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Professor Douglass J. Forbes, Chair 

 

 This dissertation is an analysis of regulation of major mitotic assembly events 

by nuclear transport receptors, or karyopherins.  Karyopherins, composed of both 

importins and exportins, are a large family of proteins that transport specific proteins 

and RNAs between the cytoplasm and nucleus of the eukaryotic cell.  Each 

karyopherin has a distinct set of cargoes that it binds and transports through the 

nuclear pore complex. A high concentration of RanGTP inside the nucleus, created by 

the chromatin-bound enzyme RCC1, is harnessed by karyopherins to achieve 
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transport directionality.  During mitosis, upon nuclear breakdown, RCC1 continues to 

produce a high concentration of RanGTP around the mitotic chromosomes.  Away 

from the chromosomes, where RanGTP is low, Importins α and β inhibit assembly 

factors for spindle, nuclear membrane, and nuclear pore assembly.  However, near the 

chromosomes, where RanGTP levels are high, Importins α and β release assembly 

factors with the result that mitotic structures only assemble around the chromosomes.  

Thus, evolution has co-opted the RanGTP/karyopherin system to spatially regulate 

the assembly of multiple critical structures in mitosis.  Much of this has been 

determined in Xenopus egg extracts, which are unique in that one can reconstitute 

cellular events in cell cycle-specific states.  

Chapter 2 extends the role of RanGTP/karyopherin spatial regulation by 

dissecting the mechanism of action by which the import receptor Transportin 

regulates mitotic assembly events.  Using a variety of molecular tools and Xenopus 

egg extracts, we show that Transportin inhibits the assembly of major mitotic 

structures, not by titrating RanGTP, but by directly blocking proteins needed for 

assembly everywhere except in areas near mitotic chromosomes. 

Chapter 3 presents an extensive published review of karyopherins as global  

regulators of mitotic assembly events, both in vivo and in vitro, including protein 

interactions, checkpoints, and critical proteins required for proper assembly. 

Chapter 4 dissects whether export receptors, or exportins, play a role in 

mitotic assembly regulation, focusing on Crm1/Exportin-1, Exportin-tRNA, and 
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Exportin-5.  Using Xenopus egg extracts, we find that exportins are potent inhibitors 

of spindle assembly, nuclear membrane fusion, and nuclear pore formation, and their 

inhibition can be, to an extent, counteracted by RanGTP. 
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Chapter 1: General Introduction 

The eukaryotic cell is defined by its nucleus. A large, double-membraned 

organelle, the nucleus contains and separates the genetic material of the organism into 

its own compartment.  Many cellular processes occur inside the nucleus, including the 

replication of DNA, transcription of mRNA, and the synthesis of ribosomal 

subcomplex components.  The biochemical environment within the nucleus allows 

the cell to control these crucial processes, along with others, with exquisite precision 

in both a spatial and temporal manner.  This allows the cells to tightly control when a 

gene is activated.  The physical demarcation between the cytoplasm and the 

nucleoplasm is provided by the nuclear envelope, which consists of a double 

membrane, nuclear lamina, and nuclear pores.  The inner nuclear membrane (INM), 

along with its integral membrane proteins, physically interacts with the underlying 

nuclear lamina, a structural support system that functions to maintain the integrity of 

the nucleus.  The outer nuclear membrane (ONM) has a separate set of integral 

membrane proteins and is contiguous at points with the endoplasmic reticulum (ER). 

 

The Nuclear Pore Complex 

Because the nuclear envelope provides a physical barrier between the 

cytoplasm and nucleoplasm, there must be gateways to allow passage of material 

between the two distinct environments.  Nuclear pore complexes (NPCs) have 

evolved to serve as these gateways.  The NPC is an extremely large structure, 
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~120MDa in size in vertebrates, and is composed of a family of proteins collectively 

known as nucleoporins or Nups.  Approximately 30 different Nups, present in 8-32 

copies each, create the nuclear pore complex (Figure 1.1).  The Nups that compose 

the NPC are arranged in eightfold-radial symmetry and range from the Nups forming 

cytoplasmic filaments, to scaffolding Nups supporting the inner channel, to the Nups 

that comprise the nuclear basket in the nucleoplasm.   

Within the NPC, there exist different classes of Nups.  Integral membrane 

Nups, including gp210, NDC1, and Pom121, anchor the NPC structure within the 

nuclear membranes (Figure 1.1, brown).  Scaffold Nups, such as the Nup107-160 “Y” 

complex and the Nup205 complex, together form the massive architectural support of 

the NPC (Figure 1.1, green and yellow).  Along the central axis of the NPC are 

phenylalanine-glycine or FG Nups, which comprise 1/3 of the total Nups in the NPC 

(Figure 1.1, red).  These FG Nups contain multiple phenylalanine-glycine repeats in 

their amino acid sequence.  The FG Nups specific to the central channel are 

responsible for creating a hydrogel mesh network at the center of the NPC.  This 

network creates the main permeability barrier between the cytoplasm and nucleus, of 

which the Nup98 GLFG (glycine-leucine-phenylalanine-glycine) repeats form the 

most restrictive barrier (Labokha et al., 2013; Schmidt and Görlich, 2015).  A cross-

section of the barrel-shaped NPC is shown in Figure 1.1.   

The central channel of the NPC, composed of the FG Nup hydrogel, is what 

allows for the passage of material between the cytoplasm and the nucleoplasm.  

While there are FG repeats found on a number of different Nup subunits, from the 
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cytoplasmic filaments to the nuclear basket, the Nup62 complex of FG Nups and 

specifically Nup98 are responsible for the selectivity of the central channel hydrogel 

(Chug et al., 2015; Hülsmann et al., 2012; Labokha et al., 2013; Schmidt and Görlich, 

2015).  Because the passage of material must be tightly controlled, the central channel 

of the NPC provides a selective barrier, which still allows free passage of molecules 

ranging from water and ions to proteins up to 20-40 kDa in size.  The central 

meshwork of the NPC channel, however, prevents unescorted entry or exit of larger 

proteins or RNPs.  Instead, proteins or RNPs larger than 20-40 kDa requiring 

transport must be actively transported through the NPC by a family of proteins 

collectively known as karyopherins (Barry and Wente, 2000; D’Angelo and Hetzer, 

2008; Izaurralde and Adam, 1998).   

 

Karyopherins: Nuclear Transport Receptors 

Karyopherins, also known as nuclear transport receptors, vary in number in 

different organisms.  Yeast have 14 karyopherins, while humans have 21 (Güttler and 

Görlich, 2011).  The karyopherin family of proteins has evolved into two very 

different sides of the family: importins and exportins.  Importins in the cytoplasm 

recognize nuclear localization signals, or NLSs, on cargoes and transport them into 

the nucleus (Conti et al., 1998; Dingwall and Laskey, 1991; Soniat and Chook, 2015).  

Different importins recognize different NLS’s.  Importin β was the first transport 

receptor discovered and often uses an adaptor, Importin α, to recognize an NLS.  One 



4 
 

example of an NLS for Importins α and β is termed the “classical” NLS.  First 

identified in the SV-40 large-T antigen, its NLS is a short stretch of amino acids that 

are positively charged, the amino acid sequence being PKKKRKV (Christophe et al., 

2000; Kalderon et al., 1984a, 1984b; Lange et al., 2007; Nigg, 1997).  Another 

example of an NLS is the “PY”  containing NLS (proline-tyrosine), which the 

importin, Transportin, recognizes.  While there is great variability in this NLS, a 

commonality is the proline-tyrosine found in the amino acid sequence of the cargo 

proteins of Transportin (Chook and Süel, 2011; Lee et al., 2006; Soniat and Chook, 

2015).  Conversely, exportins recognize nuclear export signals, or NESs, on export 

cargoes within the nucleus and transport them to the cytoplasm (Figure 1.2).  The 

exportin Crm1 recognizes what is now called a “classical” NES, or a leucine-rich 

NES.  Over a stretch of ~10-15 amino acids, a common amino acid found is leucine, 

or other amino acids of similar nature, such as isoleucine (Dong et al., 2009a; 

Fornerod et al., 1997; Kutay and Güttinger, 2005; Ossareh-Nazari and Dargemont, 

1999). 

Both importins and exportins interact with FG Nups and, by binding to 

sequential FG Nups, traverse the selective FG Nup meshwork through the NPC.  

Because all importins and exportins bear some similarity to Importin β, karyopherins 

are said to be members of the Importin β family (D’Angelo and Hetzer, 2008; Fried 

and Kutay, 2003; Güttler and Görlich, 2011). 
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The Ran Gradient and Directionality of Transport 

The directionality of nuclear transport, whether import or export, relies on the 

biochemical distribution of the small GTPase Ran.  Ran is converted to its active 

form, RanGTP, inside the nucleus by the RanGEF (guanine exchange factor) , RCC1.  

As RCC1 is a chromatin-bound enzyme, the concentration of RanGTP is very high in 

the nucleus (Bischoff and Ponstingl, 1991a, 1991b). On the cytoplasmic side of the 

NPC, the Ran GTPase-activating protein, RanGAP, stimulates Ran to hydrolyze its 

GTP to GDP, rendering Ran into its inactive form.  Thus, the location of RCC1 and 

RanGAP on opposite sides of the nuclear envelope creates a steep biochemical 

gradient that can be utilized to direct nuclear transport (Hopper et al., 1990; Kalab et 

al., 2002) (Figure 1.3).  Nuclear transport receptors then harness this gradient to 

transport their cargos across the nuclear envelope.   

In general, importins bind cargo bearing a nuclear localization signal (NLS) in 

the cytoplasm, and travel inward.  Often, import of a cargo requires an adaptor 

protein.  For example, the import complex, Importin β/Importin α/NLS cargo, passes 

through the nuclear pore where it then encounters and binds to RanGTP within the 

nucleus.  This causes a conformational change in Importin β, which promotes its 

dissociation from Importin α and  its import cargo, completing import (Figure 1.4).  

Conversely, inside the nucleus, exportins differ from importins in that they 

simultaneously bind cargo bearing a nuclear export signal (NES) and RanGTP, 

forming a ternary export complex.  This export complex travels out through the 

nuclear pore, then encounters RanGAP on the cytoplasmic filaments of the NPC.  
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RanGAP stimulates RanGTP to hydrolyze its GTP to a GDP, which causes a 

conformational change in the exportin that results in disassembly of the export 

complex (Figure 1.5) (Barry and Wente, 2000; D’Angelo and Hetzer, 2008; Fried and 

Kutay, 2003; Izaurralde and Adam, 1998; Weis, 2003).  

 

Mitotic Roles for Nuclear Transport Receptors and the Ran Gradient 

The Ran gradient is equally important to the cell during mitosis, when the 

nuclear envelope is broken down.  Interestingly, the steep biochemical gradient of 

RanGTP is still present around the chromosomes, as the RanGEF RCC1 is chromatin-

bound and remains active (Hutchins et al., 2004; Li and Zheng, 2004).  This high 

concentration of RanGTP around the mitotic chromosomes has been shown to be 

utilized as a cellular “GPS” that has proven crucial for proper mitotic spindle 

formation (Figure 1.6) (Kalab and Heald, 2008).  Early studies found RanGTP to be a 

critical regulator of mitosis: these studies showed that the high RanGTP concentration 

around the chromosomes induces microtubule polymerization and mitotic spindle 

formation, doing so by freeing spindle assembly factors (SAFs) from inhibition by 

Importin α/β (Carazo-Salas et al., 2001; Kalab et al., 1999; Ohba et al., 1999; Wilde 

and Zheng, 1999; Zhang et al., 1999).  These studies showed that at locations away 

from the chromosomes, where RanGTP is low or absent, Importins β and α bind to 

certain spindle assembly factors (SAFs) in an NLS-dependent manner, which 

effectively inhibits them and shuts off their spindle-promoting functions (Du et al., 
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2002; Ems-McClung et al., 2003; Gruss et al., 2001; Nachury et al., 2001; Ribbeck et 

al., 2006; Schatz et al., 2003).  This RanGTP-mediated “GPS” enables the cell to 

assemble the spindle in the correct area of the cell during mitosis, i.e., around the 

mitotic chromosomes.  Thus, the cell effectively utilizes the RanGTP gradient in a 

parallel manner in mitosis, when there is no nuclear envelope and no nuclear 

transport.   

While the mechanism of Importin β inhibition was first discovered to be 

active during spindle assembly, it was later studied in downstream mitotic assembly 

processes, such as the reformation of the nuclear membrane (Hachet et al., 2004; 

Harel et al., 2003; Hetzer et al., 2000, 2002; Lu et al., 2012; Zhang et al., 2002) and 

the formation of the nuclear pores (Harel et al., 2003; Walther et al., 2003).  It was 

found that Importin β negatively regulates both nuclear membrane fusion and nuclear 

pore formation in vitro, and that RanGTP is able to relieve the inhibition (Delmar et 

al., 2008; Harel and Forbes, 2004; Harel et al., 2003).  This model of karyopherin 

regulation of mitosis was expanded further when it was found that Transportin, a 

close relative of Importin β, was also able to regulate the same mitotic assembly 

processes as Importin β.  Moreover, Transportin’s inhibition of assembly was found 

to be counteracted by RanGTP (Lau et al., 2009) (Figure 1.6).  Furthermore, using a 

set of molecular tools described fully in Chapter 2, we determined that, 

mechanistically, Transportin was regulating the three mitotic assembly processes by 

directly binding and inhibiting protein targets required for proper assembly, in a 

manner parallel to the way in which Importin β functions (Bernis et al., 2014). 
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In Vitro Assays and Xenopus Egg Extracts  

Much of the work that contributed to the discovery and analysis of the 

regulatory role of Importins α/β and Transportin in mitosis was accomplished with 

the aid of in vitro Xenopus laevis egg extracts.  Xenopus eggs are relatively large 

(~1mM in diameter) and are arrested in metaphase of meiosis II (Tunquist and 

Maller, 2003).  They are primed for rapid cell division after fertilization and, as such, 

store large amounts of the cellular components needed to support rapid cell growth 

(Forbes et al., 1983; Lohka and Maller, 1985; Lohka and Masui, 1984; Newport, 

1987).  This makes Xenopus egg extracts ideal for studying biochemical processes in 

vitro.  Two different types of Xenopus egg extracts were used in this study: mitotic 

and interphase extracts.  Mitotic (or CSF) extract is prepared in the presence of the 

Ca2+ chelator EGTA.  When the eggs are lysed, the EGTA prevents Ca2+ release .  

This preserves the mitotic state of the extract, making it ideal for the study of spindle 

assembly in vitro (Desai et al., 1998; Maresca and Heald, 2006).  In contrast, 

interphase extracts are used to mimic the telophase assembly events of nuclear 

membrane and nuclear pore assembly.  Such extracts are formed by lysing Xenopus 

eggs in the presence of Ca2+.  This allows the extract to progress out of mitosis and 

into interphase.  When chromatin is added to interphase extracts, nuclei form around 

the decondensing chromatin.  Such nuclei have been shown to possess a functional 

nuclear import system (Bernis and Forbes, 2014; Chan and Forbes, 2006; Finlay and 

Forbes, 1990). With their capacity for biochemical manipulation by addition of 

exogenous proteins, small molecule inhibition, immunodepletion, and many other 
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methods of experimentation, the Xenopus egg extracts provide a powerful platform 

for studying processes that play different roles in physiologically distinct phases of 

the cell cycle, such as the role of Importin β in regulating nuclear import during 

interphase and in regulating mitotic assembly events, such as spindle formation, in 

mitosis. 

 

Expanding the Roles of Karyopherins During Mitosis 

In Chapter 2 of this dissertation, we greatly expand upon the mechanism of 

regulation of major mitotic events by importins.  Transportin, an import karyopherin, 

had been shown previously to negatively regulate three major mitotic assembly 

events: spindle formation, nuclear membrane fusion, and nuclear pore formation (Lau 

et al., 2009).  We sought to discern whether Tranportin acts mechanistically in the 

same way or in a different way from Importin β in regulating these mitotic assembly 

events.  We asked whether, for example, Transportin sequesters RanGTP away from 

Importin β, thus preventing Importin β from releasing its bound target proteins.  

Conversely, does Transportin act in a manner parallel to Importin β, i.e., by directly 

binding and inhibiting a set of spindle assembly factors.  If the latter, does 

Transportin bind a distinct set of target proteins?  For this, we took advantage of 

molecular tools such as: (a) a mutant Transportin, termed TLB, that cannot release 

bound assembly factors regardless of RanGTP binding, and (b) M9M, a protein 

containing a super PY NLS chimeric protein that is capable of displacing any bound 



10 
 

assembly factors from Transportin.  We determined that Transportin indeed regulates 

mitotic assembly events in a parallel pathway to Importin β, i.e., by binding directly 

to target assembly factors (Bernis et al., 2014). 

In Chapter 3 of the dissertation, we present a comprehensive review of the 

state of karyopherin regulation of mitotic assembly events (Forbes et al., 2015).  The 

faithful segregation and distribution of chromosomes during mitosis is one of the 

most critical cellular functions and must be executed with high fidelity by the cell.  

Any deviations from near-perfection can lead to a delay in mitosis, to aneuploidy, or 

even to apoptosis.  As such, there is a high level of regulation the cell employs to 

ensure proper cell division.  Large structures must be assembled, including the 

microtubule-based spindle, and the kinetochores, which are large protein complexes 

that provide an interface between the chromosomes and mitotic spindle and senses 

tension in the microtubules.  These events are under surveillance by karyopherin 

family members in conjunction with RanGTP.  Summarization of the field at the time 

led us in a direction that was undefined previously in the literature: the role of 

exportins in mitotic assembly events. 

In Chapter 4 of the dissertation, we explored the “GPS” model of karyopherin 

regulation of mitotic events further, asking if exportins can regulate mitotic assembly 

events.  We focused on Crm1/Exportin-1, Exportin-t, and to a lesser extent, Exportin-

5.  As all three are members of the karyopherin family, they all bear a certain 

resemblance to one another.  All karyopherins possess a CRIME domain, or the 

“Crm1, Importin β, Etc.” domain on their N-terminus that provides significant 
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binding sites for RanGTP (Cook et al., 2007; Ossareh-Nazari and Dargemont, 1999).  

In addition, the major structural building blocks of all karyopherins are HEAT 

(Huntington’s, elongation factor 3, protein phosphatase 2a, and TOR1 kinase) repeats, 

which form helical structures (Yoshimura and Hirano, 2016). Crm1 has 21 HEAT 

repeats, organized overall to form an inner tube-like shape (Dong et al., 2009b; 

Güttler and Görlich, 2011; Monecke et al., 2009). RanGTP binds to the center of the 

Crm1 structure.  In contrast, the leucine-rich NES of a given export cargo protein 

binds between HEAT repeats 11A and 12A (Fornerod et al., 1997).  Because this 

NES-binding cleft is on the outside of Crm1, it can accommodate each of many 

different NES-bearing proteins for transport across the nuclear envelope without 

steric interference. Crm1 carries a diverse array of cargo.  Crm1 export cargoes range 

from ribosomal subunits to transcription factors, from anti-tumor proteins to pro-

apoptotic factors, among others (Xu et al., 2012).  Crm1 also exports snRNPs and the 

Rev/unspliced HIV RNA complex (Booth et al., 2014; Yi et al., 2002).  There have 

been several large-scale screens to identify NES-bearing proteins in the past few 

years; however, of the many proteins each identified, only a small subset of protein 

hits overlap in the respective screens (Kırlı et al., 2015; Thakar et al., 2013; Wühr et 

al., 2015).  Additionally, there is an actively updated database of all experimentally 

confirmed NES-bearing Crm1 cargo (Xu et al., 2012). 

Many of the above Crm1 cargoes are transcription factors that shuttle in and 

out of the nucleus for their function.  It has been found that when Crm1 is 

overexpressed, as it is in several cancer types, it promotes excessive nuclear export of 
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anti-tumor proteins and pro-apoptotic factors, such as p53, FOXO, BRCA1, and 

BARD1 (Brodie and Henderson, 2012; Dickmanns et al., 2015; Freedman and 

Levine, 1998).  Because the proteins are exported, they cannot perform their function 

inside the nucleus, which contributes to a cancerous phenotype.  There are several 

chemical inhibitors, however, that specifically target Crm1 by covalently binding to 

Cysteine 528 inside the NES binding cleft, preventing Crm1from binding to its 

cargoes.  The most well-known is Leptomycin B, which is fairly toxic to human cells 

by 24 hours (Kudo et al., 1999; Wolff et al., 1997).  However, new drugs collectively 

known as Selective Inhibitors of Nuclear Export (SINEs) are less toxic and are 

showing great promise in clinical trials as chemotherapeutic agents, as they have been 

shown in culture to return cancer cells to a more normal state (Boons et al., 2015; 

Mendonca et al., 2014; Sun et al., 2016). 

Exportin-t, in contrast to Crm1, has a much more clearly defined set of export 

cargo, tRNA.  This makes Exportin-t a distinctly different candidate for further 

analysis in mitotic function due to its limited cargo range.  Consisting of 19 HEAT 

repeats, Exportin-t binds tRNA and RanGTP in a cooperative manner (Arts, 1998; 

Kuersten et al., 2002; Kutay et al., 1998).  Interestingly, Exportin-t overexpression is 

involved in several types of cancer, including breast and ovarian cancer and 

mesothelioma.  While Exportin-t overexpression was found to correlate to a poor 

prognosis in these types of cancer, the mechanism of action is still unclear (Çağatay 

and Chook, 2018; Sun et al., 2018; Vaidyanathan et al., 2016).   
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Exportin-5 primarily exports pre-microRNAs (pre-miRNAs).  It also has been 

found to export certain RNA/protein complexes, tRNAs, and the 60s ribosomal 

subunit (Bohnsack et al., 2004; Chen et al., 2004; Güttler and Görlich, 2011; Wild et 

al., 2010; Yi et al., 2003).  Because Exportin-5 mediates the export of pre-

microRNAs, any disruption of this export leads to problems with gene expression, as 

mRNA levels can no longer be correctly regulated by the corresponding anti-sense 

mature microRNA (miRNA).  There is an interesting example of an Exportin-5 

mutant that directly leads to cancer.  In this case, Exportin-5 is expressed as a 

truncated mutant form, which prevents it from exporting its pre-microRNA cargo. 

The mutant Exportin-5 and its pre-microRNA cargo accumulate in the nucleus, 

ultimately leading to cancer (Melo et al., 2010).  With such health-related 

significance, the study of Exportin-5 in different cell cycle events, such as mitosis, is 

highly warranted. 

Chapter 4 of this dissertation directly examines whether there are potential  

regulatory roles for exportins in the three major mitotic assembly processes: spindle 

assembly, nuclear membrane fusion, and nuclear pore formation.  We examine 

Crm1/Exportin-1, Exportin-t, and perform preliminary experiments on Exportin-5.  

We found that the exportins Crm1 and Exportin-t can inhibit these three assembly 

processes in vitro.  Moreover, the inhibited phenotypes the exportins produce can be 

counteracted by the simultaneous addition of RanGTP.  Crm1 and Exportin-t can be 

counteracted for both membrane fusion and nuclear pore formation by RanGTP.  

Also, when nuclear pore formation was examined with Exportin-5, we found it was 



14 
 

inhibited and could be counteracted by RanGTP.  For spindle assembly, added Crm1 

and Exportin-t both inhibit mitotic spindle assembly.  Interestingly, Exportin-t shows 

distinctive intermediate spindle phenotypes that suggest some counteraction is 

possible.  We have subsequently identified nucleoporin targets that could be under 

direct regulation by the exportins Crm1 and Exportin-t for assembly. 

In summary, this is the first study to show that exportins can regulate the 

major mitotic assembly events from spindle assembly to nuclear pore formation.    

We provide direct evidence that the Exportins Crm1, Exportin-t, and Exportin-5 can 

negatively regulate one or more major mitotic events in vitro.    This work is 

additionally significant because many of the studies implicate dysregulation of the 

exportins in cultured cancer cells or in human cancer.  Inhibition of Crm1-mediated 

nuclear export by SINEs is being explored in clinical studies of multiple cancer types.  

However, the role that the exportins play in mitosis cannot, and should not, be 

ignored when considering them as therapeutic targets in disease treatment. 
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Figures 

 

Figure 1.1: Schematic of the Nuclear Pore Complex.  The nuclear pore complex 

perforates the nuclear envelope.  Nucleoporins, or Nups, compose the nuclear pore 

and are present in multiple different copies.  The shapes shown indicate specific 

nucleoporin subcomplexes.  Mitosis in most higher eukaryotes results in disassembly 

into the subunits shown (Beck and Hurt, 2017; D’Angelo and Hetzer, 2008; 

Kabachinski and Schwartz, 2015; Wozniak et al., 2010). 
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Figure 1.2: Nuclear Transport Receptors, also known as Karyopherins.  An 

importin binds to cargo with a nuclear localization signal (NLS) and transports the 

cargo from the cytoplasm into the nucleus.  Exportins bind to cargo bearing a nuclear 

export signal (NES), along with RanGTP, and transports the cargo from the nucleus 

into the cytoplasm. 
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Figure 1.3: Directionality of transport is controlled by the RanGTP gradient.  

Inside the nucleus, RCC1 (RanGEF) is bound to chromatin.  It activates Ran by 

inducing exchange of Ran’s GDP for a GTP.  Bound to the cytoplasmic filaments of 

the nuclear pore, RanGAP stimulates RanGTP to hydrolyze its GTP to a GDP.  The 

localization of these two enzymes allows for the creation of a steep biochemical 

gradient of RanGTP across the nuclear envelope. 
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Figure 1.4: Nuclear import and the RanGTP gradient. An importin recognizes 

cargo with a nuclear localization signal (NLS) in the cytoplasm and forms a binary 

import complex.  The import complex then travels through the nuclear pore and into 

the nucleoplasm.  In the nucleus, RCC1 is generating large amounts of RanGTP, 

which the import complex encounters.  Importins preferentially bind to RanGTP, and 

this binding generates a conformation change in the importin, which then dissociates 

from its cargo, completing import. 
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Figure 1.5: Nuclear export and the RanGTP gradient.  In the nucleoplasm, an 

exportin forms a ternary export complex with a cargo bearing a nuclear exit signal 

(NES) and RanGTP.  The ternary export complex then travels through the nuclear 

pore, where upon exit it encounter RanGAP bound to cytoplasmic filament of the 

nuclear pore.  RanGAP stimulates Ran to hydrolyze its GTP to a GDP, and this 

hydrolysis causes a conformational change in the complex, which then dissociates in 

the cytoplasm, thus completing export. 
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Figure 1.6: Mitosis and the RanGTP “Cloud.”  When the nuclear envelope breaks 

down in mitosis, RCC1, bound to chromatin, is still active and it is still producing 

RanGTP.  This creates a “cloud” of highly concentrated RanGTP in the vicinity of the 

mitotic chromosomes (depicted in yellow, where the darker shades of yellow 

corresponds to higher levels of RanGTP).  Away from the chromosomes, Importin β 

(β, green) and Transportin (Trn, red) bind to spindle assembly factors (SAFs).  The 

binding prevents the SAFs from being activated in the wrong location, i.e., away from 

the chromosomes.  However, as an importin /inhibited SAF complex diffuses closer 

to the chromosomes, the high local concentration of RanGTP induces the disruption 

of the inhibited importin/SAF complex.  This frees the SAF and promotes spindle 

assembly in the proper location, i.e., around mitotic chromosomes. 
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Abstract  

Xenopus egg extracts provide a powerful tool for studying a wide range of 

biological processes, from DNA replication to nuclear pore complex (NPC) 

formation.  They have been indispensable in the dissection of the roles of Importins 

during major mitotic assembly events, including spindle assembly, nuclear membrane 

fusion, and nuclear pore formation.  In this study, Xenopus egg extracts were used to 

assess the regulatory roles that Exportins play during nuclear membrane fusion, 

nuclear pore formation, and spindle assembly in vitro. For this, recombinantly 

produced Exportins were added to nuclear and mitotic reconstitution reactions in 

vitro.  Three Exportins were analyzed: Crm1 (Exportin-1), Exportin-t, and to a lesser 

extent, Exportin-5.  It was found that Crm1 and Exportin-t were able to inhibit 

formation of the nuclear membranes by affecting vesicle fusion.  This inhibition was 

counteracted by RanQ69L-GTP, a constitutively actively mutant of RanGTP.  Crm1, 

Exportin-t, and Exportin-t were also found to inhibit nuclear pore formation in 

BAPTA nuclei, which are pore-free nuclear intermediates.  The inhibitory effects on 

nuclear pore formation could be relieved by the simultaneous addition of RanQ69L-

GTP, a constitutively active mutant of RanGTP.  Looking at mitotic extracts, we 

found that both Crm1 and Exportin-t negatively regulate spindle assembly.   

To probe for potential regulatory targets of exportins, GST pulldowns from 

interphase Xenopus egg extracts were performed using Crm1- or Exportin-t-bound 

glutathione beads with or without RanQ69L-GTP.  It was found that Crm1 and 

Exportin-t pulled down a subset of nucleoporins known to be essential for both 
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spindle assembly and nuclear pore assembly.  RanQ69L-GTP significantly decreased 

such interaction.  The above study thus greatly expands the network of nuclear 

transport factors that are known to affect major mitotic structural assembly events. 
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Introduction 

The nucleus is one of the most prominent and defining structures of the 

eukaryotic cell.  The nuclear envelope, a double membraned structure provides a 

barrier between the contents of the nucleus and the cytoplasm.  This barrier creates a 

highly-regulated environment that is crucial for safeguarding the genomic DNA. It is 

has become critical to many eukaryotic processes to maintain the separation between 

the nuclear and cytoplasmic contents without abolishing communication between the 

two compartments. Cells evolved specialized selective entries to regulate the 

communication and transport, termed nuclear pore complexes (NPCs).  The NPC is a 

very large, macromolecular structure, 100-120 MDa in size in vertebrates, that 

perforates the double-membraned nuclear envelope (D’Angelo and Hetzer, 2008).   

The nuclear pore complex is composed of ~30 different proteins, each found 

in 8-32 copies.  These proteins are collectively known as nucleoporins, or Nups. 

There are distinct classes of Nups, including FG-Nups with phenylalanine-glycine 

(FG) repeats, central scaffold Nups, and integral membrane Nups.  FG Nups, 

comprising one-third of the different Nups, are localized along the pathway of 

transport.  The FG Nups of the central pore interact to form a hydrogel that acts as a 

selective barrier between the nucleus and cytoplasm (Labokha et al., 2013; Schmidt 

and Görlich, 2015).  Furthermore, the FG repeats themselves serve as binding sites 

for the nuclear transport receptors that are responsible for transport of large cargoes 

between the cytoplasm and the nucleus (Cook et al., 2007; Fried and Kutay, 2003; 

Kapinos et al., 2017),. 
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Transport through the NPC is a tightly-regulated process.  Molecules ranging 

in size from water, ions, and nucleotides to proteins less than 20-40 kDa can passively 

diffuse through the pore.  However, proteins larger than this threshold must traverse 

the NPC with the aid of a nuclear transport receptor (Barry and Wente, 2000; Fried 

and Kutay, 2003; Kuersten et al., 2001a; Nigg, 1997; Weis, 2003).  Multiple nuclear 

transport receptors exist and are collectively known as karyopherins.   

Karyopherins encompass two distinct branches of proteins: importins and 

exportins.  Importins transport cargo into the nucleus, while exportins transport cargo 

from the nucleus to the cytosol.  All karyopherins possess HEAT repeats 

(Huntington’s, eIF3, PP2A, and Tor1 kinase), each of which consists of two 

cylindrical coils positioned in an anti-parallel orientation (Cook et al., 2007; 

Yoshimura and Hirano, 2016).  Karyopherins also commonly possess a region of 

homology at the N-terminal end of the protein, which is known as the CRIME 

domain (Crm1, Importin β, Etc.)  The CRIME domain plays a large role in binding 

the regulatory factor, RanGTP, to the karyopherin (Kapinos et al., 2017; O’Reilly et 

al., 2011; Ström and Weis, 2001; Süel et al., 2006). 

The directionality of transport across the nuclear envelope is in large part 

controlled by the small GTPase Ran.  The GTP-exchange factor for Ran, termed 

RCC1, is a chromatin-bound enzyme, and activates Ran for transport by exchanging 

its GDP for GTP. This creates a large biochemical gradient where the concentration 

of RanGTP is high in the nucleus, and low in the cytosol (Bischoff and Ponstingl, 

1991a, 1991b).  RanGAP, which is bound to the cytoplasmic filament nucleoporin, 
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Nup358, (and is also present in the cytosol), enhances the steep gradient of RanGTP 

by ensuring Ran hydrolyzes its GTP to GDP at nuclear exit.   

The karyopherin family of proteins harnesses the RanGTP gradient to produce 

directionality of transport (Hopper et al., 1990; Kalab et al., 1999, 2002).  Importins 

in the cytoplasm bind cargo bearing a nuclear localization signal (NLS), then the 

import complex travels through the nuclear pore, and enters the nucleus.  Inside the 

nucleus the importin binds RanGTP, which induces a conformational change that 

displaces the cargo, completing import.  Conversely, inside the nucleus, exportins 

bind cargo with a nuclear export signal (NES) along with RanGTP to form a ternary 

complex that then exports through the NPC.  RanGAP, bound to the Nup358 

cytoplasmic filament, helps stimulate the RanGTP to hydrolyze its GTP to GDP, 

which causes the ternary export complex to disassemble, completing export (Barry 

and Wente, 2000; Izaurralde and Adam, 1998; Weis, 2003).   

Past studies have shown that importins function as regulators not only of 

nuclear transport during interphase, but that they also critically regulate major mitotic 

assembly events.  RanGTP was found to promote the assembly of mitotic structures, 

while the Importins α and β were found to be inhibitors of the same processes 

(Carazo-Salas et al., 2001; Du et al., 2002; Ems-McClung et al., 2003; Harel et al., 

2003; Kalab et al., 1999; Nachury et al., 2001; Ohba et al., 1999; Schatz et al., 2003; 

Walther et al., 2003).  Indeed, it was found that Importin β directly inhibited the  

fusion of nuclear membranes and the formation of nuclear pores in vitro, in direct 

opposition to RanGTP (Delmar et al., 2008; Harel et al., 2003; Hetzer et al., 2000; 
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Walther et al., 2003).  Subsequent work with Importin β revealed a much wider array 

of regulatory targets regarding spindle assembly, of which reviews are available 

(Forbes et al., 2015; Kalab and Heald, 2008).  A second importin, Transportin, was 

also found to directly regulate major mitotic assembly events in a pathway parallel to 

Importin β (Bernis et al., 2014; Lau et al., 2009a).  Essentially, the two importins bind 

to and inhibit assembly factors in areas away from mitotic chromosomes and 

chromatin.  However, the importins release their bound assembly factors upon 

binding to RanGTP, which is found in high concentration around the mitotic 

chromosomes and chromatin. 

Much effort has been dedicated to importin regulation of mitotic events.  

However, to date, the other half of the karyopherin family, the exportins, have yet to 

be studied in Xenopus egg extracts for an effect on mitotic assembly events. The 

exportins have a distinct and interesting set of cargoes.  Crm1 (Exportin-1, Xpo1) is 

the major nuclear protein export receptor for the cell.  It is a relatively large protein, 

~118 kDa, and consists of 21 HEAT repeats (Conti et al., 2006; Cook et al., 2007; 

Güttler and Görlich, 2011).  Crm1 recognizes nuclear proteins that carry a leucine-

rich NES, also termed a classical NES (Dong et al., 2009; Fornerod et al., 1997; 

Kutay and Güttinger, 2005).  Of all the exportins, Crm1 has the largest and most 

diverse set of cargo, ranging from p53 to full ribosomal subunits (Kırlı et al., 2015; 

Thakar et al., 2013; Wühr et al., 2015; Xu et al., 2012).  In certain cancer types, 

overexpression of Crm1 leads to improper nuclear export and cytoplasmic 

localization of anti-tumor proteins and apoptosis proteins, aiding in the proliferation 
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of the cancerous cells.  This has led to the development of targeted inhibitors of 

Crm1, small molecules known as SINEs, or selective inhibitors of nuclear export 

(Boons et al., 2015; Dickmanns et al., 2015; Mendonca et al., 2014).  While a large 

body of work detailing karyopherin regulation of mitotic events has been conducted 

in vitro, in vivo evidence for such regulation exists as well.  For example, Importin β 

overexpression causes microtubule fragmentation, which can be rescued by the co-

expression of TPX2 (Ciciarello et al., 2004).  Crm1 has also previously been shown 

to impact mitotic processes in normal mammalian cultured cells.  Specifically, Crm1 

localizes to the mitotic spindle and kinetochores in vivo during metaphase where it 

contributes, for example, to the localization of RanBP2 and RanGAP to the 

kinetochore, both of which are proteins necessary for the stability of the microtubule 

kinetochore fibers (Arnaoutov et al., 2005a).  Lastly, Importin β and Crm1 play 

dueling roles in vivo in RanBP2/RanGAP localization on the mitotic spindle and 

kinetochore (Gilistro et al., 2017; Roscioli et al., 2012).    

During interphase Exportin-t, another exportin of interest, transports tRNAs 

from the nucleus to the cytoplasm (Arts et al., 1998; Kuersten et al., 2001b; Kutay et 

al., 1998).  Exportin-t is ~135 kDa and is composed of 19 HEAT repeats.  A third 

exportin, for example Exportin-5, is the primary transporter for pre-miRNAs and 

double stranded RNA- binding proteins (Bohnsack et al., 2004; Güttler and Görlich, 

2011; Yi, 2003).  Exportin-5 shares many structural elements with the other 

exportins, such as its RanGTP binding domain (CRIME domain) and multiple HEAT 

repeats.  As opposed to Crm1, Exportin-t and Exportin-5 are less well understood and 
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their functions are unexplored in mitosis.  To date, none of these key exportins have 

been tested for cell cycle affects in in vitro cell cycle extracts.   

Understanding the full scope of karyopherin function in the cell cycle has 

proven to be challenging when working with intact cells.  Any perturbations to import 

or export can lead to subsequent deficits in mitosis.  For example, a dysfunction in 

interphase transport may lead to errors in mitosis due to the lack of import of factors 

needed to prepare the cell for mitosis.  For importins, researchers have overcome 

these potential pitfalls by utilizing Xenopus egg extracts in specific cell cycle states.  

Many different cellular events can be studied in Xenopus egg extracts that 

biochemically mimic in vivo conditions (Desai et al., 1998; Macaulay and Forbes, 

1996; Maresca and Heald, 2006; Smythe and Newport, 1991; Tutter and Walter, 

2006). These extracts largely replicate the appropriate in vivo events such as the 

formation of nuclear membranes and nuclear pores as seen in telophase.  Therefore, 

with the proper biochemical manipulations, Xenopus egg extracts allow analysis of 

specific and distinct biochemical steps in physiological processes including spindle 

formation, nuclear envelope fusion,  and nuclear pore formation.   

This study uses Xenopus egg extracts and recombinantly produced proteins to 

begin to dissect the role of Crm1 and Exportin-t in nuclear membrane fusion, with an 

analysis of Crm1, Exportin-t, and Exportin-5 in nuclear pore formation.  We also 

preliminarily explore the potential roles of Crm1 and Exportin-t in spindle formation.  

Using Xenopus egg extracts to simulate different mitotic phases of the cell cycle, we 

explore the novel roles of export karyopherins in a role completely distinct from their 
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interphase transport duties.  We propose a model where exportins selectively bind 

target assembly factors and release them in the presence of RanGTP, thus 

contributing to proper spatial regulation of the nascent-forming nucleus or spindle.   
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Results 

Crm1 and Exportin-t inhibit nuclear membrane fusion with RanQ69L-GTP 

counteracting their inhibitory effects 

To investigate whether exportins can regulate nuclear envelope fusion, we 

used an in vitro nuclear assembly assay derived from Xenopus interphase egg extracts 

and monitored nuclear membrane fusion. To this end, exogenous Crm1 or Exportin-t 

was added to interphase Xenopus egg extracts containing sperm chromatin and 

membrane vesicles at t=0  and allowed to incubate for 1 hour. The fusion of vesicles 

to form the nuclear membranes was determined by observing two different aspects of 

the reconstituting nuclei.  First, the integrity of the nuclear membrane was assessed 

by the ability to exclude TRITC-labeled 70 kDa dextran.  Second, the appearance of 

the membrane was assessed by addition of the fluorescent membrane dye, DHCC.  

DHCC stains membranes such as those surrounding the reconstituting nuclei, 

allowing for the visualization of either smooth contiguous membranes or, 

alternatively, bound membrane vesicles blocked in an unfused state.  As a control, a 

known inhibitor of nuclear membrane fusion, Transportin, which is a RanGTP-

sensitive import receptor (Bernis et al., 2014; Lau et al., 2009a), was used to compare 

to the phenotypes generated by the three exportins (Figure 4.1).  Transportin, as 

expected, blocked the appearance of a smooth nuclear membrane (Figure 4.1C, green) 

and prevented nuclear exclusion of 70 kDa dextran (Figure 4.1C, red).  The addition 

of either Crm1 (Figure 4.1E) or Exportin-t (Figure 4.1G) also resulted in the loss of 

TRITC 70 kDa dextran exclusion, and led to the appearance of unfused, non-smooth, 
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incomplete nuclear membranes.  However, we found that the addition of exogenous 

RanQ69L-GTP simultaneously with the exportins was able to significantly restore the 

extract’s ability to properly form fused nuclear membranes for both Crm1 (Figure 

4.1F) and Exportin-t (Figure 4.1H) and these were capable of 70 kDa dextran 

exclusion.  The quantification of the observed phenotypes is shown in Figure 4.2.  We 

conclude that in the in vitro nuclear reconstitution system, exportins can negatively 

regulate the fusion of nuclear membrane precursor vesicles into intact double nuclear 

membranes. 

 

Crm1, Exportin-t, and Exportin-5 inhibit nuclear pore formation, all of which 

are counteracted by RanQ69L-GTP. 

We next asked whether one or more exportins were able to inhibit nuclear 

pore formation in vitro.  Nuclei reconstituted in the presence of the Ca2+ chelator 

BAPTA are known to form nuclear intermediates with smooth double nuclear 

membranes that are devoid of nuclear pores, termed “BAPTA nuclei” (Figure 4.3A, 

red).  However, when these pore-free intermediates are diluted into fresh interphase 

egg extract lacking BAPTA, nuclear pore assembly then occurs (Macaulay and 

Forbes, 1996).  Nuclear pore assembly is assessed with a fluorescent antibody to FG 

nucleoporins (Figure 4.3B, red).  BAPTA nuclei thus provide ideal pore-free 

intermediates that allow for the specific analysis of nuclear pore formation, separate 

from membrane fusion.   
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Using preformed BAPTA nuclear intermediates (Figure 4.3A), the effects of 

Crm1, Exportin-t, and Exportin-5, added with fresh BAPTA-free cytosol, on nuclear 

pore formation were analyzed. Transportin, a known nuclear pore inhibitor sensitive 

to RanGTP, was again used as a negative control.  Inhibition of nuclear pore 

assembly was observed with Tranportin (Figure 4.3D, red), but not if RanQ69L-GTP 

was included (Figure 4.3E, red).  Compared to the GST control (Figure 4.4B, red) or 

to RanQ69L-GTP addition alone (Figure 4.3C, red), the three exportins produced 

strong inhibitory effects on pore formation (Figure 4.3F, 4.3I, 4.3L).  However, upon 

inclusion of RanQ69L-GTP, the inhibitory effects of these exportins were 

ameliorated, and nuclear pore formation was significantly rescued.  For Crm1, 

Exportin-t, and Exportin-5, respectively, the observed phenotypes ranged from 

nuclear pore complex restoration at scattered sites on the nuclear rim (Figures 4.3G, 

4.3J, 4.3M), to full nuclear pore complex restoration around the entire rim (Figures 

4.3H, 4.3K, 4.3N).  The quantification of this pore assembly is shown in Figure 4.4.  

Crm1 showed the most reversal by RanQ69L-GTP.  In sum, the Exportins Crm1, 

Exportin-t, and Exportin-5 all are capable of inhibition of nuclear pore assembly, and 

this inhibition can be considerably counteracted by RanGTP.  

 

Crm1 and Exportin-t inhibit spindle assembly in Xenopus egg extracts 

Since we have shown that the three exportins tested can inhibit both nuclear 

membrane fusion and nuclear pore assembly, structures formed in telophase in the 
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cell, we asked if they could also affect an earlier mitotic event, spindle assembly, 

which is seen at metaphase.  The import receptors Importin β and Transportin have 

both been shown to be negative regulators of spindle assembly when added to mitotic 

Xenopus egg extracts (Bernis et al., 2014; Du et al., 2002; Ems-McClung et al., 2003; 

Gilistro et al., 2017; Gruss et al., 2001; Lau et al., 2009a; Nachury et al., 2001; 

Ribbeck et al., 2006; Roscioli et al., 2012; Schatz et al., 2003; Wiese et al., 2001).  

Mechanistically, an excess of these importins has been shown to act by causing 

sequestration of spindle assembly factors (SAFs), even around mitotic chromosomes, 

leading to blocked spindle assembly. 

To ask the simple question of whether an excess of the exportins Crm1 and 

Exportin-t would have an effect on spindle assembly in mitotic Xenopus egg extracts, 

spindle assembly reactions were performed (as in Bernis et al., 2014) by adding 

demembranated sperm chromatin packets and energy mix to Xenopus mitotic 

extracts.  The reactions were supplemented at time 0 with either GST alone, 20 μM 

GST-Transportin as a negative control, or different concentrations of recombinant 

GST-Crm1. Rhodamine-labeled tubulin was added at the beginning of the reaction to 

allow for visualization of spindle assembly. After 60 minutes, the reactions were 

halted and analyzed for the presence of mitotic spindles around the chromatin 

packets. The latter were visualized with Hoechst DNA dye.  Spindle assembly readily 

occurred in a control GST reaction: microtubules in a robust bipolar spindle 

assembled around mitotic chromosomes, as expected Figure (4.5A). 
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Addition of low concentrations of Crm1 (1-2 μM) had no significant effect on 

spindle formation (Figure 4.5C-D). Increasing Crm1 concentrations (8-10 μM) caused 

a visible lessening of spindle structure (Figure 4.5E-F).  Addition of 15-20 μM 

exogenous Crm1 to the mitotic egg extract completely blocked spindle assembly, as 

shown by the absence of microtubules around the chromatin in 80 % of the cases (15 

μM, Figure 4.5G; 20 μM, data not shown). This inhibition of spindle assembly was 

similar to that seen previously with addition of 20 μM Transportin (Figure 4.5B) 

(Bernis et al., 2014).  The remaining 20% of the DNA packets at 15 μM Crm1 

showed aberrant spindles or DNA with irregular and disorganized microtubules 

around it (data not shown).  

Similar to Crm1, Exportin-t was tested in our in vitro spindle assembly assays.  

Exportin-t (15 μM) induced two distinct phenotypes: (a) full spindle inhibition 

(Figure 4.6D) and (b) mitotic chromatin (blue) flanked by very small aster-like 

microtubule nucleations (red) (Figure 4.6C).  When RanQ69L-GTP was added 

simultaneously, there was a partial reversal of spindle inhibition.  The main 

phenotypes observed in this case were: a very small bipolar spindle adjacent to the 

chromatin (Figure 4.6E, red), multipolar spindles (Figure 4.6F, red), groups of asters 

that are similar to the addition of RanQ69L-GTP to mitotic extract in the absence of 

DNA (Figure 4.6G), and condensed chromatin lacking any microtubule association 

(Figure 4.6H).  Thus, exportin-t inhibits spindle assembly and aster assembly, both of 

which are partially restored by RanGTP.   
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Crm1 and Exportin-t interact with multiple nucleoporins, while RanQ69L-GTP 

decreases their interactions. 

The exportins above, when tested, clearly inhibit nuclear membrane fusion, as 

well as nuclear pore formation, and spindle assembly (Figures 4.1, 4.3, 4.5,4.6).  

Nucleoporins are not known to play a role in nuclear membrane fusion, but do offer 

strong potential regulatory targets for nuclear pore assembly, as well as spindle 

assembly (Bernis et al., 2014; Cross and Powers, 2011; Lau et al., 2009a; Mackay et 

al., 2009; Orjalo et al., 2006; Rasala et al., 2006).  Nucleoporins are also known to be 

required for proper bipolar spindle formation and kinetochore assembly (Chatel and 

Fahrenkrog, 2011; Cross and Powers, 2011; Forbes et al., 2015; Mackay et al., 2009; 

Mishra et al., 2010; Nakano et al., 2011; Orjalo et al., 2006; Rasala et al., 2006; 

Rotem et al., 2009; Wozniak et al., 2010). 

To understand the mechanism by which exportins might regulate these 

processes, we performed GST pulldowns to look for protein-protein interactions 

between exportins and nucleoporins in our system.  In mature Xenopus eggs, the 

disassembled subunits of the oocyte nuclear pores are stored in large quantity for later 

in development.  These pore subunits, ~13 in number, have proven to be logical 

targets for binding in our past studies on importin regulation of nuclear pore assembly 

(Bernis et al., 2014; Delmar et al., 2008; Harel et al., 2003; Lau et al., 2009a; Shah et 

al., 1998).  Thus, we asked which, if any, Nup complexes might be targets of exportin 

binding in our hands.  To this end, GST pulldowns from interphase Xenopus egg 

extracts were conducted with GST-Crm1 or GST-Exportin-t bound to glutathione 
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beads.  Extract was incubated with the two types of GST-exportin-beads, with or 

without the presence of RanQ69L-GTP.  The bound proteins were eluted and  probed 

by immunoblotting for the presence of nucleoporins from different nuclear pore 

subcomplexes, including Nup133 (Nup107-160 complex), Nup98 (Gle2), Nup358 

(RanBP2/RanGAP), Nup214 (Nup88), Nup153 (Nup50), and Nup62 (Nup58, 54, 45).  

(The nucleoporins in parenthesis are Nups not probed for but known also to be 

present in the adjacent Nup subunit.)  We found that Crm1 and Exportin-t were bound 

to all six tested, i.e., subunits containing Nup133, Nup98, Nup358, Nup214, Nup153, 

and Nup62 (Figure 4.7, lanes 4 and 6).  This indicates that the exportin must have 

bound either the nucleoporin probed for, or, another nucleoporin in that subcomplex.  

Notably, the addition of RanQ69L-GTP significantly decreased interactions of the 

exportins (Figure 4.7, Lanes 5 and 7) with all the nucleoporins tested.   
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Discussion 

This study shows that three exportins, Crm1, Exportin-t, and Exportin-5, can 

inhibit major mitotic assembly events. We predict that the binding and releasing 

activity of exportins with specific assembly target proteins could be used to ensure 

the proper spatial assembly of critical structures such as the nuclear membranes, 

nuclear pores, and the mitotic spindle.  Exportins were shown to bind nucleoporin 

subcomplexes and release them in the presence of RanGTP.  For nuclear pore 

formation, we believe the release of the nucleoporin subcomplexes would only occur 

near chromatin where RanGTP is produced and is therefore high.  This localization is 

consistent with where the nascent forming nuclear envelope needs to be assembled.  

This model further suggests that while the three exportins have different export 

cargoes, ranging from Crm1’s diverse array of NES-bearing proteins to the tRNA 

selectivity of Exportin-t, the three have a shared common mechanism of binding to 

nucleoporins, either directly or indirectly, and appear to release the Nups in a 

RanGTP-dependent manner (Figure 4.1, 4.3, 4.7).   

The exportins Crm1 and Exportin-t are also able to inhibit spindle assembly in 

vitro, as shown in Figures 4.5 and 4.6.  Could they be regulating spindle assembly in 

a by binding nucleoporins and releasing them upon encountering RanGTP?  Several 

nucleoporins are indeed required for bipolar spindle assembly, including the Nup107-

160 complex, ELYS, and Nup358 (Arnaoutov et al., 2005b; Chatel and Fahrenkrog, 

2011; D’Angelo and Hetzer, 2008; Mishra et al., 2010; Nakano et al., 2011; Orjalo et 

al., 2006; Rasala et al., 2006; Wozniak et al., 2010).  The Nup107-160 complex has 
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also been observed on the spindle itself (Orjalo et al., 2006).  Exportin-t binding and 

inhibiting essential Nups in mitosis, and releasing them in areas of high RanGTP 

seems the most plausible mechanism/model, as tRNAs likely have little to do with 

spindle assembly, and we observed (Figure 4.7) that the addition of RanGTP 

significantly reversed Exportin-t inhibition of spindle assembly. 

In sum, the evidence above provides new insight into novel regulatory 

mechanisms the cell could employ to ensure correct spatial arrangement of major 

mitotic structures for a faithful segregation of mitotic chromosomes, followed then by 

proper nuclear reassembly.  This would greatly expand the current known roles of 

RanGTP and karyopherin regulation in major mitotic assembly events. 
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Materials and Methods 

Expression and Purification of Recombinant Proteins and Antibodies  

Recombinant proteins [GST, GST-hTransportin, GST-xCrm1, GST-hExportin-t, 

6xHis-hExportin-5, and GST-RanQ69L] were expressed in BL21 (DE3) cells (New 

England BioLabs, C25271) by growing 1L at 37⁰ for 3 hours or until the OD600 was 

~0.500.  Protein expression was induced by adding IPTG (0.5mL of 1M stock) to a 

final concentration of 0.5M and growing cells overnight at 16⁰.  The cells were 

collected by centrifugation, resuspended in 25mL of bacterial lysis buffer (300 mM 

NaCl, 50 mM Tris, pH=7.5) plus 5 mg lysozyme (BioPioneer, C0021) and frozen at -

80⁰C.  Cells were thawed on ice, then sonicated and centrifuged in an SS-34 rotor 

(Sorvall) to give cleared lysate (24k G, 45 minutes, 4⁰C). The lysate was applied to  

Glutathione Agarose 4B beads (Prometheus Protein Biology Products, 20-542) or 

Super Ni-NTA Agarose Nickel beads (Lambda Biotech, G202) and the expressed 

proteins purified according to manufacturers’ instructions.  Proteins were stored in 

aliquots at -80⁰C in Egg Lysis Buffer (250 mM Sucrose, 2.5 mM MgCl2, 50 mM KCl, 

10 mM HEPES, and the pH was adjusted to 7.8 with KOH (Harel et al., 2003).  

Antibodies used in this study were generated from rabbit serum against Xenopus anti-

Nup98 (Lau et al., 2009) and Xenopus anti-Nup133 (Bernis et al., 2014; Harel et al., 

2003). 
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Membrane Fusion Assays  

Xenopus high speed mitotic or interphase cytosol and membranes were prepared as 

previously described (Bernis et al., 2014; Harel et al., 2003; Lau et al., 2009a).  

Membrane fusion assays were conducted as previously described (Bernis et al., 2014) 

(Figure 4.1) and were analyzed on an Axio Observer microscope with a 63 x 1.4 NA 

objective. Images were captured with an Axiocam 506 monochrome digital camera 

and analyzed using Zen 2.3 (all from Carl Zeiss MicroImaging).  Alternatively, 

images were visualized using an Axioskop 2 microscope and a 63x objective (Carl 

Zeiss Microimaging).  Membranes were visualized with 3,3'-Dihexyloxacarbocyanine 

iodide (DHCC; Sigma-Aldrich, 318426).  Nuclear membrane exclusion capabilities 

were assessed with 70kd Rhodamine-labeled Dextran (Molecular Probes Life 

Technologies, D1819).  DNA was stained with bis-Benzimide H 33258 dye 

(Hoeschst; Sigma-Aldrich, B1155).  The reactions were set up as follows in a 1.5 mL 

tube: 20 μL high speed interphase extract, 1 μL 20x clarified membranes, 1.25 μL of 

ATP regenerative mix (200 mM phosphocreatine, 1.6 mg/mL creatine kinase, 20 mM 

ATP, 20 mM MgCl2, 2 mM EGTA), 1 μL of ~50,000 sperm chromatin (~2,000 sperm 

chromatin packets/μL final concentration), and recombinant protein. The following 

recombinant proteins final concentrations were used in different controls: 25 μM 

GST, 25 μM GST-hTransportin, 37.5 μM GST-RanQ69L-GTP, and 25 μM GST-

hTransportin plus 37.5 μM GST-RanQ69L-GTP.  The experimental proteins added 

were as follows: 25μM GST-xCrm1, and 25μM GST-hExportin-t, plus or minus 

37.5μM GST-RanQ69L-GTP.  All the proteins were diluted to 200 μM and 3.3 μL of 
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each protein was added at t=0 to the appropriate reaction tube, which contained 23.25 

μL before the addition of the recombinant protein.  The reactions were allowed to 

progress for 90 minutes at room temperature, which was roughly 22⁰C.  For 

membrane fusion assays, after 90 minutes 1 μL (2.5μg) of 70 kDa Rhodamine-labeled 

Dextran was added to each reaction and then incubated on ice for 10 minutes. Next, 

the reactions were fixed by adding 9 μL of 16% paraformaldehyde (Sigma-Aldrich, 

P6148-500G) in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 

KH2PO4) to a final concentration of 4% paraformaldehyde and left on ice until 

microscopic analysis.   

 

Nuclear Pore Assembly Assays 

Nuclear pore assembly assays were conducted by first creating pore-free nuclear 

intermediates termed “BAPTA” nuclei (Figure 4.3), as previously described (Bernis 

et al., 2014; Harel et al., 2003; Lau et al., 2009a).  To generate BAPTA nuclei, 

reactions were setup with the following in a 1.5mL tube: 20 μL high speed interphase 

extract, 1 μL 20x clarified membranes, 1.25 μL of ATP regenerative mix (200 mM 

phosphocreatine, 1.6 mg/mL creatine kinase, 20 mM ATP, 20 mM MgCl2, 2 mM 

EGTA), ~1 μL containing 2000 sperm chromatin packets/μL, and 0.5 μL of 250 mM 

1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid in water (7.5 mM final 

concentration, BAPTA; Calbiochem, 196419), and allowed to progress for 1 hour at 

room temperature.  To ensure nuclear pores had not formed in BAPTA nuclei, FG 

https://en.wikipedia.org/wiki/Amine
https://en.wikipedia.org/wiki/Phenol
https://en.wikipedia.org/wiki/Ethane
https://en.wikipedia.org/wiki/Acetic_acid
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Nups were probed for using 0.5μL of Alexa Fluor 594 anti-Nuclear Pore Complex 

Proteins (414; anti-FG Nups; BioLegend, 682202) to a 5 μL sample of BAPTA 

nuclei.  After determining the BAPTA nuclei intermediates were in fact pore-free, the 

BAPTA nuclei were diluted 1:10 into fresh cytosol (5μL of BAPTA nuclei in 45μL of 

fresh cytosol and 2.5μL ATP regenerative mix).  Before addition of the BAPTA 

nuclei, the following conditions (final concentration) were prepared as controls in the 

fresh cytosol: 7.5 mM BAPTA, 25 μM GST, 25 μM GST-hTransportin, 37.5 μM 

GST-RanQ69L-GTP, and 25 μM GST-hTransportin plus 37.5 μM GST-RanQ69L-

GTP.  The experimental conditions were as follows: 25 μM GST-xCrm1 plus or 

minus 37.5 μM GST-RanQ69L-GTP, 25 μM GST-hExportin-t, plus or minus 37.5 

μM GST-RanQ69L-GTP, and 25 μM 6x-His-hExportin-5 plus or minus 37.5 μM 

GST-RanQ69L-GTP.  All proteins were diluted to 423 μM in ELB, then 2.68 μL 

were added to the appropriate tube.  One hour after dilution into fresh cytosol, 1μL of 

414 ant-FG antibody was added to each reaction and incubated for 1 hour at room 

temperature.  Then, 15 μL of 16% paraformaldehyde in PBS was added to a final 

concentration of 4%, and the reactions were left on ice until imaged.  For all 

experiments, a minimum of 50 nuclei were counted, and each experiment was 

repeated at least three times.  Error bars are standard error from the mean.   
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Spindle Assembly Assays 

Spindle assembly assays were adapted from previously described protocols (Bernis et 

al., 2014; Lau et al., 2009b).  In brief, Xenopus eggs were collected and were lysed in 

XB+EGTA (50 mM sucrose, 1 mM MgCl2, 100 mM KCl, 10 mM HEPES, 7 mM 

EGTA, pH=7.7-7.8 with KOH) by centrifugation in a TOMY TX-160 centrifuge at 

15K RPM for 20 minutes at 4⁰C.  The crude cytosol was removed and supplemented 

to 50 μg/mL Cytochalasin B (EMD Millipore Corp, 250233-5MG), 10 μg/Aprotinin 

and 10 μg/mL Leupeptin (USB, 11388 and 18413, respectively).  The mitotic cytosol 

was then centrifuged again as described above, and the supernatant was removed and 

kept on ice until ready to use.  For each spindle assembly reaction, 20 μL of mitotic 

extract, 1.6 μg of Rhodamine-labeled tubulin (Cytoskeleton, TL590M-A) and 1.5 μL 

ATP regenerative mix was added to each 1.5 mL tube.  The recombinant protein was 

then added to the proper concertation.  For the Crm1 spindle assembly, recombinant 

proteins were added to the following final concentrations: 15 μM GST, 15 μM 

Transportin, and 1, 2, 8, 10, 15, and 20 μM Crm1 (Figure 4.5).  For Exportin-t 

analysis in spindle assembly analysis, recombinant proteins were added to the 

following final concentrations: 15 μM GST, 15 μM Transportin, 15 μM RanGTP-

Q69L, 15 μM Exportin-t, and 15 μM RanGTP-Q69L plus 15 μM Exportin-t.  Lastly, 

sperm chromatin was added to a final concentration of ~3000/μL.  The reactions were 

allowed to progress for 1 hour at room temperature, then 2.5 μL of the reaction was 

plated and mixed with 1 μL spindle fixation buffer (48% glycerol, 11% 

formaldehyde, 10 mM HEPES, pH=7.5, 5 μg/mL Hoechst).  All samples were 
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visualized with an Axioskope 2 microscope with a 63x objective (Carl Zeiss 

MicroImaging). 

 

GST Pulldowns and Immunoblots 

To prepare beads for pulldowns, 180 μL of Glutathione Agarose 4B beads 

(Prometheus Protein Biology Products, 20-542) were washed two times with PBS, 

and blocked with 2.5 μL of 20 mg/mL BSA for 1 hour at room temperature.  Then 

100 μg of GST (7 μL), GST-xCrm1 (3.3 μL), or GST-hExportin-t (3.3 μL) were 

bound to the beads for 1 hour at room temperature while rotating in a final volume of 

0.5 mL of PBS.  The tubes with GST-, Crm1-, and Exportin-t-bound beads were split 

evenly into two 1.5 mL tubes (yielding 50 μg of bound protein per tube) and 25 μL of 

interphase Xenopus egg extracts precleared of residual membranes by centrifugation 

in a TOMY TX-160 centrifuge at 15K RPM for 20 minutes at 4⁰C was added to each 

tube, and the volume was then brought up to 500 μL with PBS.  In half of the tubes, 

100 μg of 6xHis-RanQ69L-GTP (3.8 μL) was added so that each condition (GST, 

GST-xCrm1, and GST-hExportin-t, respectively) was also tested alongside RanGTP.  

The tubes were rotated at 4⁰ for 2 hours.   The beads were centrifuged at 3k RPM in 

an Eppendorf Microcentrifuge 5415 C, and the supernatant carefully aspirated to 

avoid removing beads.  The beads were washed three times with PBS+0.2% NP-40, 

then another three times with PBS.  The PBS was removed and the samples were 

resuspended and boiled at 95⁰C for 5 minutes in 30 μL of 2X gel sample buffer (31.5 
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mM Tris-HCl, pH=6.8, 10% glycerol, 1% SDS, 0.005% Bromophenol Blue) and run 

on a 10% SDS-PAGE gel until resolved.  The proteins were transferred overnight in 

Transfer Buffer (3 g Tris Base, 14.4 g glycine, 1 g SDS and 20% ethanol per liter) to 

a nitrocellulose membrane at 30 V.  The membrane was blocked in 5% milk (Apex 

BioResearch Products, 20-241) in TBS+0.1% Tween 20 for 1 hour at room 

temperature, then cut into sections for probing.  Primary antibodies were prepared in 

the following dilutions in 5% milk in TBS+0.1% Tween 20, with 414 anti-FG 

antibody 1:1000, or rabbit anti-Nup133 1:200, or rabbit anti-Nup98 1:1000.  The 

membranes were bound overnight with the antibodies at 4⁰, washed 3 times for 5 

minutes at room temp in TBS+0.1% Tween 20.  Then, HRP-conjugated Protein A for 

the rabbit antibodies (Invitrogen, 101023) or HRP-conjugated goat anti-mouse for the 

414 anti-FG antibody (Invitrogen, 626520) were bound 1 hour at room temperature at 

1:10,000 in 5% milk in TBS+0.1% Tween 20.  After 3 washes, the membrane was 

treated with ECL Western Lighting Plus (Perkin Elmer, NEL103001EA), imaged on 

a ChemiDoc XRS Imaging System, and analyzed using Image Lab 4.1 (BioRad). 
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Figures

Figure 4.1: The Exportins Crm1 and Exportin-t inhibit nuclear membrane 

fusion and can be counteracted by RanQ69L-GTP.  Crm1 and Exportin-t were 

added to extracts and membrane fusion was assayed.  Nuclei were assembled for 1 

hour at room temperature.  Membranes are fused if there is the appearance of a 

smooth membrane around the DNA, and if the membranes are able to exclude a 

rhodamine-labeled 70kd Dextran.  The conditions assayed included the following 

addition of recombinant protein.  A: 25 μM GST, B: 37.5 μM RanQ69L-GTP, C: 25 

μM Transportin, D: 25 μM Transportin+37.5 μM RanQ69L-GTP, E: 25 μM Crm1, F: 

25 μM Crm1+37.5 μM RanQ69L-GTP, G: 25 μM Exportin-t, and H: 25 μM 

Exportin-t+37. 5μM RanQ69L-GTP.  Note:RanGTP alone causes abundant 

membrane fusion, producing a nuclear membrane with many outfolds, which is less 

smooth than seen in GST alone nuclei (Harel et al., 2003). 
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Figure 4.2: Quantification of membrane fusion assays.  The percentages shown 

were determined by counting at least 50 nuclei from each condition.  Each experiment 

was repeated three times.  Error bars represent the Standard Error from the Mean.  

Trn=Transportin, Ran=RanQ69L-GTP, Xpo-t=Exportin-t. 
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Figure 4.3: Crm1, Exportin-t , and Exportin-5 inhibit nuclear pore formation in 

BAPTA nuclei, and all three are RanQ69L-GTP sensitive. 

BAPTA nuclei were assembled for 1 hour at room temperature, then, upon checking 

that nuclear pores were indeed inhibited by staining with 414, diluted 1:10 into fresh 

cytosol to release from BAPTA inhibition.  In advance of diluting the BAPTA nuclei 

into the fresh cytosol, the following was added to cytosol; A: 7.5 mM BAPTA.  B: 

25μM GST. C: 37.5μM RanQ69L-GTP.  D: 25 μM Transportin.  E: 25 μM 

Transportin+37.5 μM RanQ69L-GTP. F: 25 μM Crm1.  G: 25 μM Crm1+37.5 μM 

RanQ69L-GTP (partial rim). H: 25 μM Crm1+37.5 μM RanQ69L-GTP (full rim). I: 

25 μM Exportin-t.  J: 25μ M Exportin-t+37.5μM RanQ69L-GTP (partial rim). K: 25 

μM Exportin-t+37.5 μM RanQ69L-GTP (full rim).  L: 25 μM Exportin-5, M: 25 μM 

Exportin-t + 37.5 μM RanQ69L-GTP (partial rim).  N: 25 μM Exportin-t + 37.5 μM 

RanQ69L-GTP (full rim).  Red is 414 anti-FG Nups, Green is DHCC, Blue is 

Hoechst.   
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Figure 4.4: Quantification of nuclear pore formation assays.  The percentages 

were determined by counting at least 50 nuclei from each condition.  Each experiment 

was repeated three times.  Error bars represent the Standard Error from the Mean.  

Trn=Transportin Ran=RanQ69L-GTP, Xpo-t=Exportin-t. 
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Figure 4.5: Crm1 inhibits spindle assembly.  Recombinant Crm1 was added to 

mitotic extract and compared to both GST and Transportin controls (A and B, 

respectively).  GST (A) produced strong bipolar spindles, while Transportin (B) 

inhibited bipolar spindle formation.  Low concentrations (1-2 μM) of Crm1 (C and D) 

had little effect on bipolar spindle formation.  However, increasing concentrations (8-

10 μM had an increasingly deleterious effect on bipolar spindle formation (E and F) 

until finally bipolar spindle formation was completely inhibited (G, 15 μM). 
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Figure 4.6. Spindle assembly with Exportin-t and RanGTP.  Exportin-t was 

analyzed in mitotic extract to assess its effect on spindle assembly.  A: In control 15 

μM GST conditions, 75% of the structures observed were bipolar spindles (* 

indicates the remaining 25% of the structures were half spindles).  B: RanQ69L-GTP 

addition created an abundance of microtubule nucleations called asters († indicates 

the remaining 55% of structures were bipolar spindles and multi-polar spindles).  

When 15 μM Exportin-t was added, two major phenotypes were observed shown in 

C: 48% of the structures were very small microtubule nucleations on opposite sides of 

the mitotic chromatin, and D: 52% were DNA structures completely inhibited for 

spindle assembly.  When 15 μM Exportin-t and 15 μM RanQ69L-GTP were added 

simultaneously, several phenotypes were observed including, E: a small spindle 

directly adjacent to mitotic chromatin (35%), F: multipolar spindles (16%), G: groups 

of microtubule nucleations called asters (45%), and H: mitotic chromatin with no 

spindle associated (5%). 
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Figure 4.7: GST pulldowns and nucleoporin Interactions.  GST, GST-Crm1 and 

GST-Exportin-t were bound to glutathione beads and incubated in cytosol with or 

without RanQ69L-GTP.  The beads were washed in PBS+0.2% NP-40, the bound 

proteins were eluted from the beads, resolved on a gel (lanes 2-7), then transferred 

and probed with the following antibodies: 414 anti-FG Nups, anti-Nup133, and anti-

Nup98.  Lane 1: cytosol input. Lane 2: GST. Lane 3: GST+RanQ69L-GTP. Lane 4: 

GST-Crm1. Lane 5: GST-Crm1+ RanQ69L-GTP. Lane 6: GST-Exportin-t. Lane 7: 

GST-Exportin-t+ RanQ69L-GTP.  
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Future Directions 

Summary of Results 

 This dissertation focuses on regulation of mitotic assembly events by 

karyopherins.  In the publication in Chapter 2, Transportin, a close relative of 

Importin β, was shown to inhibit assembly factors required for proper formation of 

the mitotic spindle, for nuclear membrane fusion, and for nuclear pore formation in 

vitro (Bernis et al., 2014).  RanGTP relieved the inhibition by Transportin, as did the 

addition of the super NLS, M9M.  In addition, the Transportin mutant TLB, which 

cannot release bound NLS-bearing proteins regardless of RanGTP binding, was 

shown to be counteracted by the addition of M9M, but not by RanGTP.  The 

nucleoporin, ELYS, which is required to initiate nuclear pore formation, and is also 

an essential component of kinetochores needed for spindle assembly (Rasala et al., 

2006), was identified in Chapter 2 as a target of Transportin that is M9M sensitive.  

Moreover, the addition of M9M alone to a mitotic Xenopus extract lacking induced 

the spontaneous polymerization of microtubule asters.  These experiments indicated 

that Transportin does not act by titrating RanGTP and preventing Importin β from 

acting properly, but instead indicates that Transportin acts by binding and regulating 

key factors for all three mitotic assembly events. 

With the above in mind, future directions include the search for additional 

protein spindle assembly factors as a logical step for moving forward.  It was shown 

in early spindle assembly studies that the importin/assembly factor concentration in a 
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solution must be balanced for microtubule polymerization.  Excess addition of 

purified assembly factors could overcome the inhibitory effects of the importin added 

(Gruss et al., 2001).  A similar method could be used to identify assembly factors 

regulated by Transportin.  Recombinant GST-Transportin and GST-Transportin TLB, 

bound to a glutathione-sepharose column, could be incubated with mitotic extract.  

After washing each column, a solution containing the super NLS, M9M, could be 

added to release bound proteins from both the Transportin and TLB columns.  The 

eluates could then be collected, and the proteins separated by size using gel filtration 

chromatography.  Each fraction could be tested for activity in fresh mitotic extracts 

supplemented with fluorescent tubulin to look for microtubule nucleation, i.e., aster 

assembly.  A consideration one must take into account is, if nucleating activity is 

found in any of the eluates, is it generated from one individual protein or multiple 

distinct proteins that work together to promote aster formation?     

Overview of Exportin Results 

 In Chapter 4 of this dissertation, we asked whether exportins might regulate or 

affect major mitotic assembly events.  We did so by dissecting the effect of 

Crm1/Exportin-1, Exportin-t, and to a lesser extent, Exportin-5 on major mitotic 

assembly events.  We found that for nuclear membrane fusion and nuclear pore 

formation, both Crm1 and Exportin-t did indeed strongly inhibit assembly.  

Moreover, both were able to be counteracted by the simultaneous addition of 

RanGTP.  Studies with Exportin-5 showed a similar result, where Exportin-5 

inhibited nuclear pore formation, and was also counteracted by RanGTP.  Nuclear 
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membrane fusion remains to be tested for Exportin-5, but there is no logical reason 

that it would differ from either Crm1 or Exportin-t, although it is possible that 

Exportin-5 might differ if it binds no membrane fusion factors.   

Using GST pulldowns, we found that GST-Crm1 and GST-Exportin-t pulled 

down multiple nucleoporin subcomplexes and this binding was reduced by the 

presence of RanGTP.  While several previous studies have identified one or more 

Nups that interact with Crm1 or Exportin-t, the study here presents these interactions 

in a novel context: that of a post-mitotic and nascently forming nuclei, where 

membranes must fuse to form the double nuclear membranes and newly forming 

nuclear pores need to embed into the membranes.  With these results in mind, the 

following describes a set of future experiments that will answer questions that our 

results have generated 

 This study is the first to show evidence that Crm1 can not only regulate 

aspects of major mitotic events, but that it can completely inhibit those assembly 

events.  Previous studies in vivo have shown that Crm1plays required roles at 

kinetochores and at the centrosomes, both of which are involved in spindle assembly 

(Arnaoutov et al., 2005; Brodie and Henderson, 2012; Gilistro et al., 2017; Liu et al., 

2009; Roscioli et al., 2012; Wang et al., 2005).  However, our data show multiple 

roles for Crm1 in mitosis.  Ours is the first study to show that Crm1 can regulate 

nuclear formation events such as nuclear membrane fusion and nuclear pore 

formation.   
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As Crm1 is the most widely studied exportin, there are more tools available to 

aid in future studies.  These tools include a high affinity super NES, termed the 

MVM-NS2-NES, that can displace native cargo of Crm1 (Fu et al., 2018; Sun et al., 

2013), Also, compounds such as Leptomycin B, SINEs and various other chemical 

inhibitors that covalently bind to and inactivate the NES-binding domain of Crm1 

could be used to probe mitotic assembly events (Boons et al., 2015; Dickmanns et al., 

2015; Mendonca et al., 2014).  While the addition of Crm1 and either the MVM-NS2-

NES or the SINEs did not prevent Crm1 from inhibiting membrane fusion (M. Nord, 

unpublished data), this could be that the inhibitors are being masked.  There is 

precedent for small drugs being bound to/masked by the high lipid content or other 

unique aspects of Xenopus extracts (Mary Dasso, personal communication; Arshad 

Desai, personal communication).  However, it should be noted that very recently 

several new peptide inhibitors of Crm1 have been developed.  These Crm1 inhibitors 

are derived from naturally-occurring NES’s that have been mutated further to have a 

picomolar Kd (Fu et al., 2018).  As Crm1 is highly studied and of great medical 

interest, there will likely continue to be an expanding set of available tools to aid in 

the study of Crm1 in mitosis. 

As described in the Discussion of Chapter 4, we believe that the exportins act 

by binding to and inhibiting nucleoporins needed for nuclear assembly and spindle 

assembly and have identified a set of Nup candidates by pulldown assays.  However, 

we can also test if NES binding inhibition interferes with this.  Chemical inhibitors 

could be pre-bound to the NES binding of Crm1 before its addition to the extracts.  If 
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a function or open NES binding site is needed for the inhibitory action of Crm1, then 

pre-binding of a chemical inhibitor (SINEs) to Crm1 should negate its inhibitory 

action and allow membrane fusion and nuclear pore formation to occur.  If the NES is 

not needed for inhibitory actions, other domains will be tested as below. 

 

Probing Mechanism with Exportin Mutants 

 Another way to experimentally address mechanistic questions in Xenopus egg 

extracts would be with recombinant proteins containing mutations that disrupt 

different aspects of normal exportin function.  For all three exportins, Crm1, 

Exportin-t, and Exportin-5, deletion of the N-terminal CRIME domain, largely 

responsible for RanGTP binding on all karyopherins (Güttler and Görlich, 2011; 

Ossareh-Nazari and Dargemont, 1999), would be useful to analyze in the extracts.  

What effect would the addition of these mutants produce on nuclear reconstitution?  

Also, would they change the nucleoporin binding dynamics in GST pulldowns?  All 

are intriguing questions worth pursuing in the future.  If this line of inquiry proves 

useful, further deletions or point mutations could be made, as there are several 

structural elements in karyopherins that modulate other processes, such as cargo 

selectivity and cargo dissociation (Dong et al., 2009; Fu et al., 2018; Güttler and 

Görlich, 2011; Leisegang et al., 2012; Monecke et al., 2009).  The use of mutants will 

be especially valuable for answering whether potential assembly factor targets, such 

as the nucleoporins needed for nuclear pore and spindle assembly, bind to exportins 
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like Crm1 at particular sites on Crm1.  For example, certain mutations in FG repeats 

exist in Nup214, which prevents Crm1 from binding to it (Roloff et al., 2013).  Thus, 

mutations of specific functional domains in the exportins could be helpful in 

determining domains important to regulation. 

 

RNA roles in major mitotic events 

 Previous work has shown that Pol II-transcribed RNAs play a structural role 

in mitotic spindle and kinetochore assembly (Blower et al., 2005, 2007; Gent and 

Dawe, 2012; Grenfell et al., 2016; Talbert and Henikoff, 2018).  With this in mind, it 

is possible that the exportins, particularly Crm1 and Exportin-5, could regulate 

critical RNA-protein complexes needed in mitosis.  Crm1 could do this: (a) by 

targeting a needed RNP to the kinetochore in a regulatory manner, or (b) by binding 

and preventing its release in incorrect areas of the cell during mitosis, much like 

Importin β and Transportin have been shown to do for other assembly factors. 

For Exportin-t, although active protein translation is not required for spindle 

assembly in Xenopus egg extracts (Blower et al., 2007), perhaps there are other roles 

for tRNAs.  It has recently been shown that tRNA-derived fragments can regulate 

gene expression by recruiting Argonaut proteins to silence targeted mRNAs via the 

RISC complex (Kuscu et al., 2018; Lee et al., 2009).  The overexpression of such 

tRNA fragments in prostate cancer is correlated with increased cell proliferation and a 

poor prognosis (Lee et al., 2009; Sun et al., 2018).  Could Exportin-t play a role in 
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this pathway?  Overexpression of Exportin-t could lead to an excess of tRNA export, 

leading to an increase in the tRNA fragments and increased tumorigenic properties in 

the now cancerous cell.  Further study of this new class of small tRNA fragments 

could prove fascinating. 

Bioinformatics of Crm1 

 Several large scale screens for potential NES-bearing proteins that bind to 

Crm1 have been conducted, leading to over 1000 putative Crm1 NES-bearing 

cargoes; over 250 have been biochemically verified (Kırlı et al., 2015; Thakar et al., 

2013; Wühr et al., 2015; Xu et al., 2012).  However, there was relatively little overlap 

between the Crm1-binding proteins identified in the original studies.  Separately, a 

program called LocNES was designed to identify possible NES’s in proteins (Xu et 

al., 2015).  Looking both at the proteins from the screens above and then those 

identified by the LocNES program, one could search specifically for cargoes 

associated with mitotic events.  For example, Crm1 has been shown to localize to 

centrosomes, and indirectly to recruit γTURCs to the centrosome for the nucleation of 

microtubules (Liu et al., 2009).  Recently, Crm1 in S. pombe has been shown to be 

repurposed as a docking protein for the microtubule nucleation protein Mto1, which 

causes unexpected microtubule nucleation at nuclear pores (Bao et al., 2018).  

Interestingly, Crm1 binds to Mto1 via an NES motif in Mto1 (even though it does not 

have an NLS).  Extrapolating from the negative end stabilizing events involving 

Crm1 at both the nuclear pore in S. pombe and Crm1 at mitotic centrosomes, I 

speculate that a potential target of Crm1 might be the microtubule negative-end 
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stabilizing protein called Patronin in Drosophila, and the three related CAMSAPs in 

vertebrates (Goodwin and Vale, 2010; Hendershott and Vale, 2014; Jiang et al., 

2014).  When I analyzed these using the LocNES program, CAMSAP 2 and 3 score 

higher than many proteins with confirmed NESs (M. Nord, personal observation).  

Using such a targeted approach to identify Crm1-bidning  mitotic targets, and then 

biochemically testing for a direct interaction between them, could yield new and 

interesting binding partners of Crm1 relevant to mitosis. 

 

Karyopherins as global regulators of major mitotic events 

 In humans, there are 21 known karyopherins.  In this study, we have added to 

the cast of karyopherins with the potential to regulate major mitotic events.  What 

does this mean for the rest of the family?  Might all 21 known karyopherins play a 

role?  While logically all could have some type of impact on mitotic events, several 

question must be answered first.  One major question is what is the concentration of 

an individual karyopherin in the cell?  If it is comparatively low, perhaps it does not 

have the physical presence to dramatically impact the assembly of such massive 

structures in the cell.  Another question is whether certain karyopherins might be 

post-translationally modified to be inactive and thus not play a role during mitosis.  

They could be phosphorylated and inactivated, ubiquitinated and degraded, or receive 

some other modification that inactivates them during mitosis.  Alternatively, all 

karyopherins could be active in both interphase and mitosis. 
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As a final note to this dissertation, I would like to present a model of exportin 

regulation of nuclear pore formation in vitro.  While the discussion of a model of both 

spindle assembly and nuclear membrane fusion would be relevant and interesting, a 

discussion of the formation of nuclear pores is most pertinent.   

 In this model, in a newly forming nucleus, where nuclear membranes are 

beginning to localize to decondensing chromatin and nuclear pores are beginning to 

form, RCC1 creates a high concentration of RanGTP inside the unfused nucleus, 

which then permeates out of the unfused membranes and into the future cytoplasm 

(Figure 5.1).  Away from this local high concentration of RanGTP, exportins bind to 

and inhibit nucleoporin subcomplexes.  However, as the exportin/nucleoporin 

complexes diffuse with time into higher RanGTP (near the unfused portions of the 

nuclear membranes), RanGTP binds to the exportins, which then release the 

nucleoporins so that nuclear pores can properly assemble into the nucleus (Figure 

5.2).  The nuclear envelope independently finishes forming over this time course also.   

Overall, the study of karyopherins and their role in major mitotic assembly 

events has been a story that keeps growing.  With their nuclear transport functions 

having such a large impact on the fate of the cell in interphase, continued study in 

mitosis will undoubtedly prove challenging.  However, use of Xenopus egg extracts 

can continue to shed light on unforeseen roles of karyopherins in mitosis and, with 

many karyopherins playing a large role in both cancer and viral infections, the 

scientific yields of future study should prove fruitful. 
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Figures 

 

Figure 5.1: Exportins suppress nuclear pore formation away from the newly 

forming nucleus.  Away from the newly forming nucleus, exportins bind to and 

inhibit nucleoporin subcomplexes so that they do no initiate nuclear pore formation in 

incorrect areas of the cell. 
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Figure 5.2: RanGTP stimulates the release of nucleoporins from exportins near 

the newly forming nucleus.  As the exportin/nucleoporin complex diffuses closer to 

the newly forming nucleus, it encounters RanGTP.  RanGTP binds to the exportin, 

which causes the release of the nucleoporins only near the newly forming nucleus.  

This results in a fully functional nuclear pore.  Note that over the same time course 

the nuclear membranes independently continue to form, ultimately giving a closed 

nuclear envelope. 
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