




CHARACTERIZATION OF THE INNER NUCLEAR MEMBRANE
PROTEIN SAMP1, DURING INTERPHASE AND MITOSIS
 

Veronica J. Larsson





Characterization of the inner nuclear
membrane protein Samp1, during
interphase and mitosis
 

Veronica J. Larsson



©Veronica J. Larsson, Stockholm University 2018
 
ISBN print 978-91-7797-199-3
ISBN PDF 978-91-7797-200-6
 
Cover: A confocal microscopy image of a metaphase HeLa cell showing the mitotic spindle,
Samp1YFP (magenta) and beta-tubulin (white), by Veronica J. Larsson.
 
Articles and figures are reprinted with permission.
Fig1. Drawn by Jonas Eriksson
Fig.3 Drawn by Mohammed Hakim Jaffer ali
All other figures are drawn by Veronica J. Larsson
 
Printed in Sweden by Universitetsservice US-AB, Stockholm 2018
Distributor: Department of Biochemistry and Biophysics, Stockholm University



To my grandmother, my
mother, my aunts and my
sister,
You have all inspired me,
in one way or another,
to go and follow my dream





 i 

List of publications 

This thesis is based on the following publications and manuscripts, referred 
to as Paper I- IV in the text. 

 
I. Gudise S., Figueroa A.R., Lindberg R., Larsson V., and  

Hallberg E.,  
Samp1 is functionally associated with the LINC complex 
and A-type lamina networks  
Journal of cell science, 2011, 124, 2077-2085. 

 
II. Jafferali M. H., Vijayaraghavan B., Figueroa A. R., Crafoord 

E., Gudise S., Larsson J. V., and Hallberg E. 
MCLIP, an effective method to detect interactions of 
transmembrane proteins of the nuclear envelope in live 
cells 
Biochimica Et Biophysica Acta (BBA) - Biomembranes, 
1838(10), 2399-2403. 

 
III. Larsson J. V., Jafferali M. H., Vijayaraghavan B., Figueroa A. 

R., and Hallberg E., Mitotic spindle assembly and ��-tubulin 
localisation depend on the integral nuclear membrane pro-
tein, Samp1 
Journal of Cell Science (In press), 2018 

 
IV. Larsson J. V., Jafferali M. H., Vijayaraghavan B., and Hall-

berg E., 
Kinetochore microtubule stability is dependent on the inte-
gral nuclear membrane protein, Samp1 
(Manuscript) 
 
 

 
 

Minor parts of the work presented in this thesis have been previously published in my Licentiate thesis: 
Larsson J., V., The roles of inner nuclear membrane proteins during interphase and mitosis, (2014) 
ISBN: 978-91-7447-910-2 



 ii 

Additional Publications 

Publications not included in this thesis 
 
� Bergquist H., Nikravesh A., Fernández Doomingo R., Larsson 

V., Nguyen C.-H., Godd L. and Zain R. 
Structure-specific recognition of Friedreich´s ataxia (GAA)n re-
peats by benzoquinoquinoxaline derivatives 
ChemBioChem, 2009, vol 10:16, 2629-2637 

 
� Figueroa R., Gudise S., Larsson V., and Hallberg E. 

A transmembrane inner nuclear membrane protein in the mitot-
ic spindle  
Nucleus, 2010, 1:3, 249-253 

 
 
 
 
 
 
 

 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 



 iii 

Abstract 
 
 
The nucleus, a hallmark in eukaryotic cells, contains the genome separating 
it from molecules in the cytoplasm. The nucleus is surrounded by a nuclear 
envelope consisting of two concentric membranes, the outer nuclear mem-
brane and the inner nuclear membrane, the nuclear lamina and nuclear pore 
complexes. The cytoskeleton is physically connected with the nucleoskele-
ton by the LINC complexes, spanning the nuclear envelope. In this way, the 
cell surface is linked directly to chromatin. There are hundreds of unique 
inner nuclear membrane proteins, but today we only know the functions of a 
handful. The best characterized inner nuclear membrane proteins are in-
volved in chromatin organization and gene regulation. 

This thesis focuses on Samp1, an integral membrane protein that lo-
calizes to the inner nuclear membrane during interphase. During mitosis, a 
fraction localizes to the mitotic spindle, which is responsible for accurate 
segregation of chromosomes.  

It is difficult to investigate inner nuclear membrane protein-protein 
interactions, because transmembrane proteins are often associated with the 
“hard-to-solubilize” nuclear lamina. MCLIP was developed as a method to 
detect interactions between proteins of the nuclear envelope in live cells. 
MCLIP has been valuable in identifying interaction partners of Samp1. In 
interphase, Samp1 distributes in distinct micro-domains of the inner nuclear 
membrane and interacts with the nuclear lamina, emerin and the LINC com-
plex protein SUN1, suggesting that Samp1 might have a functional role as-
sociated with both the nucleoskeleton and cytoskeleton.  

In mitosis Samp1 distributes in filamentous membrane structures par-
tially overlapping with kinetochore microtubules of the mitotic spindle. 
Samp1 binds directly to �-tubulin and recruits �-tubulin and Haus6 to the 
mitotic spindle and thus contributes to spindle assembly. Samp1 also inter-
acts with Aurora B, a kinase important for k-fiber error correction at the 
kinetochores. Depletion of Samp1 caused an increased activation and distri-
bution of Aurora B at the metaphase plate, decreased formation of stable k-
fibers, metaphase prolongation and increased chromosome mis-segregation. 
Samp1 is the first transmembrane protein found to be involved in mitotic 
spindle assembly and stability, important for correct segregation of chromo-
somes. 
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Introduction 

1.1.1 The nucleus and the nuclear envelope  
The nucleus is a membrane enclosed organelle and a hallmark of eukaryotic 

cells. The nucleus is enclosed by the nuclear envelope (NE) which consist of  

two concentric membranes, the outer nuclear membrane (ONM) and the 

inner nuclear membrane (INM), separated by a perinuclear space (Hetzer, 

2010) (Fig.1 and Fig.3). The NE surrounds and distinguishes the genome 

from proteins and molecules in the cytoplasm. Several different human dis-

eases called envelopathies have been linked to mutations in genes coding for 

proteins associated with the nuclear envelope (Chi et al., 2009). This has 

changed the view of the NE as being just a barrier separating the nucleo-

plasm from the cytoplasm, to a highly organized and complex structure 

shown to be involved in chromosome organization, gene regulation and 

mechanotransduction (Guilluy and Burridge, 2015; Wilson et al., 2005; Zu-

leger et al., 2011a).  
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Fig1: Schematic illustration of a eukaryotic cell showing only a few organelles and structures; 
Nuclear envelope (NE), inner nuclear membrane (INM), outer nuclear membrane (ONM), 
nuclear pore complexes (NPC), endoplasmic reticulum (ER), Linker of nucleoskeleton and 
cytoskeleton complex (LINC complex), Nuclear lamina and centrosome. Not to scale. 
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1.1.2 Nucleocytoplasmic transport    
All molecular transport of RNA and proteins in and out from the nucleus 

have to go through the nuclear pore complexes (NPCs). Small molecules 

diffuse freely through the NPCs, whereas the transport of macromolecules 

larger than 9 nm in diameter or 40 kDa requires active transport across the 

NPCs involving transport receptors (karyopherins or importins and export-

ins), and Ran GTPase (Gorlich and Mattaj, 1996; Moore and Blobel, 1993). 

Ran has two conformational states depending on if it binds to GDP or GTP. 

There is a gradient of nucleoplasmic RanGTP and cytoplasmic RanGDP 

across the NE. The gradient is formed by a guanine nucleotide exchange 

factor (GEF), RCC1, in the nucleoplasm and a GTPase activating protein, 

RanGAP, in the cytoplasm. The chromatin bound RCC1 promotes the re-

lease of GDP from Ran (Li et al., 2003). Ran then binds a GTP. In the cyto-

plasm RanGAP facilitates the hydrolysis of RanGTP to RanGDP (Seewald 

et al., 2002).   

 The classical nuclear localization signal (NLS) is “KKKRK” but a variety 

of other NLSs exists. The nuclear export signal is often rich in leucine (L) 

(Macara, 2001). For the import of proteins into the nucleus an adaptor pro-

tein called importin � recognizes and binds the NLS on a cargo protein, fol-

lowed by the binding of importin � to �. The trimeric import complex is 

transported across the NPC where importin � facilitates the translocation 

through the NPC, interacting with phenylalanine-glycine (FG) repeats of the 

nucleoporins in the central channel (Hetzer et al., 2005). On the nucleoplas-

mic side RanGTP binds to importin � of the trimeric import complex, result-

ing in release of the cargo. The RanGTP- importin complex is then trans-

ported back to the cytosol where RanGAP triggers the hydrolysis of RanGTP 

that releases from importin �. RanGDP then returns through the NPC to the 

nucleoplasm were RCC1 exchanges the GDP, and the cycle is complete 

(Gorlich and Mattaj, 1996; Moore and Blobel, 1993).  
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1.1.3 Inner Nuclear Membrane Proteins  
The INM contains a unique set of proteins. A subtractive proteomic anal-

ysis of the inner nuclear membrane from rat liver revealed 67 unknown po-

tential nuclear envelope transmembrane proteins named NETs (Schirmer, 

2003). Additional proteomic studies have been made and now hundreds of 

potential INM proteins or NETs have been identified in rat liver, rat muscle 

cells and human leukocytes (Korfali et al., 2010; Schirmer, 2003; Wilkie et 

al., 2011). The expression of NETs is tissue specific with only 17% of the 

NETs shared between liver, muscle and leukocytes (Worman and Schirmer, 

2015). 

Like all integral membrane proteins the INM proteins are synthesized on 

the rough endoplasmic reticulum (RER) and diffuses laterally in the phos-

pholipid membrane (Ott and Lingappa, 2002). Many of the known INM 

proteins are missing a canonical NLS but can localize to the INM by other 

means. There are several theories of how INM proteins are recruited to the 

INM. NETs can be recruited to the reforming inner nuclear membrane after 

nuclear envelope break down (NEBD) in mitosis (Ellenberg et al., 1997). 

However, this does not explain how INM proteins are targeted to the INM in 

non-dividing cells e.g. neurons. The diffusion-retention theory explains how 

NETs translocate from the ER into the INM by lateral diffusion, where their 

globular domains pass through the pore membrane and the peripheral chan-

nels of the NPC (Meinema et al., 2012; Zuleger et al., 2012). The translocat-

ed NETs are retained in the INM by interactions with the nuclear lamina, 

chromatin, NPCs or other INM proteins (Zuleger et al., 2012). Some of the 

NETs actually do have NLSs and are transported through the NPCs depend-

ent on RanGTP and importins, using a mechanism apparently similar to that 

of the nucleocytoplasmic transport of soluble proteins (King et al., 2006; 

Lusk et al., 2007). Yet, others have FG repeats and can facilitate their own 

transport through the NPC without Ran and importins (Kerr and Schirmer, 

2011).  
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1.1.4 LEM domain proteins- LAP2, Emerin and MAN1 
The LEM domain, named after the founding members LAP2, Emerin and 

MAN1 is an evolutionarily conserved 40 amino acid helix-loop-helix fold 

that binds and interacts with the chromatin binding protein, barrier-to-

autointegration factor (BAF). In humans, there are seven genes coding for 

LEM domain proteins. The best characterized are LAP2, emerin and MAN1.  

In yeast, S. pombe, which lacks nuclear lamina, BAF and emerin, there are 

two LEM domain proteins orthologous for human MAN1 and LEM2. (Berk 

et al., 2013; Brachner and Foisner, 2011).  

LEM domain proteins have one large nucleoplasmic N-terminus contain-

ing the LEM domain. Most LEM domain proteins have only one transmem-

brane domain and a C-terminus localized in the perinuclear space. The LEM 

domain protein MAN1 and LEM2 have two transmembrane domains and the 

splice variants LAP2� and LAP2� are soluble in the nucleoplasm (Fig. 3). 

The LAP2 proteins also have an extra LEM-like domain which can bind 

directly to DNA (Berk et al., 2013; Brachner and Foisner, 2011). LEM do-

main proteins bind to the nuclear lamina and have been shown to be in-

volved in chromatin organization by tethering chromatin to the INM (Brach-

ner and Foisner, 2011). 

The LEM domain protein, emerin was first discovered when Bione and 

colleagues genetically mapped X-linked Emery Dreifuss muscular dystrophy 

(X-EDMD) to mutations in the gene coding for emerin (Bione et al., 1994). 

Emerin is ubiquitously expressed in many cell types primarily in the INM 

but is also found in the ONM (Salpingidou et al., 2007). Many binding part-

ners to emerin have been identified and a few examples are the LINC com-

plex (section 1.1.9) proteins SUN1 and SUN2, β-tubulin, β-actin and F-actin 

of the cytoskeleton (Haque et al., 2010; Holaska et al., 2004; Salpingidou et 

al., 2007). This suggests that emerin functions in processes involving both 

the cytoskeleton and the nucleoskeleton. Consistently, depletion of emerin 
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caused the microtubule organization center, the centrosome, to detach from 

the NE (Salpingidou et al., 2007). 

Emerin is also postulated to be involved in gene regulation and chromo-

some organization. Emerin binds directly to the histone deacetylase 3 

(HDAC3) that increases its activity upon binding, which can induce hetero-

chromatin production (Demmerle et al., 2012). Emerin also regulates the 

accumulation and activity of two transcription factors, β-catenin, a down-

stream product in Wnt signaling and Lmo7 (Holaska et al., 2006; Markie-

wicz et al., 2006). Lmo7 activates the transcription of the gene EMD 

(emerin) and myogenic genes (MyoD, Myf5, Pax3), important for the differ-

entiation of myoblasts (Holaska et al., 2006).   

 

1.1.5 Samp1- Spindle associated membrane protein 1 
The INM protein Samp1/TMEM201 is an evolutionarily conserved protein 

from S. pombe to humans (Buch et al., 2009; Schirmer, 2003). Samp1 has a 

large nucleoplasmic N-terminal containing one hydrophobic domain (section 

4.1.1) and four CXXC motifs (C= Cystein, X= any amino acids). CXXC 

motifs have the potential to form zinc fingers with the possibility to bind 

RNA/DNA and/or proteins. There are two validated splice variants of Samp1 

(Fig. 2). The shorter variant, Samp1a, has 392 amino acids, four transmem-

brane segments and both its N-terminal and C-terminal exposed in the nu-

cleoplasm. The longer splice variant, Samp1c, has 666 amino acids, the N-

terminal in the nucleoplasm, five transmembrane segments and its C-

terminal exposed in the perinuclear space.  
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Fig 2: Schematic illustration showing hydrophobic domains, membrane topology and CXXC 
motifs of human Samp1 isoforms and Samp1 homologues Ct. Samp1 in C. thermophilium and 
Ima1 in S.pombe. 
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Samp1a is the most characterized splice variant because of our antibody, 

which specifically detects an amino acid stretch on the C-terminal of 

Samp1a (Buch et al., 2009), which is different in Samp1c (Fig.2). Samp1 

localizes to the INM during interphase.  

During mitosis a fraction localizes to the mitotic spindle, hence the name 

Spindle Associated Membrane Protein 1 (Buch et al., 2009). Samp1 was 

shown to cause mild mitotic defects in two genome wide siRNA screens in 

C. elegans and HeLa cells (Neumann et al., 2010; Sönnichsen et al., 2005).  

Samp1 is homologous to Net5 in rat (Schirmer, 2003), Ima1 in S.pombe 

(King et al., 2008) and Ct.Samp1 in C. thermophilium (Vijayaraghavan et 

al., 2016). Samp1 is highly expressed in nerve cells and muscle cells 

(Figueroa et al., 2010; Thanisch et al., 2017).  

 

1.1.6 The nuclear lamina and the nucleoskeleton  
The cytoskeleton consists of actin filaments, microtubules and intermedi-

ate filaments. Intermediate filaments are approximately 10 nm in diameter 

compared to actin filaments, 7 nm, and microtubules, 25 nm, (Alberts et al., 

2002). Actin filaments and microtubules are polar and dynamic, important 

for cell migration and vesicular transport. In contrast, the intermediate fila-

ments are non-polar and non-dynamic and important for structural support 

(Fletcher and Mullins, 2010). The intermediate filaments all have an evolu-

tionarily conserved structure, an N-terminal head domain, a central rod do-

main and a C-terminal immunoglobulin-like domain tail. The assembly of 

intermediate filaments is initiated by the dimerization of intermediate fila-

ment proteins by coil-coil formation in their central rod domains. These het-

erodimers polymerize in a head to tail arrangement into anti parallel tetram-

ers, and assemble end-to-end into proto-filaments. The final intermediate 

filaments consist of eight proto-filaments (Cooper, 2000; Herrmann et al., 

2007). The nuclear lamins are type V intermediate filaments and they have 

an NLS in their C- terminal tail (Wu et al., 2014).  
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The nuclear lamina (Fig.3) lining the INM consists of distinct but separat-

ed meshwork of A-type and B-type lamins, and lamina associated proteins 

(Goldberg et al., 2008; Shimi et al., 2008). A- type lamins consist of Lamin 

A and Lamin C, two splice variants from the LMNA gene (Lin and Worman, 

1993). The B-type lamins are the product of two separate genes LMNB1 

coding for Lamin B1 and LMNB2 coding for Lamin B2 and Lamin B3 (Fu-

rukawa and Hotta, 1993; Lin and Worman, 1993). B-type lamins are ex-

pressed in all cells, whereas the A-type lamins are only expressed in differ-

entiated cells (Herrmann and Foisner, 2003).   

Lamin A and Lamin B have a CAAX motif (not in the shorter Lamin C) 

in their C-terminal tail which is the target for prenylation (farnesylation) and 

carboxyl methylation (Herrmann and Foisner, 2003). However, posttransla-

tional prenylation and methylation is later removed from Lamin A by a met-

alloprotease. In contrast B-type lamins remain farnesylated and membrane 

anchored (Dechat et al., 2010).  

Lamins are found in the periphery of the nucleus forming the nuclear lam-

ina and function as structural support for the NE to sustain mechanical forces 

from the cytoskeleton. There are many proteins interacting with the nuclear 

lamina (Fig.3). A few examples are the INM proteins emerin, Samp1, the 

LINC complex (section 1.1.9) via SUN1 and SUN2, and chromatin associat-

ed proteins Lamin B receptor (LBR), LAP1, LAP2, MAN1, BAF and differ-

ent transcription factors and repressors (Borrego-Pinto et al., 2012; Crisp et 

al., 2006).  

The nuclear lamina is important for many biological functions such as 

mechanical stability, gene regulation and cell differentiation (Mattout-

Drubezki and Gruenbaum, 2003). Mutations in genes coding for lamins 

and/or INM proteins are implicated in human diseases collectively called 

envelopathies, such as EDMD and Hutchinson–Gilford progeria syndrome, 

which cause muscle dystrophy and premature ageing, respectively (Gruen-

baum and Foisner, 2015).  
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Fig 3: Schematic illustration over the INM. Chromatin is associated to the INM by differ-
ent INM proteins. The cytoskeleton is connected to the nucleoskeleton via the LINC complex  
(adapted with permission from Jafferali .M.H, PhD thesis (Jafferali, 2017)). Not to scale. 
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1.1.7 Envelopathies 
The first human disease linked to mutations of a gene coding for a nuclear 

envelope protein, emerin, was X-linked EDMD (X-EDMD) (Bione et al., 

1994). X-EDMD is a rare disease causing muscle weakness, wasting and 

cardiomyopathies (Boriani et al., 2003; Brown et al., 2001; Hoeltzenbein et 

al., 1999). Emerin is suggested to be involved in chromatin organization by 

the interaction with BAF and implicated in the involvement of muscle dif-

ferentiation by regulating the transcription factor Lmo7, (Holaska et al., 

2006; Wilson et al., 2005) see section 1.1.4.  

 The LMNA gene has over 300 mapped point mutations giving rise to 

dozen human diseases including autosomal dominant EDMD, Hutchinson 

Gilford progeria syndrome (HGPS) and Atypical progeria syndrome (APS), 

the two latter causing premature aging (Butin-Israeli et al., 2012). A weak-

ened nuclear lamina is suggested to result in a more fragile NE that is easily 

disrupted by the constant mechanical stress experienced by striated muscle. 

The NE shape is often deformed in EMDM patient cells (Gruenbaum and 

Foisner, 2015; Mounkes, 2001). Alterations of the nuclear lamina also af-

fects gene expression (Martins et al. 2012).  

Mutations in the genes coding for B-type lamins are extremely rare. In 

some causes the gene coding for Lamin B1 have been duplicated causing 

adult-onset autosomal dominant leukodystrophy (ADLD). The increased 

expression of Lamin B1 mRNA and protein causes severe myelin loss in the 

central nervous system, resulting in involuntary tremors, muscle stiffness 

and weakness. Increased expression of Lamin B1 has shown to interfere with 

INM protein and chromatin organization and the myelin gene is down regu-

lated which halts the differentiation of oligodendrocytes important for mye-

lin formation (Lin and Fu, 2009; Padiath et al., 2006).  
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1.1.8 The nuclear envelope in chromatin organization and gene 
regulation  

The nucleus is a highly organized organelle containing the genome with 

inactive genes on condensed chromatin preferentially tethered to the nuclear 

periphery, and active genes on less condensed chromatin often located in the 

nuclear interior (Brachner and Foisner, 2011; Zuleger et al., 2013; Zullo et 

al., 2012). The tethering of chromatin to the nuclear periphery depends on 

several different INM proteins and the nuclear lamina (Brachner and Fois-

ner, 2011; Solovei et al., 2013).  

INM proteins can either anchor chromatin directly or by interactions with 

chromatin binding proteins (Fig. 3). BAF binds to heterochromatin protein 1 

(HP1) as well to other LEM domain proteins and tethers heterochromatin to 

the INM. The INM protein emerin binds to histone deacetylase HDAC3 and 

increases its activation in heterochromatin formation (Solovei et al., 2013; 

Zullo et al., 2012).  

Chromatin organization is tissue specific. In mouse lung cells, chromo-

some 5 localizes to the periphery of the nucleus, but in mouse liver cells in 

the interior (Parada et al., 2004). The ectopic expression of 5 different NETs 

in mouse fibroblast cells showed that chromosome 5 could be re-positioned 

to the INM (Zuleger et al., 2013). Three muscle-specific NETs (NET39, 

TMEM38A and WFS1) were also shown to repress specific genes by target-

ing them to the INM (Robson et al., 2016). These results show that INM 

proteins are involved in chromatin organization and gene regulation and that 

altered expression of these INM proteins can cause genome re-organization. 

 

1.1.9 Bridges across the nuclear envelope – The LINC complex 
Communication between the cytoplasm and nucleoplasm is not limited to 

the NPC and nucleocytoplasmic transport. There is a link formed in the peri-

nuclear space (PNS) between the two membranes of the NE that is called the 

LINC complex, linker of nucleoskeleton and cytoskeleton. This complex is 
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formed by the interaction of KASH domain proteins of the ONM and SUN 

domain proteins of the INM (Fig. 3). The two proteins interact in the peri-

nuclear space by their KASH/SUN domains and form bridges across the NE. 

The KASH domain proteins (Nesprins) are connected via their N-terminal to 

the cytoskeleton i.e. actin, microtubules and intermediate filaments. The 

nucleoplasmic domains of SUN proteins interact with the nuclear lamina, 

NPC and INM proteins. In this way, a continuous connection between the 

cytoskeleton and nucleoskeleton is achieved linking the plasma membrane to 

chromatin. The LINC complex is involved in nuclear positioning, chromo-

some organization, mechanotransduction and cell migration (Crisp et al., 

2006; Booth-Gauthier et al., 2012; Gundersen and Worman, 2013; Haque et 

al., 2010; Lei et al., 2009; Rothballer et al., 2013).  

The nucleus is not randomly positioned in the cell, instead its position is 

actively controlled, and can be re-positioned by nuclear migration when 

required.  Nuclear migration is an important process in many developmental 

and cellular processes and involves the LINC complex (Gundersen and 

Worman, 2013). In migrating fibroblast cells the nucleus is re-positioning 

away from the leading edge leaving the centrosome at the cell center. The 

LINC complex proteins, SUN2 and nesprin2G form linear arrays on the sur-

face of the NE co-localizing with F-actin. The actin cables over the NE are 

called TAN (transmembrane actin associated nuclear) lines (Luxton et al., 

2010, 2011). The mouse homologue of Samp1 was shown to co-localize 

with TAN- lines, and interact with the LINC complex protein SUN2. The 

depletion of Samp1 had a negative effect on cell migration (Borrego-Pinto et 

al., 2012). This indicates that Samp1 is involved in nuclear movement and 

cell migration. 

 

1.2  The cell cycle 
The cell cycle is a series of events leading to DNA replication, nuclear di-

vision (mitosis), division of the cytoplasm and the abscission of the plasma 
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membrane into two daughter cells by cytokinesis, (for a comprehensive re-

view see (Harashima et al., 2013)). The cell cycle consists of two main phas-

es, the interphase (where, DNA replication and centrosome duplication occur 

in S-phase) and the M-phase. Cyclin dependent kinases (Cdks) forming 

complexes with their respective regulatory cyclins control the transition 

through the different phases of the cell cycle. Mitotic Cdks and cyclins initi-

ate condensation of chromosomes, nuclear envelope break down (NEBD) 

and the assembly of the mitotic spindle (Alberts et al., 2002; Sullivan and 

Morgan, 2007). The M-phase contains the following sub-phases. 

In Prophase, the duplicated centrosomes with asters of growing microtu-

bules migrate along the NE to opposite sides to form spindle poles. In pro-

phase, the chromosomes start to condense. In Prometaphase, nuclear enve-

lope breakdown (NEBD) occurs and the cytoplasm and nucleoplasm blend. 

In Metaphase, the centrosomes are located opposite each other forming a 

bipolar spindle with two spindle poles. The chromosomes are aligned in a 

distinct metaphase plate. In Anaphase microtubules connecting the kineto-

chores on the chromosomes to the centrosomes are responsible for the sym-

metric segregation of sister chromatids to each spindle pole. In Telophase, 

the nuclear envelope is reassembled around the separated chromosomes 

forming two daughter nuclei. In Cytokinesis, the cytoplasm divides into two 

by a contractile ring of actin and myosin filament that lies just beneath the 

plasma membrane. The contractile ring, positioned between the two daughter 

nuclei, decreases in size and contracts the plasma membrane into a midbody. 

The two daughter cells are physically separated from each other by abscis-

sion.  (Alberts et al., 2002).  

 NEBD is the reorganization of the nuclear envelope during mitosis 

which is initiated by a cyclin-dependent phosphorylation cascade in early 

prophase. It involves the phosphorylation and disassembly of the NPCs into 

nucleoporins that disperse in the cytoplasm, and the hyper-phosphorylation 

of the nuclear lamina (Lénárt and Ellenberg, 2003; Terasaki et al., 2001). 
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The A-type lamins are depolymerized and completely solubilized into the 

nucleoplasm. The B-type lamins are also depolymerized but remains mem-

brane associated (Gerace and Blobel, 1980). INM proteins are also phos-

phorylated which disrupts their association with chromatin and the nuclear 

lamina and enables diffusion through the membrane out to the ER membrane 

system (Chen, 2012). The nuclear envelope membrane becomes fenestrated 

by microtubule forces and is retained back into the ER together with most of 

the NETs. The cytoplasm and nucleoplasm blend (Chen, 2012; Smoyer and 

Jaspersen, 2014).  

After anaphase when the chromosomes have successfully segregated to-

wards opposite spindle poles the NE is reassembled again. The mechanism 

of how the NE is reassembled again is not fully understood but involves 

targeting of membranes to the chromatin surface, membrane fusion and in-

corporation of NPCs. The recruitment of nucleoporins to chromatin is regu-

lated by RanGTP in a similar way as in nucleocytoplasmic transport (see 

section1.1.2), where RanGTP binds to importin � complexes and initiates the 

release of nucleoporins that assemble into NPCs (Forbes et al., 2015; LaJoie 

and Ullman, 2017). 

 

1.2.1 Mitotic spindle assembly 
The mitotic spindle has a crucial role in the accurate segregation of chro-

mosomes into newly formed daughter cells (Kline-Smith and Walczak, 

2004; Meunier and Vernos, 2012). Failure in segregating chromosomes cor-

rectly will lead to aneuploidy, a signature of most cancers (Holland and 

Cleveland, 2012). The main components of a bipolar mitotic spindle are the 

centrosomes, microtubules and chromosomes (Fig. 4).  

 
 

 
 
 





 18 

Microtubules constituting the mitotic spindle are formed by the polymeri-

zation of “head to tail” �/�-tubulin heterodimers, into proto-filaments. A 

microtubule consists of 13 proto-filaments and are polar, i.e. microtubules 

have a stable minus end and a dynamic plus end (Desai and Mitchison, 

1997). The nucleation of microtubules is initiated by �- tubulin (minus end) 

to where the first �/�-tubulin heterodimers of the growing microtubule at-

tach. The minus end is stabilized by �- tubulin ring complex containing �- 

tubulin, capping the minus ends of microtubules (Kollman et al., 2011; 

Zheng et al., 1995). The plus ends of microtubules are more dynamic with 

the addition and removal of �/�-tubulin heterodimers that results in rapid 

growth (polymerization) and/or shrinking (depolymerization) cycles. The 

dynamic instability of microtubules is important in the assembly of mitotic 

spindles and for the “search and capture” of chromosome kinetochores (Holy 

and Leibler, 1994; Wittmann et al., 2001).  

The microtubules of the mitotic spindle have different locations, dynam-

ics and functions (Fig.4). Astral microtubules important for spindle position-

ing are projecting from the spindle poles towards the cell cortex, with a half-

life of t½~1 minute. The interpolar overlapping microtubules project from 

each spindle pole towards opposite spindle pole and are important for the 

establishment of bipolar spindles (t½~ 1 minute). The kinetochore microtu-

bules, also called k-fibers, connect the kinetochores on the chromosomes to 

opposite spindle pole. The less dynamic k-fibers are formed by the bundling 

of kinetochore microtubules and are important for the correct segregation of 

chromosomes in anaphase (t½~ 6 minutes) (Meunier and Vernos 2012).   

The centromeres are domains on the chromatin that has the histone vari-

ant CENP-A incorporated into nucleosomes instead of histone H3 (Black 

and Cleveland, 2011). During interphase, the centromeres are occupied by 

inner kinetochore proteins that form a platform to which the recruitment and 

attachment of outer kinetochore proteins occur during mitosis (Cheeseman, 

2014). A protein complex, Ndc80 localizes to the outer kinetochores and 
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binds and attach microtubules to kinetochores (Fig. 4). Each sister chromatid 

has a kinetochore structure facing towards opposite spindle pole (Chan et al., 

2005). Proteins involved in the spindle assembly checkpoint (SAC) are re-

cruited to the kinetochores during mitosis. The spindle assembly checkpoint 

is a feedback control mechanism to prevent chromosome mis-segregation 

(Yu, 2002). In order for the SAC to become satisfied all kinetochores must 

be attached to microtubules. First then can SAC disassemble from the ki-

netochores and the Cdc20 be released. The release of Cdc20 activates the 

anaphase promoting complex/cyclosome (APC/C) that poly-ubiquitinylates 

Cyclin B and Securin for degradation (Voges et al., 1999). Sister chromatids 

are held together by cohesins. The Securin degradation activates the protease 

Separase, which cleaves the cohesin complex. The sister chromatids are sep-

arated to respective spindle pole by the mitotic spindle (Alberts et al., 2002; 

Yu, 2002). 

1.2.1.1 Centrosomal microtubule assembly 

One model, “Search and capture”, (Holy and Leibler, 1994; Kirschner, 

1986) explains how the microtubules nucleated from the centrosome of each 

spindle pole scans the environment for kinetochores by repeated cycles of 

growing and shrinkage. When a microtubule is captured by a kinetochore its 

dynamic instability is suppressed (Heald and Khodjakov, 2015) and a stable 

kinetochore microtubule is formed.  

However, if the “search and capture” activity was the only pathway of  

how kinetochores are captured by centrosomal microtubules, the time for 

microtubule-kinetochore attachment in a mammalian cell would exceed the 

average time for mitosis (Wollman et al. 2005; Prosser and Pelletier 2017). 

In fact, several organisms are missing centrosomes but still have successful 

chromosome segregation e.g. the planarian flatworm Schmidtea mediterra-

nea (Azimzadeh et al., 2012), and in the earliest cell divisions of mouse em-

bryos (Calarco-Gillam et al., 1983), implying that there are additional micro-
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tubule nucleation pathways. Several studies have shown the existence of 

non-centrosomal nucleation of microtubules on chromosomes and also on 

existing microtubules (Goshima et al., 2008; Heald et al., 1996; Meunier and 

Vernos, 2012).  One of the first pieces of evidence for the existence of a 

chromatin microtubule assembly pathway was shown when DNA-covered 

beads in Xenopus egg extracts could promote the assembly of a bipolar mi-

totic spindle (Heald et al., 1996).  

1.2.1.2 Chromosomal microtubule assembly 

Chromosomal microtubule assembly involves RanGTP, nuclear trans-

porters and spindle assembly factors (SAFs) (Fig.5A). There is an RanGTP 

gradient around the condensed chromosomes, generated by the chromatin 

associated RCC1 (section 1.1.2)( Carazo-Salas et al. 1999). The GTPase 

activating protein (RanGAP1) is soluble and dispersed in the mixed nucleo-

cytoplasm and induce GTP hydrolysis by Ran. Dispersed around the con-

densed chromatin, importin �/� form inhibitory complexes with NLS con-

taining SAFs. RanGTP binds with high affinity to importin � and promotes 

local dissociation of SAFs from the inhibition (Kaláb et al., 2006; Meunier 

and Vernos, 2016). The different SAFs such as TPX2, HURP and NUMA 

are released in the vicinity of chromatin and are important for promoting 

microtubule nucleation, stabilization and microtubule organization (Meunier 

and Vernos 2012).  

1.2.1.3 Aurora B in spindle assembly and error correction 

The chromosomal passenger complex (CPC) containing Aurora B kinase, 

INCENP, Survivin and Borealin have also been shown to promote chromo-

somal microtubule assembly. Aurora B is recruited to the chromosome arms, 

the centromeres and to spindle microtubules (Tseng et al., 2010; Vader et al., 

2006; Wang et al., 2011).  
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Fig.5. Illustration over non-centrosomal microtubule assembly pathways and microtubule 
error correction by Aurora B. 
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The mitotic centromere-associated kinesin (MCAK) that depolymerize 

microtubules are inactivated by Aurora B phosphorylation, which favors 

chromosomal microtubule assembly (Fig.5A) (Sampath et al. 2004; Prosser 

and Pelletier 2017). The CPC is therefore important for microtubule stability 

around the chromosomes.  

Another important role for Aurora B involves correction of aberrant ki-

netochore microtubule attachment that goes undetected by the spindle as-

sembly checkpoint (Kelly and Funabiki, 2009). For example, merotelic at-

tachment, where one sister kinetochore is attached to microtubules from both 

spindle poles and/or syntelic attachment, where one kinetochore pair is at-

tached to microtubules from the same spindle pole (Nezi and Musacchio, 

2009). Kinetochore localized Aurora B phosphorylates the microtubule at-

tachment site on the kinetochores, the Ndc80 complex, and initiates the re-

lease of microtubules. This error correction mechanism may only be avoided 

when each sister kinetochore is under tension and pulled away from Aurora 

B by the correct attachment of microtubules from opposite spindle poles (Fig 

5B) (Cimini et al., 2006; Kelly and Funabiki, 2009).   

1.2.1.4 The microtubule mediated microtubule assembly 

The Augmin complex, an eight-subunit protein complex, is also involved 

in non-centrosomal microtubule assembly. During mitosis Haus6 of the 

Augmin complex interacts with and recruits �-tubulin to existing microtu-

bules. The subunit Haus8 interacts with microtubules, but how Haus8 and 

the Augmin complex is recruited to the spindle microtubules is not com-

pletely understood (Hsia et al., 2014; Zhu et al., 2008). The recruitment of �- 

tubulin to existing microtubules initiates the nucleation of branching micro-

tubules in the body of the mitotic spindle (Fig 5C). In this way, the Augmin 

dependent microtubule assembly pathway contributes to the rapid increase in 

density of microtubules in the mitotic spindle. Consistently, the depletion of 

Haus6 caused reduced number of microtubules in the mitotic spindle as well 
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as reduced microtubule bundling important for k-fibers and chromosome 

segregation (Goshima and Kimura, 2010; Uehara et al., 2009).  

The centrosomal and non-centrosomal microtubule assembly pathways 

that have been discovered all contribute to the assembly of a functional mi-

totic spindle. For correct spindle assembly, �-tubulin is recruited to different 

sites in the mitotic spindle, to the centrosome, to the chromosomes and to the 

walls of already existing microtubules (Lin et al., 2015).  
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 2   Methodological considerations  

2.1 Live cell Imaging 
Live cell imaging was used in paper III to visualize the dynamic proper-

ties of Samp1YFP and microtubules of the mitotic spindle stained with the in 

vitro dye Sir-tubulin. Using live cell imaging, Samp1 and microtubules of 

the mitotic spindle were followed through metaphase in its authentic envi-

ronment. Live cell imaging facilitates detection of biological processes that 

might go undetected in fixed and detergent treated cells, e.g. the metaphase 

prolongation observed in Samp1 depleted cells (Paper III). Furthermore, 

compilation of still images from a series of time frames into a movie nicely 

illustrates the parallel and concerted movements of both Samp1 and micro-

tubules (Paper III) that would be impossible to detect with still images alone.  

Fluorescence microscopy is biased towards detection of the thickest struc-

tures and the highest concentrations, which may lead to an underestimation 

of the distribution of less abundant proteins. Another aspect when using ec-

topic expression of INM proteins is that they often localize to a higher extent 

in the ER membranes (Paper II), because the binding sites in the INM may 

be saturated. Endogenous Samp1 and recombinant Samp1YFP compete for 

the same binding sites. It is therefore possible that endogenous Samp1 can, 

to some degree hinder the Samp1YFP localization to the mitotic spindle in 

live cells. 

 

2.2 MCLIP 
The are several biochemical methods for detecting protein-protein interac-

tions e.g. CoIP, BioID and chemical crosslinking. Both CoIP and BioID 

have limitations. CoIP is a method were an antibody is used to precipitate an 



 25 

antigen (protein) out of a solution. The interacting proteins need to be solu-

bilized for detection. INM proteins are often associated with the nuclear 

lamina which resist detergents and high salt concentrations commonly used 

to solubilize proteins. Solubilization of the nuclear lamina requires 7 M urea 

which denatures proteins and hence also antibodies used in CoIP, and de-

stroys protein-protein interactions. BioID overcomes the solubilization prob-

lem and detects interactions in live cells (Roux et al., 2012). The “bait pro-

tein” is fused to a promiscuous biotin ligase that biotinylates proteins in its 

near vicinity. The biotinylated proteins can be isolated using streptavidin 

beads for affinity pulldown. BioID have limitations such as long labelling 

periods which when studying interactions in short biological processes e.g. 

during mitosis, is not feasible. MCLIP is a combination of CoIP and bio-

chemical crosslinking. MCLIP was developed (Paper II) and used to identify 

interaction partners of Samp1 (Paper II, III and IV). The method takes ad-

vantages of the membrane permeable crosslinker DSP (Dithio-

bis(succinimidyl propionate)), (Fig.6), that bind to primary amines of pro-

teins. The amid bond formed between two proteins resists the high concen-

tration of urea used to solubilize INM proteins and the nuclear lamina. 

 

2.3 Cold-treatment 
Microtubules are dynamically instable and undergoes continuously 

polymerization/depolymerization cycles. Microtubules of the mitotic spindle 

have different dynamic properties depending on their location and function 

(section 1.2.1, Fig. 4). Kinetochore microtubules that connect the centro-

somes with the chromosomal kinetochores are stabilized and less dynamic 

(Meunier and Vernos, 2012; Rieder, 1981). The differences in dynamic 

properties can be taken advantage of when visualizing k-fibers, using fluo-

rescence microscopy. Incubation of mitotic cells at cold temperatures depol-

ymerizes all dynamically instable microtubules but not the stabilized kineto-

chore microtubules. This method was used in paper IV to show that Samp1 
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localized to k-fibers and had a stabilizing effect on k-fibers. For considera-

tion, the duration for cold-treatment should be tittered for different cell 

types. 

 

2.4 Synchronization of cells 
Synchronized cells were used in paper II, III and IV. The transition be-

tween different phases of the cell cycle, G1/late G1, G1/S-phase and G2/M-

phase (G= growth phase) is dependent on CDKs and cyclins. The transition 

from G2 into M-phase is regulated by CDK1 and cyclin B. Inhibiting CDK1 

arrests and accumulates cells in the G2/M-phase transition. The protease 

inhibitor RO3306 is a CDK1 inhibitor and used in paper III and IV.  

MG132 is a proteasome inhibitor and cells treated with MG132 are 

blocked in metaphase. MG132 inhibits the proteolysis of Securin and cyclin 

B. Reduction of cyclin B mediates mitotic exit. Securin inhibits the protease 

Separase important in anaphase for the proteolytic cleavage of cohesins 

holding sister chromatids together (Visconti et al., 2010). MG132 was used 

in paper II, III and IV to synchronize cells. 

Nocodazaol (Paper II) is a chemical that depolymerizes microtubules and 

prevents assembly of the mitotic spindle, preventing cells from entering pro-

metaphase.  

A thymidine block prevents DNA replication and synchronize cells in S-

phase (Paper III and IV). Ribonucleotide reductase is an enzyme reducing 

nucleotide triphosphate (NTP) to deoxy nucleotide triphosphate (dNTP) 

important for DNA synthesis.  Ribonucleotide reductase is allosterically 

regulated by ATP (activates) and dATP (inhibits). Cells saturated with thy-

midine (2mM) causes over-accumulation of deoxy thymidine triphosphate 

(dTTP), leading to over-accumulation of dATP. High concentrations of 

dATP will allosterically bind to ribonucleotide reductase and inhibit the pro-

duction of dCTP and/or dTTP.  High concentrations of thymidine will there-
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fore starve the replication fork for dCTP and replication of DNA will be 

blocked (Torrents, 2014). 
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3   Aim 

There are hundreds of unique transmembrane proteins of the INM that has 

not yet been characterized (Korfali et al., 2010; Schirmer, 2003; Wilkie et 

al., 2011). How these proteins are organized and what function they have is 

important to understand a variety of different biological pathways such as 

cell migration, nuclear positioning, mechanotransduction to the nucleus, 

chromatin organization and gene regulation. Mutations in genes coding for 

some proteins of the INM have been linked to different human diseases e.g. 

muscular dystrophy.  

The specific aims of the thesis are: 

 

 

� To improve methods to study protein-protein interactions of “hard 

to extract” transmembrane proteins in live cells.  

 

� To understand the functional connection between Samp1 and its 

identified interaction partners. 

 

� To elucidate the biological role of Samp1 during interphase. 

 

� To elucidate the biological role of Samp1 during mitosis. 
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4   Results and Discussion 

4.1 Samp1 in interphase  

4.1.1  Membrane topology and hypothetical zinc fingers of Samp1 
Based on its amino acid sequence Samp1 was predicted to have five 

transmembrane segments spanning the INM (Buch et al., 2009). However, 

the expression of Samp1 deletion mutants containing only the first predicted 

transmembrane domain did not incorporate into the phospholipid bilayer of 

the inner nuclear membrane, but instead localized as a soluble protein in the 

nucleoplasm (Paper I). Thus, Samp1 has only four transmembrane segments, 

and both its N- and C- terminals exposed in the nucleoplasm. This is con-

sistent with the membrane topology of the Samp1 homolog in Chaetomium 

thermophilum (Fig 2), (Vijayaraghavan et al., 2016). The nucleoplasmically 

exposed N-terminal domain of Samp1 is important for Samp1 localization to 

the INM  (Buch et al., 2009). It contains four evolutionary conserved CXXC 

motifs which have the potential to form two zinc fingers with ability to bind 

to other proteins and/or DNA. The functionality of these putative zinc fin-

gers was tested by the construction of cysteine-to-alanine substitution mu-

tants (“Zinc finger mutants”) aimed at disrupting the formation of hypothet-

ical zinc fingers. The Samp1 “zinc finger mutants” did not distribute to the 

INM but instead mislocalized to the ER membrane system (Paper I). This 

indicates that formation of zinc fingers may be important for Samp1 recruit-

ment to the INM. Samp1 does not contain any of the canonical nuclear local-

ization signals.  

In HeLa cells the “zinc finger mutants” had a dominant effect. The entire 

nuclear morphology was disorganized and Lamin A/C, SUN1, emerin and 
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also endogenous Samp1 were mislocalized from the NE (Paper I). This sug-

gests that the formations of putative zinc fingers are important for the inter-

action of Samp1 with other NE proteins. Consistently, Samp1 was shown by 

Co-immuno-precipitation to interact with emerin but only in the presence of 

zinc (Paper I). However, silencing of either emerin, SUN1 or Lamin A by 

siRNA did not affect the distribution of Samp1 in the INM (Paper I). The 

localization of Samp1 in the INM might depend on the concerted action of 

different interaction partners or other unidentified interacting partner(s) re-

taining Samp1 in the INM. Alternatively, Samp1 might interact directly with 

chromatin.  

 

4.1.2  Samp1 distributes in micro-domains in the NE  
Deconvolved confocal sections of the NE revealed that Samp1 im-

munostaining distributes in a distinct dotty pattern (Paper 1), similar to that 

obtained by immunofluorescence from the LINC complex protein SUN1 or 

the A or B type nuclear lamins (Liu et al., 2007; Shimi et al., 2008). This 

indicates that NE proteins, instead of distributing homogenously, form dis-

tinct protein networks or micro-domains, which might have different and/or 

overlapping functional roles. In HeLa cells the Samp1 micro-domains par-

tially co-localized with the LINC complex protein SUN1, but not with the 

NPCs or the A and B type nuclear lamins (Paper I). This suggests that a sub-

stantial fraction of Samp1 distributes in distinct micro-domains with LINC 

complexes, which in turn is connected to the cytoskeleton and centrosome. 

 

 4.1.3  Samp1, emerin and the LINC complex 
Samp1 was shown to interact with SUN2 in mouse fibroblast cells and to 

be important for stable interactions between the LINC complex and A-type 

lamina during cell migration, in structures called TAN lines (section 1.1.9), 

(Borrego-Pinto et al., 2012). In human bone cells Samp1 was instead shown 
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to interact with the LINC complex protein, SUN1 and the B-type lamina, 

Lamin B (Paper II). Interestingly, Samp1 have been shown to interact with 

SUN domain proteins of the LINC complex in three different cell types, in 

mouse fibroblast cells, in yeast and in human bone cells, suggesting that the 

Samp1-SUN interaction and possible function, is evolutionarily conserved 

(Borrego-Pinto et al., 2012; Jafferali et al., 2014; King et al., 2008).  

The distribution of the LINC complex associated protein emerin was low 

in the micro-domains containing Samp1 in HeLa cells (Paper 1) even though 

Samp1 interacts with emerin in live U2OS cells and is able to bind directly 

to emerin (Paper II). FRAP (Fluorescent Recovery After Photobleaching) 

studies have shown that the INM protein emerin is a relatively dynamic pro-

tein (Östlund et al., 1999; Zuleger et al., 2011b) and localizes to the INM, 

the ONM and ER membranes (Berk et al., 2013; Salpingidou et al., 2007). 

This may explain the low degree of co-localization of emerin with Samp1. 

Post transcriptional silencing of Samp1 caused mislocalization of emerin in 

the NE (Paper I), suggesting that emerin is dependent on Samp1 for its cor-

rect distribution in the INM and that Samp1 and emerin have a functional 

connection.  

In fact, the independent depletion of Samp1 and emerin both caused simi-

lar phenotypes, detachment of the centrosome from the NE (Buch et al., 

2009; Salpingidou et al., 2007). Similar phenotypes are also observed in 

cells depleted of the LINC complex protein Nesprin in the ONM (Schneider 

et al., 2011; Zhang et al., 2007), and in both X-linked and autosomal domi-

nant Emerin-Dreyfuss muscular dystrophy patient cells (Salpingidou et al., 

2007), carrying mutations in the genes coding for emerin or A-types lamins, 

respectively. Thus, proteins of the A- type lamina and LINC complex appear 

to be involved in a common cellular function, which becomes disrupted in 

EDMD patient cells. The centrosome detachment seen in Samp1 depleted 

HeLa cells  may be a consequence from disruption of a functional connec-

tion between Samp1, SUN1 and emerin (Buch et al. 2009; Haque et al. 2010; 
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Salpingidou et al. 2007; Zhang et al. 2009). Interestingly, in EDMD patients 

cells, Samp1 appeared to be partially mislocalized from the NE, but only in 

some of the patient cells (Le Thanh et al., 2017).  

 

4.1.4 Samp1, putative zinc fingers and chromatin organization 
The expression of the dominant Samp1 “zinc finger mutants” disrupted 

the NE morphology and mislocalized both emerin, SUN1 and Lamin A/C 

from the INM but not Lamin B or NPCs (Paper I). In HeLa cells expressing 

Samp1 “zinc finger mutants” stretches of heterochromatin were missing 

from the nuclear periphery (Paper I), suggesting a potential role for Samp1 

in chromatin organization. However, since many INM proteins were disrupt-

ed the heterochromatin effect can depend on other factors than Samp1.  

Interestingly, in human HT1080 fibrosarcoma cells Samp1 was implicat-

ed in chromosome organization. Ectopic expression of Samp1 caused chro-

mosome 5 to move from the interior of the nucleus to the nuclear periphery 

(Zuleger et al., 2013).  

 The Samp1 homolog in S. pombe Ima1, tethers centromeric hetero-

chromatin to the Sun1 homolog Sad1 in the INM and the spindle pole body 

(King et al., 2008). Ima1 and the INM protein MAN1 (a LEM domain pro-

tein, section 1.1.4) were shown to associate to the central core domain of the 

centromeres, a domain structure of the centromere that is conserved from S. 

pombe to humans (Kniola et al., 2001; Steglich et al., 2012) containing the 

microtubule binding Ndc80 complex. Both depletion of Ima1 and mutations 

in genes coding for the Ndc80 complex caused insufficient coupling of cen-

tromeric heterochromatin to Sad1, changes in the nuclear shape and loss of 

spindle pole body components from the NE (King et al., 2008). These phe-

notypes are reminiscent of the centrosome detachment in Samp1 depleted 

cells (Buch et al. 2009) and heterochromatin detachment in cells expressing 

Samp1 “zinc finger mutants” (Paper I). 
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4.2 Protein-protein interactions of NE proteins 

The identification of protein-protein interactions is valuable when eluci-

dating protein function. There are several good methods to identify protein-

protein interactions and the most commonly used is Co-immuno-

precipitation (CoIP). This method is good for detecting protein interactions 

at non-denaturing conditions but has limitations when it comes to “hard to 

extract” proteins such as the INM proteins that are strongly associated with 

the nuclear lamina. The nuclear lamina is highly resistant to detergent and 

high salt concentration and is impossible to solubilize under non-

denaturation conditions (Aaronson and Blobel, 1975; Dwyer, 1976).  

The development of Membrane protein Cross-Link ImmunoPrecipitation 

(MCLIP, Paper II) gave a solution to this problem and new insights in how 

proteins of the nuclear envelope are organized. MCLIP can identify protein-

protein interactions, even after solubilization of the nuclear lamina under 

protein denaturating conditions (7 M urea). MCLIP takes advantages of a 

chemical cross-linker, DSP (Fig.6), before immunoprecipitation. DSP, is an 

amino reactive ester that cross-links primary amines within the spacer arm 

length of DSP, approximately 12 Å.  

The membrane permeable DSP can cross-link proteins in live cells and 

the crosslink is reversible under reducing conditions which enables detection 

of proteins after SDS-PAGE and Western blotting. Interacting proteins stay 

connected by the covalent amid bonds during extraction with urea, necessary 

to solubilize the NE proteins. After solubilization, the samples are diluted to 

0.8 M urea, which is tolerated by antibodies in order to perform immunopre-

cipitation.  
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Table 1: Samp1-protein interactions identified by MCLIP.  
 
Nd. = not determined 
Identified  
Protein 
interaction 

Known Func-
tion 

Mitotic 
interaction 

Direct 
interaction 

Reference 
 

Lamin B1 B-type nuclear1 
lamina, chromo-
some organization 

Nd. Nd. Paper II 
(Jafferali et al., 
2014) 
 

SUN1 LINC complex,2 
nuclear position-
ing 

Nd. Nd. Paper II 
(Jafferali et al., 
2014) 

Emerin LEM-domain3 

gene regulation, 
chromosome or-
ganization 

Nd. YES Paper II 
(Jafferali et al., 
2014) 

Ran Nucleocytoplastic4 
transport, spindle 
assembly, NE 
reassembly 

YES YES Paper II 
(Jafferali et al., 
2014; Vijaya-
raghavan et al., 
2016) 

�-Tubulin Microtubule5 

Nucleation, spin-
dle assembly 

YES YES Paper III 
(Larsson et al., 
2018) 
 

Haus6 Augmin com-
plex,6 spindle 
assembly, micro-
tubule branching 

YES Nd. Paper III: 
(Larsson et al., 
2018) 

Aurora B 
 
 

Ser/Thr Kinase,7 
CPC, k-fiber sta-
bility 

YES Nd. Paper IV: 

 

1(Camps et al., 2015);2(Haque et al., 2006);3(Demmerle et al., 2012; Holaska et al., 2006; Wilson et al., 
2005); 4(Forbes et al., 2015);5(Zheng et al., 1995);6(Goshima and Kimura, 2010);7(Meraldi et al., 2004). 
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According to the FunCoup database (Schmitt et al., 2014) Samp1 was 

predicted to interact with the small nuclear G-protein Ran, and MCLIP was 

able to detect this interaction in live cells during interphase, prometaphase 

and metaphase (Paper II). The Samp1-Ran interaction was also shown to 

occur by direct binding (Vijayaraghavan et al., 2016). Ran is involved in 

nucleocytoplasmic transport during interphase, spindle assembly during mi-

tosis and nuclear envelope reassembly after chromosome segregation 

(Forbes et al., 2015). The fact that the Ran-Samp1 interaction was detected 

during prophase and metaphase shows that MCLIP is able to identify inter-

actions also during short time periods i.e. mitosis. The functional connection 

between Samp1 and Ran is still unknown but recent studies show that 

Samp1 can recruit Ran to the INM (Vijayaraghavan et al., 2016) and that 

Ran influence the interaction between emerin and Samp1 in the NE, during 

interphase (Vijayaraghavan et al., 2018).  

 

4.2.2 Interaction partners of Samp1 during mitosis 
Investigations of protein-protein interactions in synchronized metaphase 

cells revealed several interesting mitotic protein interaction candidates (Ta-

ble 1), such as �-tubulin, Haus6 of the Augmin complex (Paper III) and the 

protein kinase Aurora B (Paper IV). However, Samp1 did not interact with 

�-tubulin (Paper III). The functional connection between the identified mi-

totic interaction candidates and Samp1 is discussed in section 4.3. 

 

4.2.3 Direct binding partners to Samp1 
MCLIP has proven to be a valuable tool in the identification of “hard to 

extract” interaction proteins of the NE (Paper II). Three of the Samp1 inter-

acting proteins identified by MCLIP, Ran, emerin and �-tubulin (Table 1), 

were tested for possible direct interaction by in vitro pulldown experiments. 

All three of these interactions were shown to be direct (Paper II and III), 
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(Vijayaraghavan et al., 2016). However, whether the interactions between 

Samp1 and Lamin B1, SUN1, Haus6 or Aurora B are direct remains to be 

investigated.  

 

4.3 Samp1 in mitosis  

During mitosis, the nuclear envelope is disassembled and its membranes 

and transmembrane proteins are dispersed out into the ER (Ellenberg et al., 

1997). Therefore it was a complete surprise when it was discovered that a 

fraction of the transmembrane protein TMEM201 localized to the mitotic 

spindle after NEBD (Buch et al., 2009). Transmembrane proteins and mem-

branes had not been discovered in the mitotic spindle before. Because of its 

localization in the mitotic spindle TMEM201 was renamed to Spindle asso-

ciated membrane protein 1 (Buch et al., 2009).  

Interestingly, B-type lamins have been shown to localize to the mitotic 

spindle and form a Lamin B matrix (Tsai, 2006). Later, two more NETs 

were found locating to the mitotic spindle, WFS1 and TMEM214 (Wilkie et 

al., 2011), and the presence of membranes in the mitotic spindle were shown 

by live cell imaging, and expression of GFP tagged integral ER membrane 

proteins (Lu et al., 2009).  

 

4.3.1 Samp1 localizes to microtubules and interacts with ��-tubulin 
Live cell imaging of Samp1YFP expressing mitotic cells, treated with the 

in vivo dye Sir-tubulin visualizing microtubules, displayed partial co-

localization of Samp1 and microtubules of the mitotic spindle and their dy-

namic behavior during metaphase (Paper III). A fraction of Samp1 distribut-

ed to the polar regions of the mitotic spindle as filamentous structures in 

parallel with microtubules and displayed occasional overlap. 
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How transmembrane proteins are recruited to the mitotic spindle is not 

known. Samp1 staining in the mitotic spindle was absent in cells treated with 

nocodazole (Buch et al., 2009), suggesting that the localization of Samp1 to 

the mitotic spindle is dependent on microtubules. Until recently, none of the 

identified INM proteins distributed to the mitotic spindle have been investi-

gated for interaction with microtubules or microtubule associated proteins. 

Although, it has been shown that the INM protein emerin interacts with β-

tubulin in interphase cells (Salpingidou et al., 2007), emerin was not shown 

to localize in the mitotic spindle during mitosis (Buch et al., 2009). Samp1, 

however does not interact with �-tubulin but localizes to the mitotic spindle 

and was instead shown to interact directly with �-tubulin (Table 1, Paper III).  

 

4.3.2 Samp1 is required for correct chromosome segregation  
Samp1 depletion increased the number of binucleated cells, cells with mi-

cronuclei, and cells with enlarged nuclei (Paper III), indicating an aberrant 

metaphase progression or cytokinesis (Ganem et al., 2007; Holland and 

Cleveland, 2012). 

Aberrant kinetochore microtubule attachment can cause individual chro-

mosomes to lag behind the mass of segregating chromosomes, e.g. due to 

syntelic or merotelic kinetochore microtubule attachment (section 1.2.1.3). 

The lagging chromosomes are then often packaged into separate micronuclei 

during mitotic exit (Crasta et al., 2012). The formation of binucleated cells 

and enlarged cell nuclei can be the cause of premature metaphase exit and/ 

or mitotic slippage due to prolonged metaphase, and cleavage furrow regres-

sion in cytokinesis (Ganem et al., 2007; Holland and Cleveland, 2012).  

Samp1 depletion in HeLa cells caused a 6-fold prolongation of the meta-

phase, but did not affect the total duration of cell division. Only 34% of the 

Samp1 depleted cells went through cell division and 34% where either 

stalled in mitosis or cytokinesis (Paper III). These result shows that the ab-
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sence of the transmembrane protein Samp1 have an effect on the cell cycle 

progression and especially on metaphase.  

Samp1 interacts with Haus6 of the Augmin complex and �-tubulin, as 

shown by MCLIP, (Table1, Paper III). Interestingly, altered levels of these 

two factors can both cause similar phenotypes as those observed after Samp1 

depletion (Hégarat et al., 2011; Uehara et al., 2009). 

Augmin is involved in amplification of microtubules in the mitotic spin-

dle and has previously been shown to facilitate the �-tubulin localization to 

existing microtubules of the mitotic spindle, playing a critical role in the 

formation of kinetochore microtubules (Goshima and Kimura, 2010; Uehara 

et al., 2009).  Depletion of Haus6 causes cytokinesis failure and increased 

formation of binucleated cells (Uehara et al., 2009). Samp1 also interact with 

the kinase Aurora B important for non-centrosomal microtubule assembly, 

correction of k-fiber attachment to kinetochores and cytokinesis (Meraldi et 

al., 2004). 

4.3.3 Correct mitotic spindle assembly is dependent on Samp1 
Samp1 interacts with both �-tubulin and Haus6 in live cells and can bind 

to �-tubulin directly (Paper III). The initial nucleation of microtubules is 

stimulated by �-tubulin. Depletion or mislocalization of �-tubulin or Haus6 

from the mitotic spindle cause a less dense spindle due to decreased for-

mation of microtubules (Kamasaki et al., 2013). Depletion of Samp1 caused 

mislocalization of both �-tubulin and Haus6 from the body of the mitotic 

spindle (Paper III). Consistently, lower β-tubulin immunofluorescence inten-

sity was observed in the mitotic spindle of Samp1 depleted cells, indicating 

that fewer microtubules were formed. The recruitment of �-tubulin to the 

walls of spindle microtubules has been shown to be dependent on the inter-

action with Haus6 of the Augmin complex, but how Haus6 is recruited to the 

spindle microtubules is not fully understood (Hsia et al., 2014; Zhu et al., 

2008). Taken together, these results suggest that Samp1 has a functional role 
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in recruitment of �-tubulin and Haus6 to the mitotic spindle (Paper III). 

Samp1 is the first transmembrane protein shown to have a functional role in 

mitotic spindle assembly. Microtubule dependent nucleation of microtubules 

plays an important role for spindle stability and in increasing the number of 

microtubules in the mitotic spindle (Goshima et al., 2008). Microtubule as-

sembly from the mitotic spindle is often masked by the huge array of micro-

tubules emanating from the centrosomes. 

Rapid nucleation of microtubule formation is dependent on �-tubulin. It 

has been shown that membrane associated �-tubulin complexes are able to 

initiate the formation of microtubules (Macurek et al., 2008) and that micro-

tubule nucleation occurs near NE remnants from NEBD in D. melanogaster 

(Rebollo et al., 2004). Ever since the discovery that chromatin coated beads 

are able to form non-centrosomal microtubule assembled bipolar spindles in 

Xenopous egg extracts (Heald et al., 1996), the theory of chromatin nucleat-

ed microtubules arose. Rebollo and colleagues, used a model in Drosophila 

spermatocytes where the centrosomes were prevented from being involved 

in spindle assembly (Rebollo et al., 2004).  

Their experiments showed that microtubule asters occurred around rem-

nants of the membranes from NEBD, and not around chromosomes. These 

membrane microtubule asters grew and were sorted into bipolar spindles. 

Rebollo and colleagues suggested that the membrane nucleated microtubules 

are part of a wild type mitotic spindle integrated to centrosomal microtubules 

forming a bipolar spindle.  

However, the authors did not detect the presence of �-tubulin at these sites 

which can be explained by limitations in detecting low levels of immuno-

stained proteins by immunofluorescence microscopy. Samp1 binds �-tubulin 

and effects its distribution in the mitotic spindle during metaphase (Paper 

III). However, the results discussed above makes one wonder if Samp1 de-

pendent recruitment of �-tubulin might start already in prophase/pro-

metaphase. Samp1 might thus facilitate a membrane microtubule assembly 
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pathway, which results in the filamentous membrane structures containing 

Samp1 that is observed during metaphase (Paper III). 

 

4.3.4 Samp1 is important for kinetochore microtubule stability 
Samp1 also localizes to the kinetochore microtubules (Paper IV). The de-

pletion of Samp1 by siRNA caused unstable k-fibers and increased chromo-

some misalignment in the metaphase plate, of cold-treated cells (Paper IV). 

This indicates that Samp1 have an important role in k-fiber stability. Con-

sistently, ectopic expression of siRNA resistant Samp1 rescued the Samp1 

depleted cells from chromosome misalignment. In fact, overexpression of 

Samp1 resulted in lower number of cells with misaligned chromosome and 

even a higher number of cells with stable k-fibers compared to untreated 

HeLa cells (Paper IV). Even if Samp1 may not be essential for the formation 

of a mitotic spindle per se, the presence of Samp1 is important for correct 

assembly of a stable mitotic spindle.   

Samp1 interacts with Aurora B a kinase important for kinetochore micro-

tubule error correction during metaphase (Chan et al., 2012; Cimini et al., 

2006; Kelly and Funabiki, 2009). Aurora B is enriched at sites of merotelic 

and syntelic (section 1.2.1.3) kinetochore microtubule attachments 

(Knowlton et al., 2006).  Interestingly, the levels and the activity of Aurora 

B increased in the metaphase plate after Samp1 depletion. Increased activity 

of Aurora B was detected by increased phosphorylation of histone H3 on 

serine 10 (Paper IV). These results indicates an increased rate of kinetochore 

microtubule error correction by Aurora B, in Samp1 depleted cells. Howev-

er, other substrates of Aurora B have been shown to localize to microtubules 

of the mitotic spindle (Tseng et al., 2010; Wang et al., 2011), indicating that 

a small fraction of Aurora B is present at microtubules as well. Perhaps 

Samp1 in the mitotic spindle can serve as a binding site for Aurora B to 

reach its substrates on spindle microtubules.   
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It is possible that Samp1 recruits a pool of �tubulin, (perhaps already in 

pro-metaphase) from fenestrated NE remnants to the vicinity of the assem-

bled mitotic spindle, where k-fiber and microtubule formation occur. In the 

absence of Samp1 (Table 2), there is less �-tubulin (Paper III) in the mitotic 

spindle resulting in fewer kinetochore fibers and/or microtubules with the 

possible consequence that Aurora B accumulates at the kinetochores, to cor-

rect for aberrant microtubule kinetochore attachments, generating instable 

mitotic spindles, chromosome mis-segregation and aneuploid phenotypes. 

 
 

 
Table 2: Mitotic effect in HeLa cells after Samp1 depletion. 

 
Depletion of Samp1 

�  
Mislocalized �-tubulin in the mitotic spindle 

�  
Decreased numbers of microtubules 

�  
Increased activity of Aurora B 

�  
Decreases spindle stability 

�  
Chromosome mis-segregation 

�  
Aneuploid phenotypes 

Enlarged nuclei, binucleated cells and cells with micronuclei 
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5   Conclusions 

During Interphase 
 

� Samp1 distributes in distinct micro-domains over the nuclear 
envelope partially co-localizing with the LINC-complex pro-
tein Sun1. 

� Samp1 affects the distribution of the LINC complex associated 
protein emerin. 

� Samp1 CXXC motifs are important for the NE and hetero-
chromatin organization at the nuclear periphery. 

 
Protein interactions 
 

� MCLIP is a valuable method to identify transmembrane pro-
tein – protein interactions of the NE. 

� Samp1 has several interaction partners, emerin, SUN1, Lamin 
B1, Ran, Aurora B, Haus6 and  �-tubulin. 

� Samp1 interacts directly with emerin, Ran and �-tubulin. 
 
During mitosis 
 

� Samp1 a transmembrane protein recruits a pool of Haus6 and 
�-tubulin to the mitotic spindle.  

� Samp1 is important for correct spindle assembly and chromo-
some segregation. 

� Samp1 localizes to and stabilizes kinetochore microtubules. 
� Samp1 effects the amount of active Aurora B at the metaphase 

plate.  
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6   Future perspectives 

6.1 Chromatin organization 
Ectopic expression of Samp1 relocalized chromosome 5 in the nucleus 

(Zuleger et al., 2013) and promoted Samp1 differentiation in two independ-

ent model systems (Bergqvist et al., 2017; Jafferali et al., 2017).  Samp1 

might therefore be involved in chromosome organization and gene regula-

tion as some of the other INM proteins, i.e. emerin (Demmerle et al., 2012; 

Holaska et al., 2006). It would therefore be interesting to investigate the 

potential role of Samp1 in gene regulation by comparing the transcriptome in 

cells with altered levels of Samp1 with the transcriptome in untreated cells. 

It would also be interesting to investigate if Samp1 can bind directly to 

chromatin, and in greater detail investigate if altered expression levels of 

Samp1 can affect chromatin organization in the nucleus.  

 

6.2 Mitotic role 
Samp1 localizes to the mitotic spindle and have a functional role during 

mitosis (Paper III and IV). Two other NETs also distribute to the mitotic 

spindle, WFS1 and TMEM214 (Wilkie et al., 2011). The relationship be-

tween Samp1 and these NETs have not been established. It would therefore 

be interesting to investigate if WFS1, TMEM214 and Samp1 can interact 

using MCLIP and what role they might have during mitosis. 

 Another interesting aspect would be to investigate if Samp1 also can 

recruit �-tubulin to be part of a membrane microtubule assembled pathway in 

prometaphase after NEBD (Rebollo et al., 2004). Detailed live cell imaging 

of fluorescently labelled recombinant proteins through different phases of 
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the cell cycle might answer these questions. Super-resolution microscopy 

might give further details in Samp1 distribution compared to other markers 

of the mitotic spindle.  

 

6.3 Interaction partners 
MCLIP is a valuable tool in detecting protein-protein interactions of INM 

proteins of the NE (Paper II). By performing MCLIP followed by Mass 

spectrometry more interaction partners of Samp1 and other INM proteins 

could be detected. The discovery of new interactions partners to Samp1 

would increase our knowledge of what functional role this INM protein has 

in different phases of the cell cycle.  
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7   Populärvetenskaplig sammanfattning  

Alla kroppens vävnader, muskler och organ är uppbyggda av celler. Likt 
kroppens alla organ har cellen organeller som utför olika uppgifter och 
funktioner, viktiga för cellens överlevnad. Mitokondrierna t.ex. producerar 
energi, centrosomen organiserar cellens dynamiska cellskelett (microtubuli) 
och cellkärnan omger och skyddar vår arvsmassa. Alla funktioner i cellen 
sköts av proteiner och alla proteiner regleras av gener, vår arvsmassa.  

Cellkärnan har ett yttre och ett inre membran som separerar cellkärna från 
resten av cellen. Länge har cellkärnans membran betraktats som en passiv 
barriär, vars enda funktion är att isolera arvsmassan från övriga molekyler i 
cellen. Vissa sjukdomar är direkt kopplade till förändringar i cellkärnans 
membran, t.ex. Progeria som orsakar för tidigt åldrande. Idag vet vi mer om 
cellkärnans membran och dess komponenter som är involverade i många av 
cellens biologiska funktioner t.ex. organisering av arvsmassan, genreglering 
och celldelning. I de flesta celler är de gener som inte används oftast förank-
rade till det inre kärnmembranet, medan de gener som aktivt används oftast 
är förflyttade till kärnans inre.  

Den här avhandlingen handlar om att karakterisera och ta reda på vilken 
funktion Samp1, ett inremembranprotein, har. För att ta reda på dess funkt-
ion har vi utvecklat en metod som gör det möjligt att hitta interaktioner mel-
lan Samp1 och proteiner i kärnans inremembran vilka ofta är svårlösliga. 
Denna metod kallas för MCLIP. Påvisade interaktioner visar att Samp1 är 
involverad i en mekanisk och fysisk signalväg som går från cellytan in till 
cellkärnan och vår arvsmassa. Denna signalväg gör det möjligt för cellen att 
snabbt anpassa sig efter yttre omständigheter genom att minska eller öka 
genuttrycket. 

Under celldelningen, då arvsmassan fördelas jämnt mellan två nybildande 
celler sker en dramatisk förändring. Cellkärnas membran fragmenteras ner i 
mindre delar. Detta för att möjliggöra separeringen och fördelningen av 
arvsmassan till vardera ny dottercell då kärnmembranet annars skulle vara i 
vägen. Samp1 har överraskande visat sig vara viktig för att denna process 
ska gå rätt till. Avsaknaden av Samp1 genererar celler med ojämnt fördelad 
arvsmassa, onormalt stora cellkärnor eller celler med dubbla cellkärnor. 
Detta är kännetecken i de flesta cancersjukdomar. Samp1 är det första kärn-
membranprotein, involverad i celldelning som vi känner till idag. 



 47 

 



 48 

8   Acknowledgements 

The end. Writing the acknowledgement part of my doctoral thesis, means 
that I´m almost done. First, I have a lot of people to say “thank you” to, 
because without your support this thesis would not have been possible.  

 
Einar, I know how much you like to read, so I make it short. It has been 

an unforgettable experience working in your group, thank you for all the 
knowledge you have shared with me. I´m thankful for all your help, review-
ing my manuscripts and prepare me for seminars. Thanks for the opportunity 
to travel to interesting places with interesting conferences, and for all the 
courses I was able to take. 

You have also introduced me to microscopy and a world of “colorful” 
structures in live cells, it has been one of the coolest things I ever done.   

Einar thank you for recruiting the best people into your group. Cissi, you 
are so cool and kind. I will always remember our trip to Switzerland. Before 
we realized it was the smelly cheese, during poster session. You were 
thoughtful and brought earplugs for me so I could sleep at night. For some 
unknown reason, you ended up using them yourself. I will miss working 
with you. Thank you for your supportive words and good advice. Balaje, 
thank you for helping me out this last year and believing in my ideas. You 
brought so much fun to the lab. Playing badminton, pool and boule, lets meet 
up this summer for a game and some beer. Hakim, you so are full of harmo-
ny and a true friend, thanks for MCLIP and for helping me with Aurora B. 
You are so positive and smart. You also introduce me to Indian snacks, 
without sugar? Thank you for all your support. Frida, thank you for your 
positivity, for all the discussions and the comments on this thesis. I wish you 
the best. Mehedi, you are really friendly and helpful. Good luck and take 
good care of your baby. Elena, it is always nice to have some company dur-
ing late nights, good luck with your project, you are almost there. Ellinor, it 
was so much fun talking and working with you, the journal clubs you held 
were amazing. Ricardo, you are one of a kind, thanks for all fun discussions 
about nothing and everything. Marie, I miss hearing you laugh in the corri-
dor. Thank you for all your good advice and support. The group meetings 
have not been the same without you. Santhosh, you are a hard worker, 
thanks for the LINC paper.  

To all the group leaders at the Department of Neurochemistry, Kerstin, 
Thank you for all the things you did for me. I will always remember you 



 49 

(med värme). Bengt, for good Tuesday’s seminars with positive feedback. 
Anna-Lena, thank you for clever and good advice. I appreciate all the help 
you did for me. Anna, for all the nice lunch conversations. Ulo and Anders, 
for the final exam, Henrietta, your positivity and commitment is admirable.  

Marie-Louise and Sylvia for all the help and support.  
 My roommates. Niina, Thank you so much for being there. We have 
talked, cried and laughed together for so many years, and it has been good 
years. Words are not enough for what I want to say to you. You are a good 
friend and I will truly miss you. Anna, god luck with your PhD, thanks for 
being a wonderful colleague.  
 Jessica, thank you for checking up on me from time to time, for the 
lunches and for being a good friend. Kristina, thank you for all the laughs 
and for your energy and enthusiasm. Helena, thank you for all our lunch 
conversations and laughs. Birgitta, thanks for showing me irony and for 
your supportive words, Dan, for your curios questions during Tuesday semi-
nars. Preeti, for your kindness, good luck with everything. Maxime, Thank 
you for jumping in and help me out with the binding and acetylcholinester-
ase course labs. Moataz, thank you for all the help with the nitrogen tank. 
Carmine, Thank you for the fun BBQs, Christmas dinners, and student 
PUBs. Tonis, good initiative with the PS3 game, to bad it disappeared, be-
fore I got a chance. Kali, for your kindness, thank you for planning Tues-
day’s seminars. Kristin Webling, Thank you for “Frost”, and I wish you the 
best. Jakob, Henrik, Andrés, Daniel and Staffan, thanks for all tips on the 
final exam. Karim thank you for the introduction to the binding course lab. 
Linda, Kristin and Marie, thanks for taking care of me, in the beginning of 
my PhD.  
 To my lovely family,  

Mamma och Pappa ni har alltid stöttat mig och min familj. Tack för er 
ovillkorliga kärlek.   

Min kära bror Magnus, för att du alltid finns där, oavsett om det gäller 
barnvakt eller att lägga om hustaket. 

Min underbara syster Angelica, tack för alla roliga äventyr och utekvällar. 
Till Fredrik, du är så cool, snäll och perfekt för Angelica. 

Lenita, Luis, Nicole, Carina och Braolio, Tack för de underbara min-
nena jag har från Gran Canaria, det är alltid roligt att träffa er.  

Mormor Sinikka, min super mormor, du är så fin och klok jag är så glad 
att jag har dig, att sitta på din veranda en sommarkväll med ett glas vin det är 
magiskt. 

Till min underbara man Jonas, tack för att du ringer och berättar att det är 
dags att komma hem. Tack för våra tre underbara barn. Tack för att du får 
mig att le när jag är arg och skratta när jag är ledsen. Tack för att du har pus-
hat mig att slutföra det här. 

Mina barn Devin, Uma och Lea, ni är det bästa jag har åstadkommit. 
Tack för att Livet blir så rolig med er i närheten. Jag älskar er.  



 50 

Till Leif, Tobias, Jill, Elin, Zack, Ella, Mattias, Helene, Saga och Ga-
briella, tack för alla roliga och trevliga luncher, fika, födelsedagar, julaftnar 
och andra högtider. Hoppas verkligen vi fortsätter med våra traditioner. 

Till Janine och Tomas, tack för all stöttning och all roliga minnen, tack 
för att vi får komma över fylla på med ny positiv energi.  

Anna och Daniel, tack för alla semestrar det är alltid avslappnat i ert säll-
skap. 

Cissi, det är alltid lika roligt att träffas. Det ska bli spännande att se hur 
det går för nasse. 

Susanne, tänk vad åren går, nu är våra äldsta tio år, tack för alla trevliga 
stunder vi haft och hoppas på många fler.   

Till alla Larssons på Norra sidan av Stockholm, tack för ert stöd. 
 

Till alla andra, ett stort Tack/ To everybody, Thank you 
 

	  



 51 

9   References 

Aaronson, R.P., and Blobel, G. (1975). Isolation of nuclear pore complexes 
in association with a lamina. Proc. Natl. Acad. Sci. 72, 1007–1011. 

Alberts, B., Johnsson, A., Lewis, J., Raff, M., Roberts, K., and Walter, P. 
(2002). Molecular Biology of the Cell (Garland Science). 

Azimzadeh, J., Wong, M.L., Downhour, D.M., Alvarado, A.S., and Mar-
shall, W.F. (2012). Centrosome Loss in the Evolution of Planarians. Science 
335, 461–463. 

Bergqvist, C., Jafferali, M.H., Gudise, S., Markus, R., and Hallberg, E. 
(2017). An inner nuclear membrane protein induces rapid differentiation of 
human induced pluripotent stem cells. Stem Cell Res. 23, 33–38. 

Berk, J.M., Tifft, K.E., and Wilson, K.L. (2013). The nuclear envelope 
LEM-domain protein emerin. Nucleus 4, 298–314. 

Bione, S., Maestrini, E., Rivella, S., Mancini, M., Regis, S., Romeo, G., and 
Toniolo, D. (1994). Identification of a novel X-linked gene responsible for 
Emery-Dreifuss muscular dystrophy. Nat. Genet. 8, 323–327. 

Black, B.E., and Cleveland, D.W. (2011). Epigenetic Centromere Propaga-
tion and the Nature of CENP-A Nucleosomes. Cell 144, 471–479. 

Booth-Gauthier, E.A., Alcoser, T.A., Yang, G., and Dahl, K.N. (2012). 
Force-Induced Changes in Subnuclear Movement and Rheology. Biophys. J. 
103, 2423–2431. 

Boriani, G., Gallina, M., Merlini, L., Bonne, G., Toniolo, D., Amati, S., Bif-
fi, M., Martignani, C., Frabetti, L., Bonvicini, M., et al. (2003). Clinical Rel-
evance of Atrial Fibrillation/Flutter, Stroke, Pacemaker Implant, and Heart 
Failure in Emery-Dreifuss Muscular Dystrophy: A Long-Term Longitudinal 
Study. Stroke 34, 901–908. 

Borrego-Pinto, J., Jegou, T., Osorio, D.S., Aurade, F., Gorjanacz, M., Koch, 
B., Mattaj, I.W., and Gomes, E.R. (2012). Samp1 is a component of TAN 
lines and is required for nuclear movement. J. Cell Sci. 125, 1099–1105. 



 52 

Brachner, A., and Foisner, R. (2011a). Evolvement of LEM proteins as 
chromatin tethers at the nuclear periphery. Biochem. Soc. Trans. 39, 1735–
1741. 

Brachner, A., and Foisner, R. (2011b). Evolvement of LEM proteins as 
chromatin tethers at the nuclear periphery. Biochem. Soc. Trans. 39, 1735–
1741. 

Brown, C.A., Lanning, R.W., McKinney, K.Q., Salvino, A.R., Cherniske, E., 
Crowe, C.A., Darras, B.T., Gominak, S., Greenberg, C.R., Grosmann, C., et 
al. (2001). Novel and recurrent mutations in lamin A/C in patients with Em-
ery-Dreifuss muscular dystrophy. Am. J. Med. Genet. 102, 359–367. 

Buch, C., Lindberg, R., Figueroa, R., Gudise, S., Onischenko, E., and Hall-
berg, E. (2009). An integral protein of the inner nuclear membrane localizes 
to the mitotic spindle in mammalian cells. J. Cell Sci. 122, 2100–2107. 

Butin-Israeli, V., Adam, S.A., Goldman, A.E., and Goldman, R.D. (2012). 
Nuclear lamin functions and disease. Trends Genet. 28, 464–471. 

Calarco-Gillam, P.D., Siebert, M.C., Hubble, R., Mitchison, T., and 
Kirschner, M. (1983). Centrosome development in early mouse embryos as 
defined by an autoantibody against pericentriolar material. Cell 35, 621–629. 

Camps, J., Erdos, M.R., and Ried, T. (2015). The role of lamin B1 for the 
maintenance of nuclear structure and function. Nucleus 6, 8–14. 

Carazo-Salas, R.E., Guarguaglini, G., Gruss, O.J., Segref, A., Karsenti, E., 
and Mattaj, I.W. (1999). Generation of GTP-bound Ran by RCC1 is required 
for chromatin-induced mitotic spindle formation. Nature 400, 178–181. 

Chan, G.K., Liu, S.-T., and Yen, T.J. (2005). Kinetochore structure and 
function. Trends Cell Biol. 15, 589–598. 

Chan, Y.W., Jeyaprakash, A.A., Nigg, E.A., and Santamaria, A. (2012). 
Aurora B controls kinetochore–microtubule attachments by inhibiting Ska 
complex–KMN network interaction. J. Cell Biol. 196, 563–571. 

Cheeseman, I.M. (2014). The Kinetochore. Cold Spring Harb. Perspect. Bi-
ol. 6, a015826–a015826. 

Chen, R.-H. (2012). Nuclear Envelope Assembly and Disassembly During 
the Cell Cycle. In ELS, John Wiley & Sons, Ltd, ed. (Chichester, UK: John 
Wiley & Sons, Ltd), p. 

Chi, Y.-H., Chen, Z.-J., and Jeang, K.-T. (2009). The nuclear envelopathies 
and human diseases. J. Biomed. Sci. 16, 96. 



 53 

Cimini, D., Wan, X., Hirel, C.B., and Salmon, E.D. (2006). Aurora Kinase 
Promotes Turnover of Kinetochore Microtubules to Reduce Chromosome 
Segregation Errors. Curr. Biol. 16, 1711–1718. 

Cooper, G.M. (2000). The cell: a molecular approach (Washington, DC: 
ASM Press [u.a.]). 

Crasta, K., Ganem, N.J., Dagher, R., Lantermann, A.B., Ivanova, E.V., Pan, 
Y., Nezi, L., Protopopov, A., Chowdhury, D., and Pellman, D. (2012). DNA 
breaks and chromosome pulverization from errors in mitosis. Nature 482, 
53–58. 

Crisp, M., Liu, Q., Roux, K., Rattner, J.B., Shanahan, C., Burke, B., Stahl, 
P.D., and Hodzic, D. (2006). Coupling of the nucleus and cytoplasm: role of 
the LINC complex. J. Cell Biol. 172, 41–53. 

Dechat, T., Adam, S.A., Taimen, P., Shimi, T., and Goldman, R.D. (2010). 
Nuclear Lamins. Cold Spring Harb. Perspect. Biol. 2, a000547–a000547. 

Demmerle, J., Koch, A.J., and Holaska, J.M. (2012). The Nuclear Envelope 
Protein Emerin Binds Directly to Histone Deacetylase 3 (HDAC3) and Acti-
vates HDAC3 Activity. J. Biol. Chem. 287, 22080–22088. 

Desai, A., and Mitchison, T.J. (1997). MICROTUBULE POLYMERIZA-
TION DYNAMICS. Annu. Rev. Cell Dev. Biol. 13, 83–117. 

Dwyer, N. (1976). A modified procedure for the isolation of a pore complex-
lamina fraction from rat liver nuclei. J. Cell Biol. 70, 581–591. 

Ellenberg, J., Siggia, E.D., Moreira, J.E., Smith, C.L., Presley, J.F., 
Worman, H.J., and Lippincott-Schwartz, J. (1997). Nuclear Membrane Dy-
namics and Reassembly in Living Cells: Targeting of an Inner Nuclear 
Membrane Protein in Interphase and Mitosis. J. Cell Biol. 138, 1193–1206. 

Figueroa, R., Gudise, S., Larsson, V., and Hallberg, E. (2010). A transmem-
brane inner nuclear membrane protein in the mitotic spindle. Nucleus 1, 
249–253. 

Fletcher, D.A., and Mullins, R.D. (2010). Cell mechanics and the cytoskele-
ton. Nature 463, 485–492. 

Forbes, D.J., Travesa, A., Nord, M.S., and Bernis, C. (2015). Nuclear 
transport factors: global regulation of mitosis. Curr. Opin. Cell Biol. 35, 78–
90. 



 54 

Furukawa, K., and Hotta, Y. (1993). cDNA cloning of a germ cell specific 
lamin B3 from mouse spermatocytes and analysis of its function by ectopic 
expression in somatic cells. EMBO J. 12, 97–106. 

Ganem, N.J., Storchova, Z., and Pellman, D. (2007). Tetraploidy, aneuploidy 
and cancer. Curr. Opin. Genet. Dev. 17, 157–162. 

Gerace, L., and Blobel, G. (1980). The nuclear envelope lamina is reversibly 
depolymerized during mitosis. Cell 19, 277–287. 

Goldberg, M.W., Huttenlauch, I., Hutchison, C.J., and Stick, R. (2008). Fil-
aments made from A- and B-type lamins differ in structure and organization. 
J. Cell Sci. 121, 215–225. 

Gorlich, D., and Mattaj, I.W. (1996). Nucleocytoplasmic Transport. Science 
271, 1513–1519. 

Goshima, G., and Kimura, A. (2010). New look inside the spindle: microtu-
bule-dependent microtubule generation within the spindle. Curr. Opin. Cell 
Biol. 22, 44–49. 

Goshima, G., Mayer, M., Zhang, N., Stuurman, N., and Ronald, D.V. (2008). 
Augmin: a protein complex required for centrosome-independent microtu-
bule generation within the spindle. J. Cell Biol. 181, 421–429. 

Gruenbaum, Y., and Foisner, R. (2015). Lamins: Nuclear Intermediate Fila-
ment Proteins with Fundamental Functions in Nuclear Mechanics and Ge-
nome Regulation. Annu. Rev. Biochem. 84, 131–164. 

Gudise, S., Figueroa, R.A., Lindberg, R., Larsson, V., and Hallberg, E. 
(2011). Samp1 is functionally associated with the LINC complex and A-type 
lamina networks. J. Cell Sci. 124, 2077–2085. 

Guilluy, C., and Burridge, K. (2015). Nuclear mechanotransduction: Forcing 
the nucleus to respond. Nucleus 6, 19–22. 

Gundersen, G.G., and Worman, H.J. (2013). Nuclear Positioning. Cell 152, 
1376–1389. 

Haque, F., Lloyd, D.J., Smallwood, D.T., Dent, C.L., Shanahan, C.M., Fry, 
A.M., Trembath, R.C., and Shackleton, S. (2006). SUN1 Interacts with Nu-
clear Lamin A and Cytoplasmic Nesprins To Provide a Physical Connection 
between the Nuclear Lamina and the Cytoskeleton. Mol. Cell. Biol. 26, 
3738–3751. 

Haque, F., Mazzeo, D., Patel, J.T., Smallwood, D.T., Ellis, J.A., Shanahan, 
C.M., and Shackleton, S. (2010). Mammalian SUN Protein Interaction Net-



 55 

works at the Inner Nuclear Membrane and Their Role in Laminopathy Dis-
ease Processes. J. Biol. Chem. 285, 3487–3498. 

Harashima, H., Dissmeyer, N., and Schnittger, A. (2013). Cell cycle control 
across the eukaryotic kingdom. Trends Cell Biol. 23, 345–356. 

Heald, R., and Khodjakov, A. (2015). Thirty years of search and capture: 
The complex simplicity of mitotic spindle assembly. J. Cell Biol. 211, 1103–
1111. 

Heald, R., Tournebize, R., Blank, T., Sandaltzopoulos, R., Becker, P., Hy-
man, A., and Karsenti, E. (1996). Self-organization of microtubules into 
bipolar spindles around artificial chromosomes in Xenopus egg extracts. 
Nature 382, 420–425. 

Hégarat, N., Smith, E., Nayak, G., Takeda, S., Eyers, P.A., and Hochegger, 
H. (2011). Aurora A and Aurora B jointly coordinate chromosome segrega-
tion and anaphase microtubule dynamics. J. Cell Biol. 195, 1103–1113. 

Herrmann, H., and Foisner, R. (2003). Intermediate filaments: novel assem-
bly models and exciting new functions for nuclear lamins. Cell. Mol. Life 
Sci. CMLS 60, 1607–1612. 

Herrmann, H., Bär, H., Kreplak, L., Strelkov, S.V., and Aebi, U. (2007). 
Intermediate filaments: from cell architecture to nanomechanics. Nat. Rev. 
Mol. Cell Biol. 8, 562–573. 

Hetzer, M.W. (2010). The Nuclear Envelope. Cold Spring Harb. Perspect. 
Biol. 2, a000539–a000539. 

Hetzer, M.W., Walther, T.C., and Mattaj, I.W. (2005). PUSHING THE EN-
VELOPE: Structure, Function, and Dynamics of the Nuclear Periphery. An-
nu. Rev. Cell Dev. Biol. 21, 347–380. 

Hoeltzenbein, M., Karow, T., Zeller, J.A., Warzok, R., Wulff, K., 
Zschiesche, M., Herrmann, F.H., Grosse-Heitmeyer, W., and Wehnert, M.S. 
(1999). Severe clinical expression in X-linked Emery-Dreifuss muscular 
dystrophy. Neuromuscul. Disord. NMD 9, 166–170. 

Holaska, J.M., Kowalski, A.K., and Wilson, K.L. (2004). Emerin Caps the 
Pointed End of Actin Filaments: Evidence for an Actin Cortical Network at 
the Nuclear Inner Membrane. PLoS Biol. 2, e231. 

Holaska, J.M., Rais-Bahrami, S., and Wilson, K.L. (2006). Lmo7 is an 
emerin-binding protein that regulates the transcription of emerin and many 
other muscle-relevant genes. Hum. Mol. Genet. 15, 3459–3472. 



 56 

Holland, A.J., and Cleveland, D.W. (2012). Losing balance: the origin and 
impact of aneuploidy in cancer. EMBO Rep. 13, 501–514. 

Holy, T.E., and Leibler, S. (1994). Dynamic instability of microtubules as an 
efficient way to search in space. Proc. Natl. Acad. Sci. 91, 5682–5685. 

Hsia, K.-C., Wilson-Kubalek, E.M., Dottore, A., Hao, Q., Tsai, K.-L., Forth, 
S., Shimamoto, Y., Milligan, R.A., and Kapoor, T.M. (2014). Reconstitution 
of the augmin complex provides insights into its architecture and function. 
Nat. Cell Biol. 16, 852–863. 

Jafferali, M.H. (2017). Multifaceted roles of the transmembrane nuclear 
envelope protein, Samp1 (Mohammed Hakim Jaffer Ali Stockholm Univer-
sity). 

Jafferali, M.H., Vijayaraghavan, B., Figueroa, R.A., Crafoord, E., Gudise, 
S., Larsson, V.J., and Hallberg, E. (2014). MCLIP, an effective method to 
detect interactions of transmembrane proteins of the nuclear envelope in live 
cells. Biochim. Biophys. Acta BBA - Biomembr. 1838, 2399–2403. 

Jafferali, M.H., Figueroa, R.A., Hasan, M., and Hallberg, E. (2017). Spindle 
associated membrane protein 1 (Samp1) is required for the differentiation of 
muscle cells. Sci. Rep. 7. 

Kaláb, P., Pralle, A., Isacoff, E.Y., Heald, R., and Weis, K. (2006). Analysis 
of a RanGTP-regulated gradient in mitotic somatic cells. Nature 440, 697–
701. 

Kamasaki, T., O’Toole, E., Kita, S., Osumi, M., Usukura, J., McIntosh, J.R., 
and Goshima, G. (2013). Augmin-dependent microtubule nucleation at mi-
crotubule walls in the spindle. J. Cell Biol. 202, 25–33. 

Kelly, A.E., and Funabiki, H. (2009). Correcting aberrant kinetochore micro-
tubule attachments: an Aurora B-centric view. Curr. Opin. Cell Biol. 21, 51–
58. 

Kerr, A.R., and Schirmer, E.C. (2011). FG repeats facilitate integral protein 
trafficking to the inner nuclear membrane. Commun. Integr. Biol. 4, 557–
559. 

King, M.C., Lusk, C., and Blobel, G. (2006). Karyopherin-mediated import 
of integral inner nuclear membrane proteins. Nature 442, 1003–1007. 

King, M.C., Drivas, T.G., and Blobel, G. (2008). A Network of Nuclear 
Envelope Membrane Proteins Linking Centromeres to Microtubules. Cell 
134, 427–438. 



 57 

Kirschner, M. (1986). Beyond self-assembly: From microtubules to morpho-
genesis. Cell 45, 329–342. 

Kline-Smith, S.L., and Walczak, C.E. (2004). Mitotic spindle assembly and 
chromosome segregation: refocusing on microtubule dynamics. Mol. Cell 
15, 317–327. 

Kniola, B., O’Toole, E., McIntosh, J.R., Mellone, B., Allshire, R., Mengarel-
li, S., Hultenby, K., and Ekwall, K. (2001). The Domain Structure of Cen-
tromeres Is Conserved from Fission Yeast to Humans. Mol. Biol. Cell 12, 
2767–2775. 

Knowlton, A.L., Lan, W., and Stukenberg, P.T. (2006). Aurora B is enriched 
at merotelic attachment sites, where it regulates MCAK. Curr. Biol. CB 16, 
1705–1710. 

Kollman, J.M., Merdes, A., Mourey, L., and Agard, D.A. (2011). Microtu-
bule nucleation by γ-tubulin complexes. Nat. Rev. Mol. Cell Biol. 12, 709–
721. 

Korfali, N., Wilkie, G.S., Swanson, S.K., Srsen, V., Batrakou, D.G., Fairley, 
E.A., Malik, P., Zuleger, N., Goncharevich, A., de las Heras, J., et al. (2010). 
The leukocyte nuclear envelope proteome varies with cell activation and 
contains novel transmembrane proteins that affect genome architecture. Mol. 
Cell. Proteomics 9, 2571–2585. 

LaJoie, D., and Ullman, K.S. (2017). Coordinated events of nuclear assem-
bly. Curr. Opin. Cell Biol. 46, 39–45. 

Larsson, V.J., Jafferali, M.H., Vijayaraghavan, B., Figueroa, R.A., and Hall-
berg, E. (2018). Mitotic spindle assembly and γ-tubulin localisation depend 
on the integral nuclear membrane protein, Samp1. J. Cell Sci. jcs.211664. 

Le Thanh, P., Meinke, P., Korfali, N., Srsen, V., Robson, M.I., Wehnert, M., 
Schoser, B., Sewry, C.A., and Schirmer, E.C. (2017). Immunohistochemistry 
on a panel of Emery–Dreifuss muscular dystrophy samples reveals nuclear 
envelope proteins as inconsistent markers for pathology. Neuromuscul. Dis-
ord. 27, 338–351. 

Lei, K., Zhang, X., Ding, X., Guo, X., Chen, M., Zhu, B., Xu, T., Zhuang, 
Y., Xu, R., and Han, M. (2009). SUN1 and SUN2 play critical but partially 
redundant roles in anchoring nuclei in skeletal muscle cells in mice. Proc. 
Natl. Acad. Sci. 106, 10207–10212. 

Lénárt, P., and Ellenberg, J. (2003). Nuclear envelope dynamics in oocytes: 
from germinal vesicle breakdown to mitosis. Curr. Opin. Cell Biol. 15, 88–
95. 



 58 

Li, H.Y., Wirtz, D., and Zheng, Y. (2003). A mechanism of coupling RCC1 
mobility to RanGTP production on the chromatin in vivo. J. Cell Biol. 160, 
635–644. 

Lin, F., and Worman, H.J. (1993). Structural organization of the human gene 
encoding nuclear lamin A and nuclear lamin C. J. Biol. Chem. 268, 16321–
16326. 

Lin, S.-T., and Fu, Y.-H. (2009). miR-23 regulation of lamin B1 is crucial 
for oligodendrocyte development and myelination. Dis. Model. Mech. 2, 
178–188. 

Lin, T., Neuner, A., and Schiebel, E. (2015). Targeting of γ-tubulin com-
plexes to microtubule organizing centers: conservation and divergence. 
Trends Cell Biol. 25, 296–307. 

Liu, Q., Pante, N., Misteli, T., Elsagga, M., Crisp, M., Hodzic, D., Burke, B., 
and Roux, K.J. (2007). Functional association of Sun1 with nuclear pore 
complexes. J. Cell Biol. 178, 785–798. 

Lu, L., Ladinsky, M.S., and Kirchhausen, T. (2009). Cisternal organization 
of the endoplasmic reticulum during mitosis. Mol. Biol. Cell 20, 3471–3480. 

Lusk, C.P., Blobel, G., and King, M.C. (2007). Highway to the inner nuclear 
membrane: rules for the road. Nat. Rev. Mol. Cell Biol. 8, 414–420. 

Luxton, G.W.G., Gomes, E.R., Folker, E.S., Vintinner, E., and Gundersen, 
G.G. (2010). Linear Arrays of Nuclear Envelope Proteins Harness Retro-
grade Actin Flow for Nuclear Movement. Science 329, 956–959. 

Luxton, G.W.G., Gomes, E.R., Folker, E.S., Worman, H., and Gundersen, 
G.G. (2011). TAN lines: A novel nuclear envelope structure involved in 
nuclear positioning. Nucleus 2, 173–181. 

Macara, I.G. (2001). Transport into and out of the Nucleus. Microbiol. Mol. 
Biol. Rev. 65, 570–594. 

Markiewicz, E., Tilgner, K., Barker, N., van de Wetering, M., Clevers, H., 
Dorobek, M., Hausmanowa-Petrusewicz, I., Ramaekers, F.C.S., Broers, 
J.L.V., Blankesteijn, W.M., et al. (2006). The inner nuclear membrane pro-
tein Emerin regulates β-catenin activity by restricting its accumulation in the 
nucleus. EMBO J. 25, 3275–3285. 

Martins, R.P., Finan, J.D., Farshid, G., and Lee, D.A. (2012). Mechanical 
Regulation of Nuclear Structure and Function. Annu. Rev. Biomed. Eng. 14, 
431–455. 



 59 

Mattout-Drubezki, A., and Gruenbaum, Y. (2003). Dynamic interactions of 
nuclear lamina proteins with chromatin and transcriptional machinery. Cell. 
Mol. Life Sci. CMLS 60, 2053–2063. 

Meinema, A.C., Poolman, B., and Veenhoff, L.M. (2012). The transport of 
integral membrane proteins across the nuclear pore complex. Nucleus 3, 
322–329. 

Meraldi, P., Honda, R., and Nigg, E.A. (2004). Aurora kinases link chromo-
some segregation and cell division to cancer susceptibility. Curr. Opin. 
Genet. Dev. 14, 29–36. 

Meunier, S., and Vernos, I. (2012a). Microtubule assembly during mitosis – 
from distinct origins to distinct functions? J. Cell Sci. 125, 2805–2814. 

Meunier, S., and Vernos, I. (2012b). Microtubule assembly during mitosis – 
from distinct origins to distinct functions? J. Cell Sci. 125, 2805–2814. 

Meunier, S., and Vernos, I. (2016). Acentrosomal Microtubule Assembly in 
Mitosis: The Where, When, and How. Trends Cell Biol. 26, 80–87. 

Moore, M.S., and Blobel, G. (1993). The GTP-binding protein Ran/TC4 is 
required for protein import into the nucleus. Nature 365, 661–663. 

Mounkes, L. (2001). The A-Type Lamins Nuclear Structural Proteins as a 
Focus for Muscular Dystrophy and Cardiovascular Diseases. Trends Cardio-
vasc. Med. 11, 280–285. 

Neumann, B., Walter, T., Hériché, J.-K., Bulkescher, J., Erfle, H., Conrad, 
C., Rogers, P., Poser, I., Held, M., Liebel, U., et al. (2010). Phenotypic pro-
filing of the human genome by time-lapse microscopy reveals cell division 
genes. Nature 464, 721–727. 

Nezi, L., and Musacchio, A. (2009). Sister chromatid tension and the spindle 
assembly checkpoint. Curr. Opin. Cell Biol. 21, 785–795. 

Östlund, C., Ellenberg, J., Hallberg, E., Lippincott-Schwartz, J., and 
Worman, H.J. (1999). Intracellular trafficking of emerin, the Emery-Dreifuss 
muscular dystrophy protein. J. Cell Sci. 1999, 1709–1719. 

Ott, C.M., and Lingappa, V.R. (2002). Integral membrane protein biosynthe-
sis: why topology is hard to predict. J. Cell Sci. 115, 7. 

Padiath, Q.S., Saigoh, K., Schiffmann, R., Asahara, H., Yamada, T., Koep-
pen, A., Hogan, K., Ptáček, L.J., and Fu, Y.-H. (2006). Lamin B1 duplica-
tions cause autosomal dominant leukodystrophy. Nat. Genet. 38, 1114–1123. 



 60 

Parada, L.A., McQueen, P.G., and Misteli, T. (2004). Tissue-specific spatial 
organization of genomes. Genome Biol. 5, R44. 

Prosser, S.L., and Pelletier, L. (2017). Mitotic spindle assembly in animal 
cells: a fine balancing act. Nat. Rev. Mol. Cell Biol. 18, 187–201. 

Rebollo, E., Llamazares, S., Reina, J., and Gonzalez, C. (2004). Contribution 
of Noncentrosomal Microtubules to Spindle Assembly in Drosophila Sper-
matocytes. PLoS Biol. 2, e8. 

Rieder, C.L. (1981). The  Structure  of  the  Cold-stable  Kinetochore  Fiber  
in  Metaphase  PtK1  Cells. Chromosoma  (Berl.) 145–158. 

Robson, M.I., de las Heras, J.I., Czapiewski, R., Lê Thành, P., Booth, D.G., 
Kelly, D.A., Webb, S., Kerr, A.R.W., and Schirmer, E.C. (2016). Tissue-
Specific Gene Repositioning by Muscle Nuclear Membrane Proteins En-
hances Repression of Critical Developmental Genes during Myogenesis. 
Mol. Cell 62, 834–847. 

Rothballer, A., Schwartz, T.U., and Kutay, U. (2013). LINCing complex 
functions at the nuclear envelope: What the molecular architecture of the 
LINC complex can reveal about its function. Nucleus 4, 29–36. 

Roux, K.J., Kim, D.I., Raida, M., and Burke, B. (2012). A promiscuous bio-
tin ligase fusion protein identifies proximal and interacting proteins in 
mammalian cells. J. Cell Biol. 196, 801–810. 

Salpingidou, G., Smertenko, A., Hausmanowa-Petrucewicz, I., Hussey, P.J., 
and Hutchison, C.J. (2007). A novel role for the nuclear membrane protein 
emerin in association of the centrosome to the outer nuclear membrane. J. 
Cell Biol. 178, 897–904. 

Sampath, S.C., Ohi, R., Leismann, O., Salic, A., Pozniakovski, A., and Fu-
nabiki, H. (2004). The Chromosomal Passenger Complex Is Required for 
Chromatin-Induced Microtubule Stabilization and Spindle Assembly. Cell 
118, 187–202. 

Schirmer, E.C. (2003). Nuclear Membrane Proteins with Potential Disease 
Links Found by Subtractive Proteomics. Science 301, 1380–1382. 

Schmitt, T., Ogris, C., and Sonnhammer, E.L.L. (2014). FunCoup 3.0: data-
base of genome-wide functional coupling networks. Nucleic Acids Res. 42, 
D380–D388. 

Schneider, M., Lu, W., Neumann, S., Brachner, A., Gotzmann, J., Noegel, 
A.A., and Karakesisoglou, I. (2011). Molecular mechanisms of centrosome 



 61 

and cytoskeleton anchorage at the nuclear envelope. Cell. Mol. Life Sci. 68, 
1593–1610. 

Seewald, M.J., Körner, C., Wittinghofer, A., and Vetter, I.R. (2002). Ran-
GAP mediates GTP hydrolysis without an arginine finger. Nature 415, 662–
666. 

Shimi, T., Pfleghaar, K., Kojima, S. -i., Pack, C.-G., Solovei, I., Goldman, 
A.E., Adam, S.A., Shumaker, D.K., Kinjo, M., Cremer, T., et al. (2008). The 
A- and B-type nuclear lamin networks: microdomains involved in chromatin 
organization and transcription. Genes Dev. 22, 3409–3421. 

Smoyer, C.J., and Jaspersen, S.L. (2014). Breaking down the wall: the nu-
clear envelope during mitosis. Curr. Opin. Cell Biol. 26, 1–9. 

Solovei, I., Wang, A.S., Thanisch, K., Schmidt, C.S., Krebs, S., Zwerger, 
M., Cohen, T.V., Devys, D., Foisner, R., Peichl, L., et al. (2013). LBR and 
Lamin A/C Sequentially Tether Peripheral Heterochromatin and Inversely 
Regulate Differentiation. Cell 152, 584–598. 

Sönnichsen, B., Koski, L.B., Walsh, A., Marschall, P., Neumann, B., Brehm, 
M., Alleaume, A.-M., Artelt, J., Bettencourt, P., Cassin, E., et al. (2005). 
Full-genome RNAi profiling of early embryogenesis in Caenorhabditis ele-
gans. Nature 434, 462–469. 

Steglich, B., Filion, G., van Steensel, B., and Ekwall, K. (2012). The inner 
nuclear membrane proteins Man1 and Ima1 link to two different types of 
chromatin at the nuclear periphery in S. pombe. Nucleus 3, 77–87. 

Sullivan, M., and Morgan, D.O. (2007). Finishing mitosis, one step at a time. 
Nat. Rev. Mol. Cell Biol. 8, 894–903. 

Terasaki, M., Campagnola, P., Rolls, M.M., Stein, P.A., Ellenberg, J., Hin-
kle, B., and Slepchenko, B. (2001). A New Model for Nuclear Envelope 
Breakdown□V. Mol. Biol. Cell 12, 8. 

Thanisch, K., Song, C., Engelkamp, D., Koch, J., Wang, A., Hallberg, E., 
Foisner, R., Leonhardt, H., Stewart, C.L., Joffe, B., et al. (2017). Nuclear 
envelope localization of LEMD2 is developmentally dynamic and lamin A/C 
dependent yet insufficient for heterochromatin tethering. Differentiation 94, 
58–70. 

Torrents, E. (2014). Ribonucleotide reductases: essential enzymes for bacte-
rial life. Front. Cell. Infect. Microbiol. 4. 

Tsai, M.-Y. (2006). A Mitotic Lamin B Matrix Induced by RanGTP Re-
quired for Spindle Assembly. Science 311, 1887–1893. 



 62 

Tseng, B.S., Tan, L., Kapoor, T.M., and Funabiki, H. (2010). Dual Detection 
of Chromosomes and Microtubules by the Chromosomal Passenger Com-
plex Drives Spindle Assembly. Dev. Cell 18, 903–912. 

Uehara, R., Nozawa, R., Tomioka, A., Petry, S., Vale, R.D., Obuse, C., and 
Goshima, G. (2009). The augmin complex plays a critical role in spindle 
microtubule generation for mitotic progression and cytokinesis in human 
cells. Proc. Natl. Acad. Sci. 106, 6998–7003. 

Vader, G., Medema, R.H., and Lens, S.M.A. (2006). The chromosomal pas-
senger complex: guiding Aurora-B through mitosis. J. Cell Biol. 173, 833–
837. 

Vijayaraghavan, B., Jafferali, M.H., Figueroa, R.A., and Hallberg, E. (2016). 
Samp1, a RanGTP binding transmembrane protein in the inner nuclear 
membrane. Nucleus 7, 415–423. 

Vijayaraghavan, B., Figueroa, R.A., Bergqvist, C., Gupta, A.J., Sousa, P., 
and Hallberg, E. (2018). RanGTPase regulates the interaction between the 
inner nuclear membrane proteins, Samp1 and Emerin. Biochim. Biophys. 
Acta BBA - Biomembr. 

Visconti, R., Palazzo, L., and Grieco, D. (2010). Requirement for proteolysis 
in spindle assembly checkpoint silencing. Cell Cycle 9, 564–569. 

Voges, D., Zwickl, P., and Baumeister, W. (1999). The 26S Proteasome: A 
Molecular Machine Designed for Controlled Proteolysis. Annu. Rev. Bio-
chem. 68, 1015–1068. 

Wang, E., Ballister, E.R., and Lampson, M.A. (2011). Aurora B dynamics at 
centromeres create a diffusion-based phosphorylation gradient. J. Cell Biol. 
194, 539–549. 

Wilkie, G.S., Korfali, N., Swanson, S.K., Malik, P., Srsen, V., Batrakou, 
D.G., de las Heras, J., Zuleger, N., Kerr, A.R., Florens, L., et al. (2011). 
Several novel nuclear envelope transmembrane proteins identified in skeletal 
muscle have cytoskeletal associations. Mol. Cell. Proteomics 10, M110–
003129. 

Wilson, K.L., Holaska, J.M., Montes de Oca, R., Tifft, K., Zastrow, M., Se-
gura-Totten, M., Mansharamani, M., and Bengtsson, L. (2005). Nuclear 
membrane protein emerin: roles in gene regulation, actin dynamics and hu-
man disease. Novartis Found. Symp. 264, 51–58; discussion 58-62, 227–
230. 

Wittmann, T., Hyman, A., and Desai, A. (2001). The spindle: a dynamic 
assembly of microtubules and motors. Nat. Cell Biol. 3, E28–E34. 



 63 

Wollman, R., Cytrynbaum, E.N., Jones, J.T., Meyer, T., Scholey, J.M., and 
Mogilner, A. (2005). Efficient Chromosome Capture Requires a Bias in the 
‘Search-and-Capture’ Process during Mitotic-Spindle Assembly. Curr. Biol. 
15, 828–832. 

Worman, H.J., and Schirmer, E.C. (2015). Nuclear membrane diversity: 
underlying tissue-specific pathologies in disease? Curr. Opin. Cell Biol. 34, 
101–112. 

Wu, D., Flannery, A.R., Cai, H., Ko, E., and Cao, K. (2014). Nuclear locali-
zation signal deletion mutants of lamin A and progerin reveal insights into 
lamin A processing and emerin targeting. Nucleus 5, 66–74. 

Yu, H. (2002). Regulation of APC–Cdc20 by the spindle checkpoint. Curr. 
Opin. Cell Biol. 14, 706–714. 

Zhang, Q., Bethmann, C., Worth, N.F., Davies, J.D., Wasner, C., Feuer, A., 
Ragnauth, C.D., Yi, Q., Mellad, J.A., Warren, D.T., et al. (2007). Nesprin-1 
and -2 are involved in the pathogenesis of Emery–Dreifuss muscular dystro-
phy and are critical for nuclear envelope integrity. Hum. Mol. Genet. 16, 
2816–2833. 

Zhang, X., Lei, K., Yuan, X., Wu, X., Zhuang, Y., Xu, T., Xu, R., and Han, 
M. (2009). SUN1/2 and Syne/Nesprin-1/2 Complexes Connect Centrosome 
to the Nucleus during Neurogenesis and Neuronal Migration in Mice. Neu-
ron 64, 173–187. 

Zheng, Y., Wong, M.L., Alberts, B., and Mitchison, T. (1995). Nucleation of 
microtubule assembly by a γ-tubulin-containing ring complex. Nature 378, 
578–583. 

Zhu, H., Coppinger, J.A., Jang, C.-Y., Yates, J.R., and Fang, G. (2008). 
FAM29A promotes microtubule amplification via recruitment of the 
NEDD1–γ-tubulin complex to the mitotic spindle. J. Cell Biol. 183, 835–
848. 

Zuleger, N., Robson, M.I., and Schirmer, E.C. (2011a). The nuclear enve-
lope as a chromatin organizer. Nucleus 2, 339–349. 

Zuleger, N., Kelly, D.A., Richardson, A.C., Kerr, A.R.W., Goldberg, M.W., 
Goryachev, A.B., and Schirmer, E.C. (2011b). System analysis shows dis-
tinct mechanisms and common principles of nuclear envelope protein dy-
namics. J. Cell Biol. 193, 109–123. 

Zuleger, N., Kerr, A.R.W., and Schirmer, E.C. (2012). Many mechanisms, 
one entrance: membrane protein translocation into the nucleus. Cell. Mol. 
Life Sci. 69, 2205–2216. 



 64 

Zuleger, N., Boyle, S., Kelly, D.A., de las Heras, J.I., Lazou, V., Korfali, N., 
Batrakou, D.G., Randles, K.N., Morris, G.E., Harrison, D.J., et al. (2013). 
Specific nuclear envelope transmembrane proteins can promote the location 
of chromosomes to and from the nuclear periphery. Genome Biol. 14, R14. 

Zullo, J.M., Demarco, I.A., Piqué-Regi, R., Gaffney, D.J., Epstein, C.B., 
Spooner, C.J., Luperchio, T.R., Bernstein, B.E., Pritchard, J.K., Reddy, K.L., 
et al. (2012). DNA Sequence-Dependent Compartmentalization and Silenc-
ing of Chromatin at the Nuclear Lamina. Cell 149, 1474–1487. 

 
 




