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Abstract

Forces generated by molecular motors and the cytoskeleton move the nucleus and genome during 

many cellular processes, including cell migration and division. How these forces impact the 

genome, and whether cells regulate cytoskeletal forces to preserve genome integrity is unclear. We 

recently demonstrated that, in budding yeast, mutants that stabilize the microtubule cytoskeleton 

cause excessive movement of the mitotic spindle and nucleus. We found that increased nuclear 

movement results in DNA damage and increased time to repair the damage through homology-

directed repair. Our results indicate nuclear movement impairs DNA repair through increased 

tension on chromosomes and nuclear deformation. However, previous studies have shown genome 

mobility, driven by cytoskeleton-based forces, aids in homology-directed DNA repair. This sets up 

an apparent paradox where genome mobility may prevent or promote DNA repair. Hence this 

review explores how the genome is affected by nuclear movement and how genome mobility could 

aid or hinder homology-directed repair.
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The maintenance of a stable genome is necessary for cellular homeostasis. Cells are 

routinely confronted with challenges that can alter the genome, including DNA damage. 

Pathways that repair DNA damage are critical for maintaining genome stability, and 

disruption of these pathways therefore represents a common mechanism of genomic 

instability (Loeb et al., 1974; Nowell, 1976; Tubbs 2017). This review explores how forces 

that move the genome during the routine processes of cell division and migration impact the 

efficiency of DNA damage repair, and thus are a key determinant of genome stability.

The cytoskeleton plays essential roles in positioning the genome within the cell. During cell 

division, the position of the genome is controlled by the mitotic spindle, which provides two 

key functions: segregating sister chromosomes to opposite spindle poles and guiding the 
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spindle poles to regions of the cytoplasm that will become the daughter cells. While the 

former is necessary to prevent aneuploidy, the latter plays a determining role in cell 

differentiation and contributes to tissue architecture and morphogenesis. In animal cells, the 

position of the spindle determines the site of division or cytokinesis (Canman et al. 2003; 

Green, Paluch, and Oegema 2012). Symmetric spindle placement results in daughter cells of 

equal size. Asymmetric cell divisions, such as those that give rise to distinct daughter cells, 

require careful spindle positioning to set the plane of cytokinesis and direct the inheritance 

of different regions of cytoplasm (Canman et al. 2003). In contrast, budding yeast contain a 

pre-determined site of cytokinesis, called the bud neck, and must move the spindle to that 

site for every cell division. Importantly, all of these cases require precise genome positioning 

before cytokinesis.

Spindle positioning is an active process involving motor proteins and the cytoskeleton. In 

this mini-review, we will focus on two major players that drive spindle movement: 

microtubules and dynein. Microtubules are dynamic protein polymers that form trafficking 

networks and the mitotic spindle within cells. The mitotic spindle includes two spindle poles 

nucleating microtubules that either extend inward to attach to chromosomes and stabilize the 

spindle, or astral microtubules that extend outward into the cytoplasm where they interact 

with the motor protein dynein to coordinate the position of the spindle in the dividing cell 

(Carminati and Stearns 1997; Raspelli and Fraschini 2019). Dynein is responsible for the 

majority of minus end-directed movement along microtubules, and is needed for vesicle 

transport, mitotic spindle assembly, and spindle positioning. A wealth of knowledge on 

dynein and its regulatory pathway has come from budding yeast where dynein has one role: 

positioning the mitotic spindle at the bud neck. To move the spindle to the right place and at 

the right time, dynein is highly regulated through interactions with adaptor proteins and the 

microtubule substrate. Whereas null mutations in dynein and its regulators disrupt spindle 

positioning and increase the frequency of failed mitoses that produce bi-nucleate and 

anucleate daughter cells (Carminati and Stearns, 1997; Yeh, 1995; Li et al., 1993; Eshel et 

al., 1993; Muhua et al., 1994), partial loss of function mutations impair the accuracy and 

efficiency of spindle positioning. For example, dynein requires the activating complex 

dynactin to pull the nucleus into the bud neck. Dynactin includes a Nip100/p150 protein 

subunit with its own microtubule-binding activity, and removing the microtubule-binding 

CAP-Gly domain from Nip100/p150 impairs dynein activity, reducing the frequency and 

duration of spindle movements (Moore et al., 2009). Another important point of dynein 

regulation is the microtubule substrate. Mutations that enhance the stability of microtubules 

increase dynein-dependent movement of the spindle, resulting in increased displacement of 

the spindle from the bud neck (Estrem, Fees, and Moore 2017). Thus, spindle positioning 

uses precisely regulated microtubule forces to deliver a genome to an incipient daughter cell.

While we know how dynein and microtubules move the mitotic spindle to a destination 

within a cell, we understand less about how these forces might impact the organization of 

the nucleus and the integrity of the genome within. We have recently addressed this 

possibility by focusing on the interplay between forces on astral microtubules, nuclear shape 

and genome stability. We demonstrated that, in budding yeast, mutants that stabilize 

microtubules and hyperactivate dynein cause excessive movement of the mitotic spindle and 

concomitantly increase the frequency of double stranded DNA breaks. In this review, we 
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present the major findings of our study and discuss how they may shed light on our 

understanding of how cytoskeletal forces can alter DNA and DNA repair. We propose that 

cytoskeletal forces on the nucleus must be coordinated with DNA replication and repair to 

minimize genome damage.

1.) How do mechanical forces in the cytoplasm affect the nucleus and 

genome?

Cells are naturally exposed to many mechanical forces -- from outside the cell, during tissue 

organization and migration, to inside the cell, during replication and division. The 

cytoskeleton and nuclear envelope are two crucial components that allow a cell to withstand 

changes in mechanical forces. The cytoskeleton includes networks of protein polymers, 

motor proteins and other binding proteins that can both generate mechanical forces from 

within the cell and mitigate external forces applied to the cell. Actin filaments provide 

structure to the plasma membrane and rearrange to form stress fibers when cells are exposed 

to mechanical force (Hornberger et al. 2005; Miller et al. 2004). Microtubules act as 

scaffolds for the organization of intracellular organelles such as the nucleus and 

mitochondria (Schroer 2000). Microtubules can bear compressive forces and are the most 

rigid component of the cytoskeleton (Brangwynne et al. 2006; Fletcher and Mullins 2010). 

The nucleus is surrounded by an additional protective element - the nuclear envelope. The 

mammalian nuclear envelope is composed of inner and outer nuclear membranes that form a 

double bilayer, nuclear pore complexes that regulate transit across the envelope, and lamina 

that provide rigidity to the envelope and help organize the genome (Hetzer 2010). Disruption 

of the nuclear lamina impairs nuclear stiffness, size, and shape (Dahl et al. 2004; Liu et al. 

2000). Together, the cytoskeleton and nuclear envelope protect the genome against damage 

from changes in mechanical forces.

In interphase cells, defects in nuclear lamina structure and/or the application of mechanical 

forces can deform the nucleus and can even lead to rupture of the nuclear envelope (Chow, 

Factor, and Ullman 2012; Denais et al. 2016; Ho and Lammerding 2012; Irianto et al. 2017; 

Raab et al. 2016; De vos et al. 2011; Xia et al. 2019). Recent studies have shown that under 

mechanical strain, chromatin can protrude through gaps in the lamina, expand, and rupture 

the nuclear envelope; resulting in the exchange between the nuclear and cytoplasmic 

contents (Denais et al. 2016; Raab et al. 2016; Xia et al. 2019). For example, forcing 

mammalian cells to migrate through a pore as small as 3.5 μm compresses the nucleus and 

causes envelope rupture (Le Berre, Aubertin, and Piel 2012; Broers, Hutchison, and 

Ramaekers 2004)(Figure 1A). Repeatedly forcing cells through several rounds of nuclear 

compression results in a greater increase in DNA mutation and chromosome copy number 

changes, but is not always accompanied by envelope rupture (Irianto et al. 2017). These 

studies clearly show that mechanical force on the nucleus can lead to genome damage, but 

the mechanism of how forces cause damage is not understood. Although one model posits 

that DNA damage results from exposure to cytoplasmic nucleases at sites nearby envelope 

rupture (Denais et al. 2016; Raab et al. 2016), the location and extent of damage varies and 

is not always associated with envelope rupture (for a review of these DNA damage 

mechanisms see Shah, Wolf, and Lammerding 2017).

Estrem and Moore Page 3

Curr Genet. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



While many possibilities have been proposed for the mechanism of DNA damage during 

interphase, several lines of evidence clearly implicate forces from the cytoskeleton in 

causing nuclear envelope rupture and/or genome damage. Hatch and Hetzer found that actin 

fibers constrict the nucleus (Figure 1A), and can cause nuclear envelope rupture in cells with 

weakened nuclear lamina; but this could be prevented by disruption of the actin cytoskeleton 

with destabilizing drugs (cytochalasin D or latrunculin A) or inhibition of myosin motors 

(Hatch and Hetzer 2016). In addition, disruption of the linker of nucleoskeleton and 

cytoskeleton (LINC) complex, which physically connects the nuclear envelope to the 

cytoskeleton, also reduces the frequency of nuclear rupture and changes perinuclear actin 

organization (Hatch and Hetzer 2016). Taken together, these results show that the actin 

cytoskeleton that surrounds the nucleus can promote nuclear rupture and subsequent DNA 

damage. The LINC complex also attaches the nucleus to other crucial components of the 

cytoskeleton -- microtubules and dynein. This raises the question of whether movement of 

the nucleus by microtubules and dynein could damage the genome?

The possibility of dynein-driven movement causing nuclear envelope rupture in animal cells 

is supported by recent work on C. elegans zygotes. Here, increased mechanical forces 

generated by dynein and applied to microtubules during pronuclear movement resulted in 

envelope rupture (Penfield et al. 2018). Penfield and colleagues found that in zygotes with 

defective lamina, dynein forces increased the severity of nuclear envelope rupture; but 

limiting dynein activity decreased the frequency of ruptures, and when a rupture did occur, 

the rate of repair of the nuclear envelope was faster (Penfield et al. 2018). This study is 

important because it reveals that forces from microtubules and dynein can rupture the 

nuclear envelope during interphase.

In our recent paper, we explore how forces from dynein are transmitted through 

microtubules and the mitotic spindle to cause nuclear deformation and disrupt genome 

integrity in Saccharomyces cerevisiae. Because budding yeast undergo a closed mitosis, 

dynein is necessary to position the mitotic spindle and the surrounding nucleus at the bud 

neck, between the mother and bud (Figure 1B)(Byers and Goetsch 1975). We asked whether 

forces from dynein on astral microtubules are transmitted through the mitotic spindle. 

Normally, dynein pulls on astral microtubules from the cortex of the bud and the entire 

spindle moves in the direction of dynein pulling force (Figure 1B). Even though dynein is 

exerting force on only one side of the spindle, the spindle length normally does not change 

due to the activity of proteins that crosslink microtubules from the two spindle poles. 

However, when we disrupted crosslinks inside the spindle, we found that the spindle 

elongates when dynein pulls on astral microtubules, with the proximal spindle pole moving 

in the direction of dynein pulling while the distal pole lagged behind (Estrem and Moore 

2019). These results indicate that forces on astral microtubules are transmitted through the 

mitotic spindle, raising the possibility that these forces could also be experienced by the 

genome through microtubule-kinetochore interactions. To test this, we used a series of 

mutants to stabilize microtubules and increase the frequency of dynein-dependent movement 

of the spindle and nucleus. We found increased movement by dynein led to increased tension 

between sister chromatids and increased the frequency of DNA double strand breaks 

(DSBs), as indicated by the focal accumulation of the repair factor, Rad52 (Estrem and 

Moore 2019). Importantly, in our experiments increased movement through the bud neck 
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deformed the nucleus, but did not cause nuclear rupture. These results demonstrate that 

forces from microtubules in the cytoplasm can promote DNA damage without rupturing the 

nuclear envelope.

Our findings raise the question of whether increasing microtubule stability might also 

increase DNA damage in other cellular contexts. Several cancer drugs target microtubules 

and increase their stability, including the prevalent chemotherapeutic, paclitaxel or taxol 

(Fanale et al. 2015; Tangutur et al. 2017). Many labs have shown that these drugs impair 

mitotic spindle function, arrest the cell cycle, and lead to cell death (Abal, Andreu, and 

Barasoain 2003; Bhalla 2003; Jablonski, Liu, and Yen 2003; Snyder and Mullins 1993; 

Sorger et al. 1997; Wang, Wang, and Soong 2000). However, far less is known about the 

effect these drugs have on the genome. Rankin and Wordeman found that increasing astral 

microtubule stability with taxol or by depleting a microtubule depolymerizing protein 

dramatically increases spindle movement in mammalian cells (Rankin and Wordeman 2010). 

Whether these conditions also promote DNA damage, similar to our studies from budding 

yeast, has not been addressed; but could represent an additional mechanism of action.

2.) Dynamics within the nucleus: Does DNA mobility hinder or help 

homology-directed DNA repair?

DNA can be damaged in many ways, but DSBs are among the most deleterious. Cells have 

evolved a highly conserved mechanism to correct these by homology-directed repair (HDR) 

(Jasin and Berg 1988; Orr-Weaver, Szostak, and Rothstein 1981; Szostak et al. 1983). 

During HDR, the cell repairs DSBs by finding a homologous region of DNA and using it as 

a donor template strand (reviewed in Bordelet and Dubrana 2019). The first proteins 

recruited to the break site in HDR are the MRN complex, including MRE11, RAD50, and 

NBS1 (Ivanov et al. 1994; Mimitou and Symington 2010; Moriel-Carretero, Pasero, and 

Pardo 2019). This complex then recruits and activates Ataxia Telangiectasia Mutated (ATM) 

protein kinase to phosphorylate histone H2A around the break site (Rogakou et al. 1998). 

The phosphorylation of H2A causes chromatin reorganization and opens around two 

megabases of chromatin to allow for repair (Soria, Polo, and Almouzni 2012). Thus, HDR 

involves a complex reorganization of the genome to prepare the damaged site for repair and 

recruit the homologous region.

In addition to histones, many other proteins bind DNA to organize and, ultimately, protect it. 

This is particularly important during mitosis, when there are ample opportunities for damage 

from replication stress and from forces generated by the mitotic spindle. Inner nuclear 

membrane proteins tether telomeres to the nuclear envelope (Bupp et al. 2007; Hediger et al. 

2002; Schober et al. 2009), Kinetochores tether centromeres to microtubules, and cohesion 

tethers sister chromatids together (Verdaasdonk et al. 2013). For each of these DNA tethers, 

the cell uses mechanisms to release chromatin in response to DNA damage, to allow for 

efficient repair. For example, upon DNA damage by multiple, random breaks or a single, 

site-specific DSB, telomeres are released from the nuclear membrane, increasing the motion 

of DNA proximal to break regions (Chung et al. 2015; Lawrimore et al. 2017). Centromeres 

respond to DNA damage by loosening their attachments to kinetochores and declustering 

Estrem and Moore Page 5

Curr Genet. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with respect to other centromeres (Lawrimore et al. 2017). Cohesins become phosphorylated 

in response to DSBs, thereby relaxing the connections between sister chromatids (Strecker et 

al. 2016; Wu and Yu 2012). Collectively, these findings indicate that releasing DNA from 

various protein tethers is an important component of DSB repair, and may aid in the search 

for the homologous region of the genome.

Interestingly, recent work has shown that HDR employs mobility throughout the genome, 

not just near sites of repair. Studies have shown that upon DNA damage, the entire genome 

experiences an increase in mobility that cannot be attributed to the release from specific 

chromatin tethers or remodeling factors (Lawrimore et al. 2017; Miné-Hattab and Rothstein 

2012; Zimmer and Fabre 2019). The utility of global genome mobility during DNA repair is 

still unclear. One proposed model is that genome mobility aids the pairing of the damage site 

with the homologous donor region (Lawrimore et al. 2017; Lee et al. 2016; Strecker et al. 

2016). Lee et al. confirm that the search for the homologous region is the rate-limiting step 

in DSB repair, and failure to repair DNA is most likely due to a failed search (Lee et al., 

2016). Mine-Hattab et al. showed that genome mobility is not stimulated by the DNA break 

alone but requires the recruitment of the repair factors (Miné-Hattab and Rothstein 2012). 

Other groups have shown microtubules and motor proteins inside and outside of the nucleus 

contribute to chromosomal movement upon DNA damage (Lawrimore et al. 2017; 

Lottersberger et al. 2015; Oshidari et al. 2018; Snijders Blok et al. 2015). Lawrimore and 

colleagues found that the largest contributing factor to global chromosomal movement after 

DNA damage was microtubules and motor proteins outside of the nucleus (Lawrimore et al. 

2017). While these studies demonstrate the importance of genome mobility and cytoskeletal 

forces in facilitating DSB repair, how forces are regulated to promote efficient repair is 

unknown.

Another example in which genome movement is crucial for finding homologous regions of 

DNA is in meiosis. The pairing of homologous chromosomes in meiosis is a crucial step in 

development. Inhibiting the movement of chromosomes results in mispairing and diminished 

recombination, indicating that movement aids in the homology search (Ding et al. 2004; 

Labrador et al. 2013; Parvinen and Soderstorm 1976; Phillips et al. 2009; Sato et al. 2009; 

Scherthan et al. 2007; Woglar and Jantsch 2014; Wynne et al. 2012; Yamamoto et al. 1999). 

In the fission yeast, Schizosaccharomyces pombe, the homology search is driven by nuclear 

oscillations during prophase, a process called horsetail nuclear movements. Here, the 

nucleus oscillates back and forth along the long axis of the cell for two hours in prophase I 

(Chikashige et al. 1994). This drastic and prolonged movement of the nucleus is dependent 

upon astral microtubules and dynein (Wynne et al. 2012; Yamamoto et al. 1999). In addition 

to aiding the finding of homologous chromosomes, nuclear oscillations prevent unwanted 

non-homologous connections, suggesting that movement selects for higher affinity binding 

between regions of homology over the lower affinity binding of mispaired regions (Conrad 

et al. 2008; Koszul and Kleckner 2009). While this nuclear movement by dynein in meiosis 

is beneficial, one can imagine that too much movement or movement at the wrong time 

might be detrimental.

How might too much and/or ill-timed microtubule force be detrimental to repair? Our 

experiments in budding yeast indicate that excessive dynein-dependent nuclear migration 
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inhibits HDR. Under these conditions, cells attempt HDR while the entire nucleus, spindle, 

and genome are continually pulled back-and-forth through the bud neck, and we found that 

HDR took on average 2.5 times longer to repair DSBs (Estrem and Moore 2019). In this 

case, genome mobility inhibited, rather than promoted, HDR. Our data shows that when 

forces from dynein in the cytoplasm are transmitted to the spindle, tension on the 

pericentromeric regions between sister chromatids is increased. Furthermore, mutants that 

increase tension across sister chromatids are sufficient to promote high levels of DSBs, even 

when nuclear movement is normal (Estrem and Moore 2019). In contrast, decreasing tension 

around centromeres by disrupting the recruitment of cohesin to the pericentromeric 

chromatin (Fees et al. 2016; Goshima and Yanagida 2000; Ng et al. 2009) decreases the 

frequency of DSBs and restores the efficiency of HDR (Estrem and Moore 2019). These 

data suggest that applying too much force to the genome – from hyperactive dynein, to the 

microtubule-kinetochore interface, and through sister chromatid cohesion – inhibits efficient 

HDR. By analogy to the meiosis example in fission yeast, perhaps too much energy from 

microtubule-based movement may be sufficient to disrupt even the high affinity pairing 

between homologues. Testing this model will require further study.

3.) How is spindle movement inhibited during DNA repair?

If DNA is damaged before mitosis, the cell cycle is paused through a checkpoint-dependent 

mechanism until the damage is repaired. In a normal budding yeast cell division, dynein 

pulls the spindle and nucleus into the bud neck and keeps it there through anaphase. 

Dotiwala et al. showed that dynein-dependent movement of the spindle and nucleus is 

diminished during DNA repair (Figure 2A); but ablating either of the DNA damage 

checkpoint genes RAD53 or CHK1 restores movement and tension on pericentromeric DNA 

(Dotiwala et al. 2007). This hints at a mechanism to inhibit dynein from moving the spindle 

and nucleus during HDR. We speculate that dynein-dependent movement of the nucleus is 

inhibited to relieve tension on chromosomes within the spindle and allow for relaxation of 

the genome and efficient HDR. Consistent with this model, our results show that increasing 

dynein-dependent nuclear movement increases tension on pericentromeric DNA and inhibits 

HDR (Figure 2B). A remaining question is how DNA damage checkpoint signaling inhibits 

dynein.

One possible mechanism involves a phosphorylation cascade starting with Chk1 kinase and 

ending with inhibition of dynein activity. However, the mechanism of how Chk1 could be 

interacting with dynein is unknown. Astral microtubules are also attractive candidates for a 

putative mechanism to regulate dynein activity. Astral microtubules must be long enough to 

bring dynein to the cortex yet dynamic so that dynein pulling forces are properly terminated 

by microtubule depolymerization (Estrem, Fees, and Moore 2017). Therefore, one possible 

mechanism of dynein inhibition could involve destabilizing microtubules. In this scenario, 

activation of a microtubule destabilizer would cause astral microtubules to fall away from 

dynein and remain too short to reach the cell cortex, thereby preventing movement of the 

nucleus.

A second potential mechanism involves the yeast protein phosphatase 1 (PP1) complex 

Bud14p-Glc7p, which localizes to the cell cortex where it regulates dynein activity (Knaus 
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et al. 2005). The catalytic subunit, Glc7p, is known to also regulate the microtubule binding 

activity of kinetochores inside the nucleus (Sassoon et al. 1999). Upon DNA damage, PP1/

Glc7 could be exported out of the nucleus to bind to Bud14, which is anchored at the cortex, 

leading to inhibition of dynein motor by either modifying the motor or destabilizing astral 

microtubules.

Another possible mechanism of dynein inhibition could be through its activating partner 

dynactin. Only when dynactin binds to dynein can the motor attach to the cell cortex and 

generate pulling forces on astral microtubules. A regulator of dynactin, called She1, prevents 

dynactin from localizing to the microtubule until G2 of the cell cycle and directly inhibits 

dynein motor activity (Ecklund et al. 2017; Woodruff, Drubin, and Barnes 2009). It is 

possible that DNA damage factors signal to She1, which is localized inside and outside of 

the nucleus, to inhibit dynein. The signaling mechanisms that regulate She1 are currently 

undefined.

Beyond budding yeast, carefully regulated dynein-dependent movement of the nucleus 

occurs in many other contexts, including neuronal migration. Neuroepithelial cells undergo 

interkinetic nuclear migration, coordinating the cell cycle with dynein recruitment to the 

nucleus through the LINC complex (Crisp et al., 2006; Yu et al., 2011; Zhang et al., 2009; 

Baffet et al., 2015). The nucleus moves to the basal region of the cell for G1 and S phase. 

Then during G2, the nucleus rapidly moves back to the apical surface for M phase 

(Willardsen and Link 2011). The G2 to M cyclin-dependent kinase 1 (Cdk1) phosphorylates 

RanBP2, a nucleoporin, which recruits dynein adaptor protein BicD2, which subsequently 

recruits dynein to the nucleus (Baffet, Hu, and Vallee 2015). Future studies could reveal 

whether the cell cycle recruitment of dynein is important to regulate time-dependent activity 

and/or to limit forces on the nucleus and preserve genome integrity.

The studies discussed here identify an important need to regulate dynein to achieve a proper 

level of genome mobility during nuclear positioning and during DNA repair. Dynein is a 

highly regulated motor protein, and recent studies have revealed a multitude of adapter 

proteins that are required for proper activity and function (Olenick and Holzbaur 2019; 

Reck-Peterson et al. 2018). Due to the high number of proteins that interact with dynein, it is 

possible that a mutation in any of these regulators could alter dynein’s activity resulting in 

DNA damage or a hinderance of repair. Accordingly, it will be important to determine 

whether DNA damage or inhibited HDR are involved in diseases where dynein and its 

regulators are implicated.

This review provides evidence that nuclear movement is a highly regulated process not only 

for proper chromosome segregation but also for limiting DNA damage and aiding in HDR. 

In budding yeast, we found increased microtubule-based movement delays HDR. We 

propose two possible models for how increased nuclear movement could inhibit HDR. In the 

first model, nuclear movement restricts the search for the homologous strand of DNA by 

increasing tension on microtubule connections to chromosomes, thereby decreasing Rad51 

accessibility to search the genome. In the second model, which is not mutually exclusive, the 

increased energy from microtubule-based forces disrupts the homologous pairing required 
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for HDR. Future work is needed to test these models and determine the effects of increased 

microtubule-based movement on disrupting HDR.
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Figure 1. Nuclear migration
A) Schematic depicting a mammalian cell migrating through a narrow pore. The actin 

cytoskeleton exerts force on the nucleus causing deformation, disruption of nuclear lamina, 

and nuclear envelope rupture.

B)Schematic depicting movement of the spindle and nucleus during budding yeast cell 

division. Dynein exerts force on the astral microtubule connected to the spindle pole body. 

This force pulls the spindle and intact nucleus into the bud neck between the mother and 

bud. Normal dynein movement shows the minimal deformation of the nucleus, while 

excessive dynein movement shows a highly deformed nucleus and aberrant spindle 

positioning.
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Figure 2. Hyperactive Dynein disrupts HDR
A)Schematic depicting normal DNA damage signaling, leading to inhibition of dynein in the 

cytoplasm and halting nuclear movement.

B) Schematic depicting hyperactive dynein pulling the nucleus far into the bud during DNA 

damage, and thereby disrupting HDR.
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