48], PRC1 (5- GUGAUUGAGGCAAUUCGAG-3', 24h) [132], or Nuf2 (5-
AAGCATGCCGTGAAACGTATA-3’, 48h) [133] using Lipofectamine RNAIMAX
(13778075, Thermo Fisher) according to the manufacturer’'s recommendations.
Chromosomes were labeled in the inducible DHC-KO cell line (Figures 2.1C, 2.11, 2.1J)

by incubating cells in 1 uM SiR-DNA and 10 uM verapamil (CY-SC007, Cytoskeleton Inc.)
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for 60 min prior to imaging. For photomarking experiments (Figures 2.3D-E), microtubules
were labeled by incubating cells with 100 nM SiR-tubulin and 10 uM verapamil (CY-
SC002, Cytoskeleton Inc.) for 60 min prior to imaging. For all experiments, cells were
synchronized at the G2/M checkpoint by overnight treatment with 9 yM of the Cdk1
inhibitor RO-3306. Cells were released into mitosis by 4 washes in warm media, after
which cells were imaged from prometaphase (controls, approximately 30 min after
washout) or from reaching the turbulent state (NuMA- or DHC-KO, approximately 60 min
after washout). Eg5 motor activity was inhibited by addition of S-trityl-L-cysteine (final
concentration 5 yM or 40 uM as indicated, 164739, Sigma). For experiments where Eg5
was inhibited in wild-type cells, 5 yM STLC was added to metaphase bipoles (Figure 2.9)
or added at anaphase onset (Figure 2.11C). To bypass the spindle assembly checkpoint
(Figure 2.1J), the MPS1 inhibitor reversine (final concentration 500 nM, R3904, Sigma)
was added 45 min after STLC. F-actin and microtubules were disrupted (Figure 2.2) using
Latrunculin A (final concentration 500 nM, L12370, Invitrogen) or nocodazole (final
concentration 30 nM, M1404, Sigma-Aldrich), added at the same time as STLC. To
measure cell viability, cells were plated in black-walled 96-well plates at 700 cells/well on
day 0, doxycycline hyclate (1 ug/ml) was added to the media on the indicated days, and
viability was measured on day 5 using the CellTiter-Glo assay (Promega) according to
the manufacturer’s instructions. Luminescence was detected using a Veritas Microplate

Luminometer (Turner BioSystems).
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Microscopy

For live imaging, cells were plated onto #1.5 glass-bottom 35 mm dishes coated
with poly-D-lysine (P35G-1.5-20-C, MatTek Life Sciences) and imaged in a humidified
stage-top incubator maintained at 37° and 5% CO- (Tokai Hit). Fixed and live cells were
imaged on a spinning disk (CSU-X1, Yokogawa) confocal inverted microscope (Eclipse
Ti-E, Nikon Instruments) with the following components: Di01-T405/488/561/647 head
dichroic (Semrock); 405 nm (100 mW), 488 nm (150 mW), 561 nm (100 mW) and 642 nm
(100 mW) diode lasers; ET455/50M, ET525/50M, ET630/75M, and ET705/72M emission
filters (Chroma Technology); and a Zyla 4.2 sCMOS camera (Andor Technology). Images
were acquired with a 100x 1.45 Ph3 oil objective using MetaMorph 7.10.3.279 (Molecular
Devices). Photomarking experiments (Figures 2.3D-E) were performed on an OMX-SR
inverted microscope (GE Healthcare) with the following components: three PCO Edge
5.5 sCMOS cameras; an environmental chamber maintained at 37° and 5% CO- (GE
Healthcare); and a Plan ApoN 60x 1.42 oil objective. Photoactivation was performed with

a single 20 ms pulse of 405 nm light targeted to a rectangular region of interest.

Immunofluorescence

For immunofluorescence, cells were plated onto acid-cleaned #1.5 25 mm
coverslips coated with 0.1% gelatin solution. Cells were fixed in methanol at -20°C for 3
min, washed with TBST (0.05% Triton-X-100 in TBS), and blocked with 2% BSA in TBST.
Antibodies were diluted in TBST + 2% BSA and incubated overnight at 4°C (primary
antibodies) or 45 min at room temperature (secondary antibodies). DNA was labeled with

1 pg/ml Hoechst 33342 for 20 min, prior to mounting on slides with ProLong Gold Antifade
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Mountant (P36934, Thermo Fisher). The following primary antibodies were used: mouse
anti-a-tubulin (1:1,000, T6199, Sigma; RRID:AB_477583), rat anti-a-tubulin (1:500,
MCA77G, Bio-Rad; RRID:AB_325003), rabbit anti-NuMA (1:300, NB500-174, Novus
Biologicals; RRID:AB_10002562), and mouse anti-a-tubulin AlexaFluor 488 conjugate
(1:50, added with secondary antibodies, 8058S, Cell Signaling Technology;
RRID:AB_10860077). The following secondary antibodies were used at a 1:400 dilution:
goat anti-rabbit AlexaFluor 568 and AlexaFluor 647 (A-11011 and A-21244, Thermo
Fisher; RRID:AB_143157 and RRID:AB_2535812), goat anti-rat AlexaFluor 488 (A-
11006, Thermo Fisher; RRID:AB_2534074), and goat anti-mouse AlexaFluor 488 (A-
11001, Thermo Fisher; RRID:AB_2534069). Brightness/contrast for each channel was

scaled identically within each immunofluorescence experiment shown.

Western blotting

Cells in 6-well plates were lysed, and protein extracts were collected after
centrifugation at 4°C for 30 min. Protein concentrations were measured using a Bradford
assay kit (Bio-Rad), and equal concentrations of each sample were separated on a 3-8%
Tris-Acetate or 4-12% Bis-Tris gel (Invitrogen) by SDS-PAGE and transferred to a
nitrocellulose membrane. Membranes were blocked with 4% milk, incubated in primary
antibodies overnight at 4°C, and incubated with HRP-conjugated secondary antibodies
for 1 h. Proteins were detected using SuperSignal West Pico or Femto chemiluminescent
substrates (Thermo Fisher). The following primary antibodies were used: mouse anti-o-
tubulin (1:5,000, T6199, Sigma; RRID:AB_477583), rabbit anti-NuMA (1:1,000, NB500-

174, Novus Biologicals; RRID:AB_10002562), rabbit anti-KIF15 (1:500, A302-706A,
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Bethyl Laboratories; RRID:AB_10748366), mouse anti-KifC1 (M-63; 1:500, sc-100947,
Santa Cruz Biotechnology; RRID:AB_2132540), mouse anti-NDC80 (1:500, NB100-338,
Novus Biologicals; RRID:AB_10000917), and mouse anti-PRC1 (1:300, 629002,
Biolegend; RRID:AB_2169531). The following secondary antibodies were used at a
1:10,000 dilution: goat anti-mouse IgG-HRP (sc-2005, Santa Cruz Biotechnology;
RRID:AB_631736) and mouse anti-rabbit IgG-HRP (sc-2357, Santa Cruz Biotechnology;

RRID:AB_628497).

Cell confinement

Cells were confined as described previously [115], using a suction cup device
adapted from Le Berre et al. [114]. Briefly, PDMS pillars 5 ym in height (200 um diameter,
700 ym spacing) were attached to a 10 mm-diameter coverslip, and were lowered onto
cells using negative pressure generated manually using a 1 ml syringe. Pillars were
gradually lowered onto cells over ~2 min, and maximum confinement (at a cell height of
5 ym) was sustained for an additional 20 min. Cells were excluded from analysis if the
final confined height was >5 ym, suggesting that the cell’'s surroundings on the coverslip
prevented full confinement, or if the separation between sister chromosomes became
indistinguishable, suggesting chromosome decondensation, e.g. resulting from cell

rupture.

Quantification of spindle shape and failure
Spindle length and width were measured manually using the line selection tool in

FIJI (Imaged version 2.0.0-rc-69/1.52p). For control and NuMA-KO+STLC cells, length
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was measured as the distance between the two spindle poles, and width was measured
at the widest part of the spindle across the metaphase plate. Aspect ratio was determined
by dividing length by width. For turbulent NuMA-KO spindles and compressed spindles
after structural failure, spindle axis directions were approximated from chromosome
positions, and length and width were measured as the longest extent of spindle
microtubules in these directions (see Figure 2.1E). For Figures 2.1F-H, spindle
dimensions were measured after reaching a bipolar metaphase (control and NuMA-
KO+STLC) or 45 min after the start of imaging (NuUMA-KO). For Figures 2.11, 2.1J, and
2.2B, spindle architecture and anaphase entry were scored at 90 min after STLC addition,
and cells that were imaged for <90 min were excluded. Spindle failure (Figure 2.4F and

Figure 2.9C) was defined as a loss of visible connectivity between k-fibers and the pole.

Quantification of NuMA levels

To compare NuMA intensity in control cells versus cells in which NuMA knockout
had been induced, we quantified sum intensity projections of 21 z-planes spaced 0.35
um apart. Using a custom MATLAB program (version R2020a), cell areas were
segmented using a low tubulin threshold, and mean NuMA and tubulin intensities were
measured within this region. NuMA intensities were normalized for each cell by dividing
by the corresponding tubulin intensity. For the +DOX condition, only spindles with a
disorganized phenotype (a single snapshot of a turbulent spindle) were analyzed,

consistent with the criterion of spindle turbulence used for all live imaging experiments.
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Fluorescence intensity profiles

Fluorescence intensity profiles along the pole-to-pole axis (Figures 2.3B-C) were
quantified from sum intensity projections of 21 z-planes spaced 0.35 ym apart. Using a
custom MATLAB program, images of tubulin fluorescence were passed through a median
filter (3x3 pixels) and spindle areas were segmented using a tubulin intensity threshold.
Based on the major axis angle of the segmented spindle, images were rotated so that the
pole-to-pole axis was horizontal. At each of 21 positions (0%, 5%, 10%...100%) along the
pole-to-pole axis, the mean tubulin and Hoechst intensities were calculated from the 1-
pixel-wide column of all pixels contained within the spindle boundaries. Finally, these 21-

point profiles were normalized to the maximum value for each spindle.

Flux rate

SiR-tubulin image sequences were aligned using a Rigid Body transformation, and
the corresponding PA-GFP-tubulin image sequence was registered using the
MultiStackReg plugin (version 1.45) to remove overall spindle drift. FIJI’'s segmented line
selection tool with spline fitting was used to trace 2-3 k-fibers per spindle, and kymographs
were generated from the PA-GFP-tubulin channel for each k-fiber using the Multi
Kymograph plugin with a linewidth of 3 pixels. In MATLAB, the intensity values in each
kymograph were smoothed with a moving mean calculated over a sliding 5-pixel window,
and the position of maximum intensity was determined for each timepoint. Linear
regression was performed on the positions of these maxima to determine the rate that the

photomark moved polewards, using the MATLAB fit function of type ‘poly1’.
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Time correlation function of spindle shape

Timelapse image sequences were registered in FlJI using the Rigid Body option
of the StackReg plugin [134]. Spindles were segmented in FIJI by smoothing,
despeckling, background subtraction, and thresholding with Otsu’s method. In MATLAB,
thresholded binary image sequences were cropped to a 33x33 ym box centered at the
spindle’s centroid, and spindle masks were further refined by filling holes and removing
small objects. The correlation coefficient was calculated, using the MATLAB corr2
function, between all pairs of binarized frames separated by lag time At, where At = 0.5,
1, 1.5, ... 9.5 min. To determine shape correlation as a function of lag time, correlation

coefficients were averaged for each lag time and fit to the exponential function r = a *

e(_?)*lag tme 4 p using MATLAB's curve fitting tool [27].

Anaphase segregation rates

Cells analyzed in Figures 2.5B, 2.5C, and 2.10 were imaged every 30 s from late
metaphase through telophase. Anaphase onset was defined as the first frame with
detectable chromosome separation. In each frame, the distance between the two spindle
poles and the distance between the centers of the two chromosome masses were
measured manually with the line selection tool in FIJI. Elongation and segregation rates
were determined by linear regression of data between t = 30 s and t = 180 s, using the

MATLAB fit function of type ‘poly1’.
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Microtubule bundle helicity

Helicity was analyzed similarly to the method described in Novak et al. [71]. We
acquired z-stacks of GFP-tubulin-labeled spindles from live metaphase and anaphase
cells. Z-axis calibration was performed using a FocalCheck slide #1 (F36909, Thermo
Fisher), and the preservation of handedness throughout the optical train was validated by
imaging a 3mm-diameter spring of known handedness with a 10x objective. Z-stacks
were manually rotated in FIJI such that the pole-to-pole axis was horizontal. Image
coordinates (X, y, z) were permuted to (z, x, y) in MATLAB, creating a series of spindle
cross-sections as if viewed end-on from the pole. The rotated image stacks were
background-subtracted and despeckled to facilitate bundle tracking. Spindle poles were
marked and individual bundles were traced in FIJI using the MTrackdJ plugin [135], with
cursor snapping to the bright centroid of a 15x15 pixel box enabled. In MATLAB, tracked
bundle and pole positions were transformed so that both poles lay on the x-axis,
accounting for spindle tilt. Tracked points were excluded if they lay outside the central 30-
70% of the pole-to-pole axis. Bundles were excluded from further analysis if their mean
radial distance from the central pole-to-pole axis was <2 uym, or if they contained fewer
than 20 points (corresponding to a minimum track length of 1.16 um). The angle between
the first and last point in each bundle track was calculated with respect to the central pole-
to-pole axis, and this angle was divided by the distance traversed along the pole-to-pole

axis to calculate helicity.
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Quantification of chromosome segregation errors

Segregation errors (Figures 2.5G and 2.5H) were determined from z-stacks of
mCherry-H2B fluorescence, acquired with 1 ym spacing and covering the entire spindle
height at a single timepoint during live imaging. Segregation errors included lagging
chromosomes, defined here as one or more chromosomes completely separated from
the rest of the chromosome mass, and chromosome bridges, defined here as an

extended chromosome pair connecting the two segregating masses.

Statistical analysis

Details of statistical tests and sample sizes (number of cells and number of
independent experiments) are provided in figure legends. Fisher's exact tests were
performed to compare categorical datasets, using the fishertest function in MATLAB for
2x2 comparisons and the fisher.test function in R (version 4.0.1) for 2x3 comparisons.
Two-sided two-sample t-tests were performed to compare continuous datasets using the
ttest2 function in MATLAB, based on the assumption that spindle length and width, flux
rate, anaphase segregation rate, and helicity are approximately normally distributed. We
used p < 0.05 as the threshold for statistical significance. Linear regressions (Figures
2.3E, 2.5B, 2.5C, 2.10A, and 2.10B) and exponential decay fits (Figure 2.4E) were

performed in MATLAB.
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Chapter 3: Torques within and outside the human spindle balance twist at

anaphase
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Abstract

At each cell division, nanometer-scale motors, crosslinkers, and microtubules give
rise to the cellular-scale spindle. Although many mitotic motors have been shown to walk
in helical paths around microtubules in vitro, the human spindle exhibits only slight global
twist. This raises the question of how molecular torques are balanced to build a nearly
achiral spindle. Here, we define the mechanisms that generate and resist twist in the
anaphase spindle. Live imaging of human MCF10A cells, using confocal and lattice light-
sheet microscopy, reveals that their spindles have higher baseline twist than previously
characterized cell lines and that it peaks at anaphase. The midzone motors KIF4A and
MKLP1, which contribute to anaphase spindle elongation, redundantly contribute to left-
handed twist, while LGN and dynein, components of the cortical force-generating
machinery, counteract twist. Together, our results demonstrate that factors both within the
spindle and at the cell periphery generate competing torques to maintain the spindle’s

slight left-handed twist during chromosome segregation.
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Introduction

At each cell division, the cellular-scale spindle self-organizes from nanometer-
scale molecular components to divide the genome. While the identities of nearly all these
building blocks are known [2], many questions remain about how they together give rise
to the architecture, mechanics, and function of the spindle as an ensemble. Mitotic
motors, over a dozen species of which are present in the human spindle, illustrate this
gap: although the motility and force-generating capacity of many motors have been
closely studied in vitro [136, 137], it remains poorly understood how motors are regulated
in the dense microtubule network of the spindle to give rise to larger-scale microtubule
motifs.

Many motors have been found to side-step with a directional preference in vitro,
resulting in helical motility around the microtubule track. The torque produced by the
helical motility of Ncd, one of several mitotic kinesins that crosslink and slide microtubule
pairs, is sufficiently strong to twist and coil two microtubules around each other [76]. The
plus-end-directed mitotic kinesins Eg5 (a human kinesin-5) [72], Kip3 (a yeast kinesin-8)
[74, 126], and ZEN-4 (the Caenorhabditis elegans ortholog of the kinesin-6 MKLP1) [73]
have a left-handed stepping bias with short helical pitches on the order of ~1 um. The
minus-end-directed kinesin-14 Ncd [76, 77] as well as mammalian dynein-dynactin-BicD2
and dynein-dynactin-BicDR1 complexes [75], by contrast, have a right-handed stepping
bias. These torques would be expected to additively twist the spindle in a left-handed
direction, yet the human spindle exhibits only a weak left-handed twist on average [71,

78]. It is not known how these molecular-scale torques are balanced in the spindle.
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The spindle’s left-handed twist was first quantified in metaphase HeLa and U20S
cells [71]. Spindle twist has been proposed to allow the spindle to accommodate
mechanical load along the pole-to-pole axis [78], although its functional importance for
chromosome segregation remains to be shown. Twist differs between cell types, with
spindles in RPE1 cells having weaker twist than HeLa or U20S spindles, and between
mitotic phases, peaking around anaphase onset [78]. Several motors have been
demonstrated to contribute to spindle twist in the expected direction. Inhibiting Eg5 or
depleting the kinesin-8 KIF18A reduces the spindle’s left-handed twist, suggesting that
torques generated by biased motor stepping are relevant to the twist of the spindle as a
whole [71, 78]. Only one perturbation has been demonstrated to increase the spindle’s
left-handed twist: our previous work described in Chapter 2 revealed that in RPE1
spindles, knockout of dynein’s targeting factor NuMA, combined with Eg5 inhibition to
maintain spindle bipolarity, leads to strong left-handed twist at anaphase [59]. Although it
remains unknown how NuMA deletion increases spindle twist, the finding that twist can
be either strengthened or abrogated by depleting various spindle factors raises the
question of how opposing torques are generated and resisted to set spindle twist.

Here, we ask how torques are balanced so that the spindle exhibits only slight
global twist. We find that spindles in the human mammary epithelial cell line MCF10A
exhibit stronger baseline twist than previously characterized cell lines, and show via lattice
light-sheet microscopy that this twist peaks in anaphase. The motors KIF4A and MKLP1,
which redundantly contribute to spindle elongation at anaphase, are also redundantly
required for left-handed spindle twist, while the cortical force-generating machinery of

LGN and dynein counteract this twist. Finally, we observe that the actin cytoskeleton is
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required for the anaphase spindle’s left-handed twist. Together, our results show that
factors both within the spindle and at the cell periphery generate competing torques to

maintain the spindle’s slight left-handed twist at anaphase.
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Results
MCF10A cells exhibit high baseline twist that peaks in late metaphase and anaphase

To investigate torque regulation in the spindle, we sought to identify a cell line in
which spindles exhibited higher baseline twist than that observed in previously
characterized cell lines. We reasoned that because twist differs between the human cell
lines RPE1, HelLa, and U20S [59, 71, 78], other human cell lines may exhibit stronger
twist, and that this would allow us greater dynamic range to study factors that both
increase and decrease twist. We quantified twist using the optical flow method [78] in
which we live-imaged full spindle volumes, computationally rotated the images to view
the spindle along the pole-to-pole axis, and calculated the displacement fields of pixel
intensities between successive frames from 30% to 70% of the pole-to-pole axis (Figure
3.1A). These flow vectors were converted to polar coordinates and averaged to produce
a single twist value per spindle. We found that the non-transformed mammary epithelial
cell line MCF10A [138] met our criterion, with visually apparent left-handed twist in
unperturbed cells at anaphase. Quantifying twist, we found that MCF10A cells labeled
with either SiR-tubulin or overexpression of GFP-tubulin exhibited significant left-handed
twist (negative helicity), while the twist of anaphase RPE1 and U20S spindles did not
significantly differ from O (Figure 3.1B). Although U20S cells were previously reported to
exhibit left-handed twist [71], our inability to detect twist here may be due to the difference
in mitotic stage or to the reduced signal-to-noise ratio of the spindle midzone in horizontal
spindles labeled with GFP-tubulin rather than GFP-PRC1.

Our comparison between different human cell lines was performed by live confocal

imaging of a single timepoint per cell, leading us to wonder how twist changes during
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mitotic progression in MCF10A spindles. To image dividing cells volumetrically at high
time resolution, we used lattice light-sheet microscopy (Figure 3.1C). This imaging
modality allowed us to obtain isotropic resolution with minimal phototoxicity, ideal for
studying three-dimensional spindle architecture over time. Comparing the profiles of 16
cells revealed several novel features of spindle twist. There was an almost 3-fold cell-to-
cell variability in twist magnitude, with peak helicities varying from -0.98 to -2.75°/um. Left-
handed twist became stronger in the final minutes of metaphase, consistent with previous
findings in HeLa and RPE1 cells [78]. Twist was maintained throughout early and mid-
anaphase for approximately 3 minutes, before sharply dissipating in late anaphase. Given
the sustained period of high twist in the first few minutes of anaphase, and given our
previous findings in NuMA-KO and Eg5-inhibited RPE1 cells suggesting anaphase-
specific mechanisms of twist regulation [59], we focused thereafter on studying torques

in anaphase MCF10A cells.

The midzone motors KIF4A and MKLP1 redundantly promote left-handed twist in the
anaphase spindle

We next asked what factors give rise to the spindle’s left-handed twist at anaphase.
Although the motors Eg5 and KIF18A have been shown to promote left-handed twist at
metaphase [71, 78], many mitotic motors undergo changes in localization and function at
anaphase, and the molecular basis of anaphase spindle twist has not been studied. As
anaphase progresses, several motors and other microtubule-associated proteins become
compacted in the spindle midzone where antiparallel microtubules overlap, and midzone-

localized motors including KIF4A, Eg5, MKLP1, and MKLP2 redundantly power spindle
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elongation [119] (Figure 3.2A). We hypothesized that these plus-end-directed kinesins
may generate left-handed torques in the spindle, due to their localization at key
microtubule overlaps and due to the left-handed torque generation demonstrated in vitro
for the plus-end-directed kinesins tested to date. We first probed the contribution of
KIF4A, but siRNA depletion of KIF4A did not significantly change spindle twist compared
to a control knockdown (Figures 3.2B-C; Figures 3.5A-B). We also tested the role of
MKLP1, since the C. elegans ortholog of this motor has been shown to have a left-handed
stepping bias in vitro [73]. Although mean spindle helicity increased by 0.34°/um (towards
the untwisted mean of 0°/um) upon MKLP1 knockdown, this modest effect did not reach
statistical significance (Figures 3.2B-C; Figures 3.5C-D). When we co-depleted KIF4A
and MKLP1, however, spindles were significantly less twisted with a mean helicity of -
0.38°/um (Figures 3.2B-C; Figure 3.5E). This suggests that in addition to their redundant
roles in spindle elongation, the midzone motors KIF4A and MKLP1 redundantly generate

left-handed torques to twist the anaphase spindle.

The cortical force-generating machinery counteracts left-handed twist in the anaphase
spindle

The torques generated by dynein and the kinesins studied to date should tend to
additively twist the spindle in a left-handed direction, yet the spindle exhibits much weaker
twist than the helical pitch of these individual motors. Thus, we sought to understand
whether any factors are required to oppose left-handed torques in the spindle. Our
previous work in RPE1 cells identified NuMA, a large coiled-coil protein that recruits

dynein and dynactin to microtubule minus ends (Figure 3.3A) [29], as the first known
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factor whose deletion increases the spindle’s left-handed twist [59]. Based on this finding,
we first tested the hypothesis that dynein regulates spindle twist in the opposite direction
from the left-handed torques described above. Depleting dynein heavy chain indeed led
to stronger left-handed twist in anaphase MCF10A spindles (Figures 3.3B-C; Figure
3.5F).

As described above, mammalian dynein-dynactin-BicD2 or -BicDR1 complexes
have a slight right-handed stepping bias in vitro [75]. Given dynein’s minus-end-directed
motility, such a stepping bias within the spindle would be expected to add to the spindle’s
global left-handed twist. We thus considered the possibility that a different pool of
dynein—the cortical complexes of NuMA-dynactin-dynein at the cell cortex—could give
rise to the increased spindle twist we observed upon dynein depletion. These cortical
complexes generate pulling forces on astral microtubules to position the spindle within
the cell [139], and we reasoned that they might affect spindle twist in the opposite direction
by generating torque from the opposite side of spindle poles. We probed the role of this
pool of dynein by depleting LGN, a protein that interacts with membrane-anchored Gai;
proteins and one of several factors that recruits NuMA to the cortex during mitosis [140-
143]. LGN knockdown increased the spindle’s left-handed twist to an average of -
1.21°/um, significantly stronger twist than that of control-depleted cells and almost as
strong as that of dynein-depleted cells (Figures 3.3B-C; Figure 3.5G). We conclude that
the cortical spindle positioning machinery consisting of LGN, NuMA, and dynein

counteracts left-handed twist in the anaphase spindle.
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The actin cytoskeleton is required for left-handed twist at anaphase

Finally, we probed the contribution of the actin cytoskeleton to spindle twist. Chiral
flows of cortical actin have been shown to bias spindle orientation in early embryos of the
nematode C. elegans and the snail Lymnaea stagnalis, serving as the initiating event in left-
right symmetry breaking for the developing body plan [144-147]. Furthermore, intrinsic
chirality has been demonstrated for the actin cytoskeleton in cultured human fibroblasts
[148], and we wondered whether chiral actin structures or flows could contribute to spindle
twist. We disrupted F-actin by treating MCF10A cells with latrunculin A (LatA), and found
that this abrogated the anaphase spindle’s left-handed twist (Figures 3.4A-B). By
contrast, treating cells with the ROCK inhibitor Y27632 or the myosin Il inhibitor
blebbistatin did not affect spindle twist (Figures 3.4A-B). We confirmed the activity of
blebbistatin by imaging cells later in anaphase, when it blocked cytokinetic furrow
ingression similarly to LatA (Figures 3.5H-l). These results suggest that the actin
cytoskeleton, but not actomyosin contractility, are required for the anaphase spindle’s left-
handed twist, and that the contribution of actin to mammalian spindle twist is distinct from
the myosin-dependent cortical flows that influence cellular chirality in some invertebrate
embryos.

To gain insight into the actin cytoskeleton’s influence on spindle twist, we labeled
actin in dividing MCF10A cells with SPY-actin and determined its localization via live
imaging. Despite a recent report that actin filaments accumulate around centrosomes in
early anaphase [149], we could not detect centrosome-localized actin in anaphase
MCF10A cells, and instead observed SPY-actin signal only at the cell periphery (Figure

3.4C). Since the dominant pool of actin was cortical, we tested the interaction between
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the effects of actin and cortical force generators on spindle twist. Combining dynein heavy
chain knockdown with LatA treatment, spindle twist was similar to that of controls and
intermediate between the siDHC- and LatA-alone conditions (Figures 3.3C and 3.4B),
suggesting that the left-handed contribution of actin and the right-handed contribution of
the spindle positioning machinery are independent. Together, our results suggest that
spindle twist is regulated both from the cell cortex and from within the spindle, and that it

is controlled by both the actin and microtubule cytoskeletons.

75



Discussion

In this study we investigate how the spindle, a self-organizing cellular machine,
attains its relatively untwisted architecture despite being built by chiral force-generators.
Our work represents the first investigation of spindle twist at anaphase, the stage at which
the spindle’s strongest twist is sustained for minutes (Figure 3.1). We identify spindle
components that promote left-handed twist (Figures 3.2 and 3.4) and that counteract it
(Figure 3.3), and unexpectedly, we find that twist is controlled both by motors internal to
the spindle and by microtubule-associated factors and actin at the cell periphery.
Together, our results demonstrate that spindle twist is an emergent phenomenon that
integrates inputs from the spindle’s broader cellular environment.

We show that the midzone kinesins KIF4A and MKLP1 are redundantly required
for the anaphase spindle’s left-handed twist, similar to previous findings that the kinesins
Eg5 and KIF18A promote left-handed twist at metaphase [71, 78]. We propose that these
motors twist the spindle as a consequence of their interactions with microtubule pairs, by
coiling microtubules around each other [76]. In support of this model, the C. elegans
ortholog of MKLP1 has a left-handed stepping bias in vitro [73], although the precise
configuration of its interactions with midzone microtubules is not known. Our ongoing
work has demonstrated that KIF4A also steps with a left-handed bias around the
microtubule track (data not shown), and it interacts with pairs of antiparallel microtubules
via complex formation with the crosslinker PRC1 [150-152]. Because these motors are
relocalized (KIF4A) and concentrated (KIF4A and MKLP1) at the spindle midzone in
anaphase, their contributions to left-handed twist may explain why the spindle is more

twisted at anaphase than at metaphase.
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In addition to torques generated by motors within the spindle, our results suggest
that the cortical force-generating factors LGN and dynein regulate spindle twist from the
cell periphery. This mechanism could account for our previous findings in RPE1 cells, in
which CRISPR-mediated NuUMA-KO led to strong left-handed twist at anaphase [59],
because NuMA acts in complex with LGN and dynein in cortical force generation. NuMA
knockout may have had a stronger effect than that observed here with siRNA-mediated
depletion of LGN or dynein heavy chain because the protein was more strongly depleted,
because NuMA plays additional uncharacterized roles in regulating spindle twist, and/or
because there are LGN-independent pathways that recruit NuMA to the cortex specifically
in anaphase that remain intact after LGN knockdown [141-143]. Another previous study
found that dynein inhibition did not increase spindle twist in metaphase HelLa or RPE1
spindles [78]. Our results may differ due to our focus on anaphase spindles, when dynein
is more enriched at the cell cortex [153, 154] and when this pool of dynein may be more
sensitive to perturbation, or because we depleted dynein with siRNA rather than using the
drug dynarrestin.

Although LGN depletion increases spindle twist, we cannot exclude that dynein
and NuMA depletion may also lead to increased twist by reducing microtubule
crosslinking within the spindle body and thus allowing left-handed kinesins to twist the
spindle more strongly. Our results also cannot distinguish whether the cortical force-
generating machinery restrains spindle twist via active right-handed torque generation on
astral microtubules or by exerting passive forces that merely resist left-handed torques
by anchoring astral microtubules. Because mammalian dynein has a right-handed

stepping bias in vitro [75], however, the former is an exciting possibility. Our demonstration
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that LGN and dynein depletion increase the anaphase spindle’s left-handed twist,
combined with our previous finding that NuMA knockout in a different cell type increases
anaphase twist, provide new insight into twist regulation by demonstrating that spindle
factors influence twist in opposite directions. Although many motors generate torques that
twist the spindle in a left-handed direction, these torques are opposed—whether actively
or passively—by other spindle components.

Finally, we find unexpectedly that the actin cytoskeleton is required for the
anaphase spindle’s left-handed twist. A previous study found that actin disruption with
latrunculin A did not affect twist in metaphase Hela spindles [71], but similarly to our
discussion of dynein above, this discrepancy could be due to a difference in mitotic stage
(possibly related to remodeling of the actin cortex at anaphase) or due to the difference
in cell type. We cannot attribute the effects of actin on spindle twist to cortical flows or
cortical stiffness, because inhibiting actomyosin contractility had no effect on spindle twist.
Furthermore, because actin influenced spindle twist in the opposite direction from and
independently of dynein (Figures 3.3C and 3.4B), actin does not regulate twist by
delocalizing NuMA and dynein from the anaphase cortex, a known consequence of
latrunculin treatment [143]. Instead, we propose that the actin cytoskeleton may regulate
spindle twist by controlling overall cell shape, as latrunculin A treatment disrupted
monolayer integrity and cell spreading. Our results motivate further exploration of spindle
twist in a multicellular epithelial context and further molecular dissection of actin-related
proteins, since many myosins, formins, and actin flaments themselves are intrinsically

chiral [155-158]. Although the underlying mechanisms are not yet clear, our finding that
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the actin cytoskeleton affects spindle twist is exciting because it reveals that multiple
cytoskeletal systems coordinately affect spindle twist.

In conclusion, our study shows that the anaphase spindle’s weak left-handed twist
requires both left-handed torque generators and factors that oppose them. The study of
spindle twist is a recent area of inquiry, and many open questions remain. For example,
it is unclear why twist differs between different cell types (even those from the same
species), and it is not known how twist is affected by other potential mechanisms such as
microtubule crosslinking, the spindle’s torsional rigidity, or the turnover rates of
microtubules and microtubule-associated proteins. Finally, it will be interesting to explore
potential functions of spindle twist in future work: are there adverse consequences for
chromosome segregation if the spindle is too twisted, or not twisted enough? More
broadly, our work motivates the study of other cellular structures built from chiral
components that co-opt this chirality for their physiological function (for example, chiral
actin flows in left-right symmetry breaking [159]), that exhibit chirality that is neutral for
their function (such as neutrophil polarization [160]), or that balance chiral elements to

restrain asymmetry.
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Figures and figure legends
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Figure 3.1. MCF10A cells exhibit high baseline twist that peaks in late metaphase
and anaphase.

A) Schematic diagram of spindle twist quantification. Three-dimensional image stacks
were rotated to view the spindle along the pole-to-pole axis. Farneback optical flow was
computed between successive frames, and flow vectors were converted to polar
coordinates and averaged for each spindle (see Materials and methods).
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B) Spindle helicity (average degrees rotated around the pole-to-pole axis per ym
displacement along the pole-to-pole axis) at anaphase in three human epithelial (RPE1,
MCF10A) or epithelial-like (U20S) cell lines, calculated from GFP-a-tubulin or SiR-tubulin
intensity. Negative values represent left-handed helicity, and positive values represent
right-handed helicity. n = 19, 28, 49, and 56 spindles pooled from N = 2, 3, 5, and 5
independent experiments for RPE1 GFP-tub, U20S GFP-tub, MCF10A GFP-tub, and
MCF10A SiR-tub, respectively. n.s., not significant; ****, p = 3.44x10° (MCF10A GFP-
tubulin) or p = 1.68x10'° (MCF10A SiR-tubulin), two-tailed one-sample t-test.

C) Lattice light-sheet images of the same MCF10A cell, labeled with SiR-tubulin, at four
different timepoints. The xy view (left) shows maximum intensity projections of the entire
spindle region. The yz view (right) shows maximum intensity projections between 30%
and 70% of the pole-to-pole axis for the same image volumes after rotating them 90°.
Colors indicate directions of Farneback optical flow vectors, according to the color legend
shown in the top image. Scale bars = 3 pm.

D) Helicity over time, calculated from lattice light-sheet images, for the MCF10A spindle
shown in (C). The four timepoints in (C) are indicated by open circles.

E) Helicity over time of MCF10A spindles, calculated from time-lapse lattice light-sheet
images. The center line and shaded region represent the mean * s.d. of 4-16 spindles,
depending on the timepoint.
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Figure 3.2. The midzone motors KIF4A and MKLP1 redundantly promote left-
handed twist in the anaphase spindle.

A) Schematic diagram of KIF4A and MKLP1 localization to the anaphase spindle
midzone. Gray arrows indicate outward sliding forces that drive spindle elongation.

B) Live confocal images of MCF10A anaphase spindles labeled with SiR-tubulin.
Maximum intensity projections of a low region (-4.5 to -2.5 ym relative to spindle
midplane, magenta) and a high region (2.5 to 4.5 ym relative to spindle midplane, cyan)
are overlaid. The helicity of each spindle is indicated in the top right. Positions of spindle
poles (not visible in these high and low z-planes), manually assigned based on tubulin
intensity, are indicated by white circles. Scale bars = 3 pm.

C) Spindle helicity at anaphase in the indicated conditions, calculated from SiR-tubulin
intensity. n = 41, 39, 32, and 31 spindles pooled from N = 4 independent experiments
each. *p = 0.044, one-way ANOVA with post-hoc Tukey-Kramer test.
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Figure 3.3. The cortical force-generating machinery counteracts left-handed twist
in the anaphase spindle.

A) Schematic diagram of LGN, NuMA, and dynein localization in anaphase cells. Dynein
and NuMA cluster and localize to spindle poles, while LGN-NuMA-dynein complexes
localize to cortical crescents where they exert pulling forces on astral microtubules. The
orange arrow indicates direction of dynein stepping, and the gray arrow indicates direction
of force on astral microtubules.

B) Live confocal images of MCF10A anaphase spindles labeled with SiR-tubulin.
Maximum intensity projections of a low region (-4.5 to -2.5 ym relative to spindle
midplane, magenta) and a high region (2.5 to 4.5 ym relative to spindle midplane, cyan)
are overlaid. The helicity of each spindle is indicated in the top right. Positions of spindle
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poles (not visible in these high and low z-planes), manually assigned based on tubulin
intensity, are indicated by white circles. Scale bars = 3 ym.

C) Spindle helicity at anaphase in the indicated conditions, calculated from SiR-tubulin
intensity. n = 56, 52, and 72 spindles pooled from N = 5, 4, and 6 independent
experiments, respectively. ****p = 1.22x10°°; **p = 0.0043; one-way ANOVA with post-hoc
Tukey-Kramer test.
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Figure 3.4. The actin cytoskeleton, but not actomyosin contractility, are required
for left-handed twist at anaphase.

A) Live confocal images of MCF10A anaphase spindles labeled with SiR-tubulin.
Maximum intensity projections of a low region (-4.5 to -2.5 ym relative to spindle
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midplane, magenta) and a high region (2.5 to 4.5 ym relative to spindle midplane, cyan)
are overlaid. The helicity of each spindle is indicated in the top right. Positions of spindle
poles (not visible in these high and low z-planes), manually assigned based on tubulin
intensity, are indicated by white circles. Scale bars = 3 ym.

B) Spindle helicity at anaphase in the indicated conditions, calculated from SiR-tubulin
intensity. n =53, 39, 38, 33, and 36 spindles pooled from N =5, 4, 4, 3, and 4 independent
experiments, respectively. **p = 0.0040 for DMSO vs. LatA; *p = 0.0231 for LatA vs.
blebbistatin; **p = 0.0045 for LatA vs. Y27632; one-way ANOVA with post-hoc Tukey-
Kramer test.

C) Live confocal images (maximum intensity projections of 10 um z-stacks) of control
anaphase MCF10A cells labeled with SPY-actin and SiR-tubulin. Scale bars = 5 pym.

D) Proposed model for twist regulation in the anaphase spindle. Motors within the spindle
midzone generate left-handed torques (blue arrows), which are counteracted by LGN-
NuMA-dynein complexes at the cell cortex (magenta arrows) to establish a spindle that
exhibits only weak global left-handed twist.
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Supplemental figures and figure legends
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Figure 3.5. Validation of RNAi depletions and drug treatments.

A) Western blot of KIF4A levels in MCF10A cells transfected with a control (luciferase) or
KIF4A siRNA for 48 hours. GAPDH is shown as a loading control.

B) Live confocal images of the KIF4A knockdown phenotype. In late anaphase, the
spindle midzone elongates past its usual length, and in telophase the midbody is
extended. Scale bars = 5 ym.

C) Western blot of MKLP1 levels in MCF10A cells transfected with a control (luciferase)
or MKLP1 siRNA for 48 hours. GAPDH is shown as a loading control.

D) Live confocal images of the MKLP1 knockdown phenotype. Cells fail to form a midbody
during cytokinesis. Scale bar = 5 pm.

E) Western blot of KIF4A and MKLP1 levels in MCF10A cells transfected with a control
(luciferase) or KIF4A and MKLP1 siRNAs for 48 hours. GAPDH is shown as a loading
control.

F) Western blot of dynein intermediate chain (DIC) levels in MCF10A cells transfected
with siRNA targeting luciferase (control) or dynein heavy chain for 48 hours. DIC depletion
is correlated with DHC depletion [161]. GAPDH is shown as a loading control.

G) Western blot of LGN levels in MCF10A cells transfected with a control (luciferase) or
LGN siRNA for 48 hours. GAPDH is shown as a loading control.

H) Live confocal images of the phenotype after addition of latrunculin A to a concentration
of 500 nM. No furrow formation is visible even at late anaphase. Scale bar =5 ym.

I) Live confocal images of the phenotype after addition of blebbistatin to a concentration
of 25 uM. No furrow formation is visible even at late anaphase. Scale bar =5 ym.
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Materials and methods
Cell culture

U20S cells (female human osteosarcoma cells) were a gift from Samara Reck-
Peterson, and hTERT-RPE1 cells (female human retinal epithelial cells) were a gift from
Bo Huang. Both cell lines were cultured in DMEM/F12 (Thermo Fisher 11320)
supplemented with 10% fetal bovine serum (Gibco 10438026). MCF10A cells (female
human mammary epithelial cells) were purchased from ATCC (CRL-10317) and cultured
as recommended by ATCC in MEGM (Lonza CC-3150) supplemented with bovine
pituitary extract, insulin, hydrocortisone, and human epidermal growth factor according to
the manufacturer’s instructions, and 100 ng/ml cholera toxin (Sigma-Aldrich C8052). All

cells were maintained at 37° and 5% CO..

Transfection and small molecule treatments

For siRNA knockdowns, cells were transfected with siRNA targeting luciferase as
a negative control (5-CGUACGCGGAAUACUUCGA-3’, 50 pmol), LGN (Dharmacon ON-
TARGETplus SMARTpool, L-004092-00-0005, 100 pmol), dynein heavy chain (5'-
AAGGATCAAACATGACGGAAT-3’, 50 pmol) [97, 162], MKLP1 (pool of 3 sequences,
Santa Cruz Biotechnology sc-35936, 50 pmol), or siKIF4A (pool of 3 sequences, Santa
Cruz Biotechnology sc-60888, 50 pmol) for 48 hours using Lipofectamine RNAIMAX
(Thermo Fisher 13778075) according to the manufacturer’s recommendations. GFP-a-
tubulin was expressed in RPE1, U20S, and MCF10A cells by infection with BacMam
virus. The GFP-a-tubulin coding sequence was cloned into the pEG BacMam vector (a

gift from Eric Gouaux, Addgene plasmid #160451), recombinant bacmid DNA was
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generated in DH10Bac cells (Thermo Fisher 10361012), and isolated bacmid DNA was
transfected into Sf9 cells (a gift from Yifan Cheng) using Cellfectin Il (Thermo Fisher
10362100) for production and amplification of BacMam virus according to a previously
described protocol [163]. P2 BacMam virus was added to cells 2 days prior to imaging.
Alternatively, tubulin was labeled by adding 100 nM SiR-tubulin and 10 yM verapamil for
30-60 minutes prior to imaging (Cytoskeleton, Inc. CY-SC002). For acute drug treatments,
latrunculin A was added to a final concentration of 500 nM for 20 minutes prior to imaging,
blebbistatin was added to a final concentration of 25 yM for 30 minutes prior to imaging,
Y27632 was added to a final concentration of 10 yM for 30 minutes prior to imaging, and

DMSO was added to a final concentration of 0.1% (v/v) for 30 minutes prior to imaging.

Microscopy

For live confocal imaging, cells were plated onto #1.5 glass-bottom 35 mm dishes
coated with poly-D-lysine (MatTek Life Sciences P35G-1.5-20-C) 2-3 days prior to
imaging, and imaged in a humidified stage-top incubator maintained at 37° and 5% CO:
(Tokai Hit). Cells were imaged on a spinning disk (CSU-X1, Yokogawa) confocal inverted
microscope (Eclipse Ti-E, Nikon Instruments) with the following components: 100x 1.45
NA Ph3 oil objective (Nikon); Di01-T405/488/568/647 head dichroic (Semrock); 405 nm
(100 mW), 488 nm (150 mW), 561 nm (100 mW) and 642 nm (100 mW) diode lasers;
ET455/50M, ET525/50M, ET630/75M, and ET690/50M emission filters (Chroma
Technology); and a Zyla 4.2 sCMOS camera (Andor Technology).

For lattice light-sheet microscopy, cells were plated on 25 mm coverslips coated

with 200 nm fluorescent beads (Invitrogen FluoSpheres Carboxylate-Modified
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Microspheres, Ex/Em 660/680, F8807) to measure point spread functions for
deconvolution and to align the lattice light sheet. The coverslip, excitation objective
(Thorlabs water dipping lens, 0.65 NA), and detection objective (Zeiss water dipping lens,
1.0 NA) were immersed in approximately 50 ml of culture medium maintained at 37°C
and 5% CO.. The microscope was a modified version of the microscope described in
[164] and was controlled with custom LabVIEW software. Cells were labeled with 100 nM
SiR-tubulin and 10 pM verapamil, and imaged using a 642 nm laser operating with 200
MW input power at the back pupil of the excitation objective. A dithered harmonic-
balanced hexagonal lattice light-sheet pattern [165] with a numerical aperture of 0.35 was
used. Each cell was imaged every 30 sec. Emission light was filtered by a Semrock 685
nm band pass filter and captured by a Hamamatsu ORCA-Fusion sCMOS camera.
Images were deconvolved, deskewed and rotated on a high performance computing

cluster using code available at https://github.com/abcucberkeley/LLSM5DTools/.

Western blotting

Cells grown in 6-well plates were lysed, and protein extracts were collected after
centrifugation at 4°C for 30 min. Protein concentrations were measured using a Bradford
assay kit (Bio-Rad), and equal concentrations of each sample were separated on 4-12%
Bis-Tris gels (Invitrogen) by SDS-PAGE and transferred to a nitrocellulose membrane.
Membranes were blocked with 4% milk in TBST (TBS + 0.1% Tween 20), incubated in
primary antibodies overnight at 4°C, and incubated with HRP-conjugated secondary
antibodies for 45 minutes. Proteins were detected using SuperSignal West Pico or Femto

chemiluminescent substrates. The following primary antibodies were used: mouse
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monoclonal  anti-GAPDH  (1:1,000, clone 258, Thermo Fisher 437000,
RRID:AB_2532218), rabbit anti-KIF4A (1:1,000, Bethyl A301-074A, RRID:AB_2280904),
rabbit anti-KIF23 (1:1,000, Thermo Fisher PA5-31773, RRID:AB_2549246), rabbit anti-
LGN (1:1,000, Bethyl A303-032A, RRID:AB_10749181), and mouse monoclonal anti-
dynein intermediate chain (1:500, clone 74.1, MilliporeSigma MAB1618,
RRID:AB_2246059). The following secondary antibodies were used at a 1:10,000
dilution: mouse anti-rabbit IgG-HRP (Santa Cruz Biotechnology sc-2357,
RRID:AB_628497) and mouse IgGk BP-HRP (Santa Cruz Biotechnology sc-516102,

RRID:AB_2687626).

Quantification of spindle helicity

Spindles in mid-anaphase, with two clearly separated chromosome masses but
before the onset of furrowing, were chosen for analysis. Spindles were rotated so that the
pole-to-pole axis was horizontal and cropped using the rectangle tool in FIJI. The
positions of the two poles were manually assigned. Spindles were resliced along the pole-
to-pole axis by permuting the [x,y,z] coordinates to [y,z,x] in MATLAB (MathWorks, version
R2022b). Images were pre-processed in Python by subtracting an image blurred with a
Gaussian kernel of standard deviation 30 pixels (scipy.ndimage.gaussian_filter1d),
followed by despeckling with a 3 pixel median filter (scipy.ndimage.median_filter). Helicity
was quantified using a previously published optical flow method
(https://gitlab.com/IBarisic/detecting-microtubules-helicity-in-microscopic-3d-images,
[78]). Briefly, Farneback optical flow [166] was calculated between each pair of

successive frames lying between 30% and 70% of the pole-to-pole axis. Flow vectors
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were converted to polar coordinates, weighted by pixel intensities using the “All pixels

weighted helicities” method, and averaged for each spindle.

Statistical analysis

In Figure 3.1, distributions were assessed for a significant difference from 0 twist
with two-tailed one-sample t-tests, using the ttest function in MATLAB. In Figures 3.2, 3.3,
and 3.4, experimental conditions were compared using one-way ANOVA with post-hoc
Tukey-Kramer tests, using the anova1 and multcompare functions in MATLAB, based on
the assumption that spindle twist is approximately normally distributed within each
condition. We used p < 0.05 as a threshold for statistical significance. Sample sizes
(number of cells and number of independent experiments, =3) are provided in figure

legends.
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Chapter 4: The oncogene cyclin D1 promotes bipolar spindle integrity under

compressive force
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Abstract

The mitotic spindle is the bipolar, microtubule-based structure that segregates
chromosomes at each cell division. Aberrant spindles are frequently observed in cancer
cells, but how oncogenic transformation affects spindle mechanics and function,
particularly in the context of the stiffened tumor microenvironment, remains poorly
understood. Here, we constitutively overexpress the oncogene cyclin D1 in human
MCF10A cells to probe its effects on spindle architecture and response to compressive
force. We find that cyclin D1 overexpression increases the incidence of spindles with extra
poles, centrioles, and chromosomes. However, it also protects spindle poles from
fracturing under compressive forces, a deleterious outcome linked to multipolar cell
divisions. Our findings suggest that cyclin D1 overexpression may be adaptive in stiff solid
tumors, contributing to its prevalence in cancers such as breast cancer by allowing

continued proliferation in mechanically challenging environments.
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Introduction

The spindle is the macromolecular machine that segregates chromosomes at each
cell division. In mammalian cells, mitotic spindles are bipolar structures with one
centrosome at each spindle pole. Errors in cell division are associated with genomic
instability and disease, and aberrant spindles are hallmarks of cancer [167]. Extra
centrosomes [168-170], continuously evolving karyotypes known as chromosomal
instability [171, 172], and multipolar spindles are elevated in tumors across many tissues
of origin and diverse cancer genotypes. Oncogenes can also induce defects in spindle
assembly even in the absence of gross spindle abnormalities; for example, MYC
overexpression prolongs mitosis and increases chromosome segregation errors [173].
Paradoxically, while such multipolar, clustered pseudo-bipolar, or otherwise aberrant
spindles are generally adverse for mitotic outcomes [39, 174], they can promote
tumorigenesis by increasing genetic diversity [167] and potentially other unknown
mechanisms. How oncogenic transformation affects spindle assembly remains poorly
understood.

Dividing cells in solid tumors are subject to dramatically different mechanical
environments than their counterparts in healthy tissue [175-177]. Spindles in dividing
cultured cells often fracture under compressive force, leading to mitotic delays, multipolar
anaphases, and subsequent cell death [116, 178-180]. Tumors have been shown to
increase in stiffness due to their increased cell density, elevated interstitial fluid pressure
[181], and increased extracellular matrix deposition and crosslinking [182], raising the
question of how cells in stiff tumors continue to divide. In breast tumors, compressive

stress is high enough to deform and damage interphase nuclei [183], and nearby mitotic

97



cells presumably experience similarly high forces that may interfere with mitotic rounding
or spindle assembly. In multicellular tumor spheroid models, compressive stress reduces
cell proliferation [184-187] and has been shown to disrupt bipolar spindle assembly in
cells that continue to divide [188]. Due to the challenges of making controlled mechanical
perturbations at the cellular scale, little is known about whether and how the spindles of
transformed cells mechanically differ from wild-type spindles as they adapt to the tumor
environment.

Cyclin D1, overexpressed in 50-70% of breast cancers [189], is an oncogene that
causes pleiotropic effects in the cell. Acute overexpression of cyclin D1 leads to spindle
and karyotypic defects [190], and long-term overexpression is sufficient to drive breast
cancer in mice [191]. In addition to its canonical role in complex with CDK4/6 in controlling
cell cycle progression at the G1/S transition, cyclin D1 may contribute to tumorigenesis
through its roles in cytoskeletal remodeling and CDK-independent transcriptional
programs [189]. Many other oncogenes commonly dysregulated in breast cancer, such
as Ras and ErbB2, are upstream of cyclin D1 [192-194], making cyclin D1 overexpression
a good model to probe changes in spindle mechanics after oncogenic transformation.

Here, we compare control and cyclin D1-overexpressing breast epithelial cells to
investigate their spindle architectures and responses to compressive stress. We find that
cyclin D1 increases the proportion of spindles containing extra poles, chromosomes, and
centrosomes. However, cyclin D1 overexpression also promotes bipolar spindle integrity
during cell compression, preventing spindle pole fracture that results in multipolar cell

divisions. We propose that cyclin D1 mechanically adapts cell division to the tumor
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context, potentially contributing to its prevalence in cancer despite the aberrant spindles

it induces.
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Results
Constitutive cyclin D1 overexpression promotes aberrant spindle architectures

To determine the effects of cyclin D1 overexpression on spindle architecture, we
compared MCF10A breast epithelial cell lines stably overexpressing cyclin D1 or a
puromycin resistance gene as a control (Figure 4.1A) [195]. The parental MCF10A cells
are diploid and non-transformed, but are sensitive to transformation by a variety of
oncogenes [138, 195, 196]. We confirmed overexpression of cyclin D1 by western blot
(Figure 4.1B), and used immunofluorescence to quantify spindle pole, centriole, and
kinetochore numbers by staining for a-tubulin, centrin, and CREST respectively (Figure
4.1C). While most (94%) control spindles had 2 centrioles at each of 2 spindle poles,
supernumerary centrioles were more common in the cyclin D1-expressing cells (20% of
cells; Figures 4.1C and 4.2A). These centrioles were either associated with multipolar
spindles or clustered into pseudo-bipolar spindles, a known mechanism by which cancer
cells adapt to extra centrosomes in order to avoid multipolar divisions [111, 197, 198].

We next counted the kinetochores in each spindle to gain insight into cyclin D1’s
effect on genomic integrity. Several mechanisms, including the clustering of extra
centrosomes [39, 174] and reduced kinetochore-microtubule dynamics [199], have been
shown to give rise to aneuploidy and chromosomal instability in cancer cells, while
cytokinesis failure leads to larger-scale genomic duplications. Cyclin D1 overexpression
was associated with a broader range of chromosome numbers than in controls, with only
a small number of cells containing a near-doubling of chromosome number, indicating
that it induces aneuploidy (Figure 4.2B). In summary, constitutive overexpression of the

oncogene cyclin D1 leads to an increased incidence of spindles with extra poles,

100



centrioles, and chromosomes, even when cells are allowed to adapt to elevated cyclin D1

over many passages.

Cyclin D1 overexpression promotes bipolar spindle integrity under compressive stress
Although cyclin D1 overexpression gave rise to higher rates of spindle defects
(Figures 4.1 and 4.2), it is overexpressed in many tumors such as breast cancers where
dividing cells are subject to increased compressive stress [177, 183, 189]. To account for
its high prevalence as an oncogene, we hypothesized that cyclin D1 overexpression may
alter the spindle’s biophysical properties in a manner that is adaptive in the tumor
environment. We compared the mechanical robustness of control versus cyclin D1-
overexpressing spindles by compressing cells in PDMS-based microfluidic devices and
performing live imaging (Figure 4.3A) [200]. Cells were pre-treated with the proteasome
inhibitor MG132 to prevent anaphase entry, allowing us to focus on the metaphase
spindle’s response to compressive stress, and gradually compressed to a final height of
5 um via a computer-controlled vacuum pump over 4 minutes. Compression was then
sustained for an additional 70 minutes. This perturbation was reproducible from cell to
cell, reducing spindle height from an average of 10.55 + 1.54 ymt0 4.72 £ 0.31 ym (mean
+ standard deviation of all cells) (Figures 4.3B-C). Spindles in control and cyclin D1-
overexpressing cells had indistinguishable average heights prior to compression and
were compressed to a similar final height (Figure 4.3C). Spindles also widened and
elongated as compression was applied, consistent with previous work [59, 64, 115].
Spindle lengths before compression were similar between the control and cyclin D1 cells,

as were spindle lengths at 10 minutes post-compression onset, when spindle shape had
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stabilized (Figure 4.3D). Spindles were significantly wider in control cells vs. cyclin D1-
overexpressing cells, both before and after compression, but the difference was slight
(Figure 4.3E). Thus, our assay directly probes the spindle’s intrinsic ability to adapt to a
confined geometry, rather than probing the cell’s ability to shield the spindle from shape
changes under compression.

Control spindle poles fractured into multiple foci within 70 minutes of compression
onset 47.4% of the time, with k-fibers detaching and splaying laterally from the original
spindle pole (Figures 4.4A-B). Interestingly, bipolar spindles in the cyclin D1-
overexpressing line fractured significantly less often, in just 20.8% of compressions
(Figure 4.4B). Although these spindles experienced similar compression-induced
deformations, most spindles maintained all k-fibers focused into the two original spindle
poles.

To probe the consequences of spindle fracture, we imaged cell compression
experiments without the addition of MG132 to follow spindles into late mitosis. Fractured
spindles were still able to progress to anaphase, but they segregated chromosomes into
three or more masses, depending on the number of new poles created by fracture (Figure
4.4C; note the example shown was compressed using 4 um micropillars). Interestingly,
poles that separated from each other as a result of fracture were directly connected by
few or no microtubules (Figure 4.4C, white arrow), and cytokinetic furrowing between
these fractured poles was disrupted (Figure 4.4C, red arrow). Our results suggest that
compressive force on mitotic MCF10A cells often causes spindle poles to fracture, leading
to abnormal chromosome segregation at anaphase, but that overexpression of the

oncogene cyclin D1 is protective against spindle fracture.
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Discussion

Many oncogenes induce aberrant spindle architectures, yet they also promote
uncontrolled cell proliferation in tumorigenesis. One explanation for this apparent paradox
is that the elevated rate of chromosome mis-segregation in these spindles accelerates
karyotype evolution and gives some cells a selective advantage [201]. Here, we describe
another mechanism that could contribute to the proliferative advantage induced by some
oncogenes. Overexpression of cyclin D1 increases the prevalence of mitotic cells
containing extra poles, centrioles, and chromosomes (Figures 4.1 and 4.2), but also
reduces the frequency of spindle fracture under compressive stress (Figure 4.4). Our
assay was conducted in two-dimensional culture and with compressive force that may
differ in magnitude and direction from that experienced by cells in vivo. Indeed, a recent
study using Hela cells found that while confinement-induced cell flattening led to
increased pole fracturing, confining cells into elongated, narrow channels was protective
against pole fracturing [180]. However, an increase in spindle multipolarity has also been
observed in confined HCT116 colorectal cancer cell spheroids [188], suggesting that our
assay mimics compressive forces that exist in a crowded three-dimensional environment.

Although the fractured spindles we followed into anaphase segregated
chromosomes into more than two masses (Figure 4.4C), many of these mitoses
presumably resolved into two daughter cells due to the lack of an anaphase central
spindle competent to recruit the cytokinetic machinery between the newly separated
poles. However, rapid nuclear envelope reformation at mitotic exit may prevent these
multiple DNA masses from merging and lead to genomic instability or cell cycle arrest.

Because cyclin D1 overexpression has a protective effect on bipolar spindle integrity
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under compressive force, we propose that it helps to prevent multipolar anaphases and
may allow cells to continue proliferating in the stiff tumor context. Intriguingly, the cyclin
D1 interactors pRb, p27, and p21 have been shown to mediate a G1 arrest in cells
subjected to compressive stress [186, 187, 202], suggesting that cyclin D1 levels may
affect the likelihood both that cells will continue to divide under compression and that they
will complete these divisions successfully.

The mechanisms by which cyclin D1 overexpression protects against spindle
fracture remain to be elucidated. Cyclin D1 could regulate other factors involved in the
cell's or the spindle’s response to compression through its kinase-dependent or
transcriptional roles [189]. Frustrated mitotic rounding has been shown to lead to pole
fracturing [116], and oncogenic h-Ras®'?V has been shown to prevent pole fracture in
MCF10A cells by enhancing mitotic rounding under stiff gels [179]. We propose that
different mechanisms are at play in the protective effect we observe here, because
spindles in cyclin D1-overexpressing cells underwent fewer fractures despite being
compressed to the same flattened height as spindles in control cells (Figure 4.3C).
Supernumerary centrioles could contribute to the protective effect of cyclin D1 by
increasing the density of microtubules and/or pericentriolar material at poles [168, 203,
204]. Indeed, the proportion of bipolar spindles containing extra centrioles was increased
from 1.3% of controls to 13.1% in the cyclin D1 cell line (Figure 4.2A), but it remains to
be determined whether the pole-protective effect of cyclin D1 occurs specifically in cells
with centriole amplification. Finally, other proteins that are differentially regulated during
oncogenic transformation (but not specifically downstream of cyclin D1) could affect pole

integrity. For example, TPX2 and chTOG, proteins required for spindle pole integrity, are
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commonly upregulated in cancer [205-207]. Future work dissecting the mechanism(s) by
which cyclin D1 promotes bipolar spindle integrity under compression will be important to
predict how generalizable this phenomenon is likely to be among tumors with diverse
driver oncogenes.

The biochemical hallmarks of cancer, including anti-apoptotic signaling, metabolic
reprogramming, and cell cycle dysregulation, are well-established [208]. By contrast, our
knowledge of the biophysical hallmarks of cancer lags behind, and addressing this gap
could reveal new insights into disease progression. Our application of controlled, cellular-
scale force suggests that cyclin D1 overexpression may adapt dividing cells to the
mechanical burdens of the tumor environment. Better understanding the biophysical
adaptations of cancer cells could lead to new ways to selectively target these cells for

therapeutic gain.
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Figures and figure legends
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Figure 4.1. Characterization of cells overexpressing cyclin D1.
A) Schematic diagram of assay. MCF10A cells stably expressing a puromycin resistance
gene (control) or cyclin D1 with puromycin resistance were examined by

immunofluorescence for changes to metaphase spindle pole, centriole, or kinetochore
number.
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B) Western blot of a-tubulin and cyclin D1 levels in MCF10APURO and MCF10ACYCLIN D1
cell lines. All images are from the same blot, with intervening lanes removed.

C) Representative confocal immunofluorescence images (maximum intensity projections)
of spindles stained for a-tubulin (green), CREST (yellow), centrin (magenta), and Hoechst
(blue), with spindle phenotypes cartooned (right). Magnifications of the centrioles at each
spindle pole are shown at right. Scale bars = 3 pm.
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Figure 4.2. Cyclin D1 overexpression promotes aberrant spindle architectures.

A) Frequency of the three observed metaphase spindle phenotypes in each MCF10A cell
lines. The distribution of phenotypes differs between cyclin D1 and control cells (p =0.010,
Fisher’s exact test), with cyclin D1 cells enriched in cells with supernumerary centrioles.

B) Number of kinetochores per spindle. Metaphase spindles in the cyclin D1 cell line had
significantly more kinetochores (representing the number of chromatids) than the control
line (p = 2.32x10"4, Mann-Whitney U test). Lines indicate mean +* standard deviation. For
A and B, n = 80 control spindles and 91 cyclin D1 spindles, each pooled from 3
independent experiments.
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Figure 4.3. The cell compression assay is quantitatively reproducible.

A) Schematic diagram of cell compression assay using a microfluidic device. Cells were
compressed to a height of 5 ym using computer-controlled negative pressure over 4
minutes, and compression was sustained for 70 additional minutes. Cells were live-
imaged throughout to monitor changes in spindle architecture.

B) Side (XZ) views of a control spindle, labeled with SiR-tubulin, before and after
compression. X and Z scale bars = 3 ym.

C) Between the control and cyclin D1 cell lines, spindle heights did not significantly differ
before compression, and spindles were compressed to a similar final height (ns, not
significant).

D) Spindle lengths before and 10 minutes after compression onset (ns, not significant).
E) Spindle widths before and 10 minutes after compression onset (*p = 0.028, **p =
0.00066). For C-E, two-tailed two-sample t-tests were performed with n = 57 control and
53 cyclin D1 spindles (C) or n = 48 control and 52 cyclin D1 spindles (D and E). Spindles
were excluded from length and width analysis if both poles were not in focus in the same
z-plane.
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Figure 4.4. Cyclin D1 overexpression protects against spindle fracture during
compression.

A) Confocal time-lapse images of control and cyclin D1-overexpressing cells undergoing
compression, where the control spindle fractures between the 30:00 and 50:00 time
points (cartooned at right). Tubulin is labeled with SiR-tubulin. Scale bars = 5 ym.

B) Spindles in cyclin D1-overexpressing cells fractured less often than control spindles
during the first 70 minutes of compression (p = 0.0048, Fisher’s exact test). n = 57 control
and 53 cyclin D1 spindles.

C) Confocal time-lapse images of a control spindle undergoing compression to a height
of 4 ym, without the addition of MG132. After the spindle fractures between the 10 and
50 minute time points, the cell enters anaphase and segregates chromosomes into 3
masses (cartooned below). Interpolar microtubule bundles connect the original pole to
each of the fractured poles (white arrowheads), while no interpolar bundles connect the
two poles resulting from the fracture (white arrow). The cytokinetic furrow is disrupted
between the two fractured poles by the final 80 min timepoint (red arrow). Scale bars = 5
pum.
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Materials and methods
Cell culture

MCF10APu° and MCF10AC®y¢inD1 cells were created in a previous study [195]. Both
cell lines were cultured at 37°C and 5% CO-, and maintained in DMEM/F12 (Invitrogen)
supplemented with 5% horse serum (Gibco), 20 ng/ml epidermal growth factor, 10 pg/mli
insulin, 0.5 pyg/ml hydrocortisone, 100 ng/ml cholera toxin, 100 U/ml penicillin, and 100
U/ml streptomycin. For immunofluorescence experiments, cells were plated on 25 mm
round #1.5 coverslips, coated with poly-L-lysine and 0.1% gelatin solution, two days prior
to fixation. For compression experiments, cells were plated in 35 mm petri dishes
containing 23 mm #1.5 poly-D-lysine-coated coverslips (World Precision Instruments) two
days prior to imaging. Cells were plated to achieve a confluency of ~40-50% at imaging,

to allow space for cells to expand under compression.

Western blotting

Cells in 6-well plates were lysed, and protein extracts were collected after
centrifugation at 4°C for 30 min. Protein concentrations were measured using a Bradford
assay, and equal concentrations of each sample were separated on a 4-12% Bis-Tris gel
(Invitrogen) by SDS-PAGE and transferred to a nitrocellulose membrane. Membranes
were blocked with 4% milk, incubated in primary antibodies overnight at 4°C, and
incubated with HRP-conjugated secondary antibodies for 1 h. Proteins were detected
using SuperSignal West Pico or Femto chemiluminescent substrates (Thermo Fisher).
The following primary antibodies were used: mouse anti-a-tubulin DM1a (1:5000, Sigma-

Aldrich T6199) and rabbit anti-cyclin D1 SP4 (1:1000, Abcam ab16663). The following

111



secondary antibodies were used at a 1:10,000 dilution: goat anti-mouse IgG-HRP (Santa
Cruz Biotechnology sc-2005) and mouse anti-rabbit IgG-HRP (Santa Cruz Biotechnology

sc-2357).

Immunofluorescence

Cells were fixed in cold methanol for 2 minutes at -20°C. Cells were washed in
TBST (0.05% Triton-X 100 in TBS) and blocked with 2% BSA in TBST. Primary and
secondary antibodies were diluted in TBST + 2% BSA and incubated for one hour at room
temperature (primary antibodies) or 50 minutes at room temperature (secondary
antibodies). DNA was labeled with 1 pg/ml Hoechst 33342 prior to mounting on slides
with ProLong Gold Antifade Mountant (Thermo Fisher P36934). The following primary
antibodies were used: mouse anti-a-tubulin DM1a conjugated to Alexa Fluor 488 (1:100,
Cell Signaling Technologies 8058S), mouse anti-centrin clone 20H5 (1:200, Sigma-
Aldrich 04-1624), and human anti-centromere protein CREST antibody (1:25, Antibodies
Incorporated 15-234). Normal mouse IgG (1:100, Santa Cruz Biotechnology sc-2025)
was used as a block before incubating in pre-conjugated mouse anti-a-tubulin DM1a
Alexa Fluor 488. The following secondary antibodies were used: goat anti-mouse
conjugated to Alexa Fluor 488 and 568 (1:400, Invitrogen A11001 and A11004) and goat

anti-human conjugated to Alexa Fluor 647 (1:400, Invitrogen A21445).

Cell compression

Cell compressions were performed using a 1-well dynamic cell confiner with 5 pm

PDMS micropillars, or 4 ym micropillars for the example shown in Figure 4.4C (4DCell).
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The device was attached to an AF1 Dual vacuum/pressure controller (Elveflow) and
negative pressure was controlled using the Elveflow ESI software. Prior to imaging, a seal
was established between the compression device and the dish of cells by applying a
negative pressure of -10 mbar. At the start of imaging, a linear pressure ramp was applied
from -10 to -150 mbar over a period of 4 minutes to lower the pillared coverslip onto the
cells. Once the PDMS pillars contacted the dish, compression was maintained for 70
minutes. Z-stacks were acquired before each compression and after each timelapse
acquisition to determine spindle height before and after each compression and

quantitatively compare compression outcomes.

Imaging

Live imaging experiments were conducted in a stage-top humidified incubation
chamber (Tokai Hit WSKM) maintained at 37°C and 5% CO.. In compression
experiments, microtubules were labeled with 100 nM SiR-tubulin (Cytoskeleton, Inc.) and
10 pM verapamil for 30-60 minutes prior to imaging. For all compression experiments
shown except for the example in Figure 4.4C, the proteasome inhibitor MG132 was added
to a final concentration of 10 yuM 10 minutes prior to imaging to prevent anaphase entry
during compressions. All live and immunofluorescence imaging was performed on an
inverted spinning disk confocal (CSU-X1, Yokogawa Electric Corporation) microscope
(Eclipse Ti-E, Nikon) with the following components: head dichroic Semrock Di01-
T405/488/568/647; 405 nm (100 mW), 488 nm (150 mW), 561 nm (100 mW), and 642
nm (100 mW) diode lasers; ET455/50M, ET525/50M, ET600/50M, ET690/50M, and

ET705/72M emission filters (Chroma Technology); and a Zyla camera (Andor
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Technology). Exposures of 50-200 ms were used for fluorescence. Images were acquired

with a 100% 1.45 NA Ph3 oil objective using MetaMorph 7.7.8.0 (Molecular Devices).

Data and statistical analysis

Immunofluorescence images show maximum intensity projections (Figure 4.1C)
and time strip images show single spinning disk confocal Z-slices (Figure 4.4). All images
were formatted for publication using FIJI [209]. The brightness/contrast for each channel
was scaled identically for immunofluorescence images. The brightness/contrast for time
strips were scaled individually to account for variations in tubulin labeling efficiency.
Kinetochores were counted using the multi-point tool in FIJI. For compression
experiments, spindle heights were measured from XZ views generated from z-stacks (see
Figure 4.3B) in a vertical direction perpendicular to the coverslip. A fracture was defined
as the development of a clear gap in tubulin intensity between a k-fiber minus-end and
the main spindle pole within 70 minutes of compression onset (Figure 4.4). Fisher’s exact
test was used to compare categorical datasets (Figures 4.2A and 4.4B), a two-tailed two-
sample t-test was used to compare the numerical data in Figure 4.3C based on the
assumption that spindle heights are approximately normally distributed, and a Mann-
Whitney U test was used to compare the numerical data in Figure 4.2B due to kinetochore
number distributions that deviated from a normal distribution. Statistical tests were
performed using the ttest2, ranksum, and fishertest functions in MATLAB R2022b, and
the fisher.test function in R for the 2x3 comparison in Figure 4.2A. P-values are given in

the figure legends.
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Chapter 5: Conclusions and future directions
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The spindle’s ability to accurately segregate chromosomes despite biochemical
and mechanical noise is critical during development and tissue maintenance.
Understanding how such a robust structure self-organizes from hundreds of thousands
of component parts provides an excellent model for studying both disease mechanisms
and the engineering design principles that biological structures employ to faithfully
execute their functions. In this dissertation, | ask how opposing mitotic motors give rise to
the spindle’s emergent architecture, mechanics, and function, and how these properties
can be rewired by oncogenic transformation.

In Chapter 2, | asked what roles the opposing motor activities of NuMA/dynein and
Eg5 play, given that they are dispensable for the assembly of bipolar spindles. |
investigated this question in human cells, taking advantage of inducible CRISPR
knockouts to reproducibly generate doubly inhibited spindles, although this balance of
contractile and extensile motor activity is highly conserved from yeast to mammalian cells
[11, 99-101]. | found that NuMA- and Eg5-inhibited spindles establish bipolarity due to the
partially redundant motors HSET and KIF15 and due to the passive crosslinker PRCA1.
However, these doubly inhibited spindles had homogenized internal microtubule
organization, reduced poleward flux, and compromised structural integrity under
compression, and they made more chromosome segregation errors at anaphase. Thus,
the motor activities of NuMA/dynein and Eg5 are essential to the spindle’s mechanical
and functional robustness.

Several open questions remain about the balance between contractile and
extensile activity in the spindle. A quantitative description of how microtubule nucleation

is distributed in doubly inhibited spindles, and how microtubule turnover is altered, would
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provide a more complete view of how the spindle is assembled and maintained. The
motors inhibited in this study mediate both active stresses and crosslinking between pairs
of microtubules, and decoupling these functions would provide insight into the
contributions of active and passive forces to the phenotypes observed. Finally, doubly
inhibited spindles were generated using complete genetic deletion or near-saturating
inhibition, but exploring a full range of extensile and contractile motor activity may be
fruitful in understanding the limits of robust spindle assembly.

The unexpected finding that NuMA- and Eg5-inhibited spindles were strongly
twisted at anaphase led me to ask how the human spindle achieves a largely untwisted
architecture despite being built by chiral force generators. While it was known that
spindles in several human cell types exhibit a weak left-handed twist on average [71, 78],
and while it was known that many mitotic motors have a short helical pitch as they walk
around microtubule tracks in vitro [72, 74-76], it remained unclear whether torques must
be balanced to allow the spindle to achieve its relatively untwisted shape. In Chapter 3,
| found that the MCF10A cell line exhibited detectable left-handed twist, and characterized
factors contributing to spindle twist in each direction. Twist was strongest in the final few
minutes of metaphase and the first few minutes of anaphase, before sharply disappearing
later in anaphase. The motors KIF4A and MKLP1, each of which contributes to outward
microtubule sliding at anaphase, were redundantly required for left-handed twist in the
anaphase spindle, as was the actin cytoskeleton. Depleting either dynein heavy chain or
LGN had the opposite effect, suggesting that the cortical spindle positioning machinery

counteracts left-handed twist at anaphase. Together these results indicate that there are
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competing torques, operating from both inside the spindle and from the cell periphery,
that maintain the spindle’s relatively untwisted architecture.

The study of spindle twist is a new area of inquiry, and much remains to be learned
about its mechanisms and functions. It is unknown why baseline spindle twist differs
between cell types, even between those from the same species, and gene expression
data may offer clues into the factors that set twist. While links between microtubule motors
and spindle twist have been established previously [71, 78], the work described above
establishes two new classes of twist regulators—the actin cytoskeleton and spindle
positioning machinery—whose mechanisms remain to be discovered. For example, actin
may influence spindle twist via cortical actin flows, regulation of cell shape, or other
mechanisms, and it is unclear whether LGN-NuMA-dynein complexes resist left-handed
twist by generating active right-handed torques or by passively resisting the torques
generated by other motors. The contributions of passive crosslinkers within the anaphase
spindle midzone, such as PRC1, are unknown, but are interesting candidates for future
study as crosslinking likely alters the spindle’s torsional rigidity. Finally, the peak in spindle
twist that occurs in the minutes surrounding anaphase onset begs the question of whether
twist is functionally relevant for chromosome segregation. It is possible that spindle twist
that is too weak and/or too strong could be associated with an increase in segregation
errors, and the molecular conditions for manipulating twist established in this dissertation
provide tools to address this question in the future.

Finally, in Chapter 4, | asked how spindle architecture and mechanics are affected
by oncogenic transformation. Cyclin D1 overexpression resulted in elevated rates of

spindle multipolarity, aneuploidy, and supernumerary centrosomes, defects that are
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observed in a wide array of tumor types. However, spindles in cyclin D1-overexpressing
cells were more resistant to pole fracturing upon cell compression, protecting them from
multipolar divisions that have been previously shown to lead to daughter cell death. This
finding raises the prospect that cyclin D1 overexpression could be mechanically adaptive
in stiff tumor environments, and may help explain its prevalence in cancer despite the
aberrant spindle architectures it promotes. Looking forward, it will be valuable to
determine the pathways downstream of cyclin D1 that mediate this pole-protective effect,
and to test whether other oncogenes fulfill the same role. Because this study was carried
out in two-dimensional cell culture, it will also be important to compare the compressive
forces applied here to forces from cellular crowding experienced in a three-dimensional
culture system or a tumor.

Failsafe mechanisms have been identified at many length scales that make the
mammalian spindle robust to fluctuations and perturbations, an emergent property that is
central to its physiological role of accurately dividing the genome. At the level of individual
kinetochores, biochemical and mechanical signals are integrated to ensure that
chromosomes are correctly attached [210]. At the cellular scale, redundant motors [35,
47, 48], specialized k-fiber reinforcements [7, 10], and force-sensitive feedbacks [64, 68]
ensure that the spindle accommodates deformations locally while preserving global
connectivity. This work describes new cellular-scale features to add to this growing list:
opposing contractile and extensile motor activities promote mechanical and functional
robustness, while opposing torques are required to set the spindle’s global twist. At larger
length scales, the role of the tissue environment in ensuring robust cell division is just

beginning to be understood. A recent study found that chromosome segregation errors
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are elevated in epithelial cells grown as a monolayer compared to the same cell types
grown in three-dimensional culture, although the underlying mechanisms are not yet
known [211].

Recently developed approaches make many questions regarding spindle
robustness newly accessible. Biophysical approaches including cell compression (used
in Chapters 2 & 4), microneedle manipulation in molecularly tractable mammalian cells
[10, 68], and laser ablation [7, 8, 84] have been employed to test the spindle’s response
to mechanical challenge. New imaging modalities like lattice light sheet microscopy (used
in Chapter 3) that can perform volumetric imaging with minimal phototoxicity enable us to
follow events in the spindle through their entire lifetimes. Optogenetic tools, such as an
optogenetically removable PRC1 [212], may enable us to investigate the roles of
crosslinking in spindle robustness with improved spatiotemporal control. Finally, three-
dimensional culture models provide exciting opportunities to understand how the tissue
context can influence cell division. An improved understanding of the mechanical
environment in which cells divide may reveal design principles of how the spindle
achieves robust chromosome segregation, and lead to new therapeutic strategies for

diseases in which cell division plays a prominent role.
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