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Abstract 

 

In eukaryotes the genetic material is separated from the cytoplasm by the 

nuclear envelope (NE), consisting of the outer and inner nuclear membrane, the 

nuclear lamina and the nuclear pores. The genetic material is highly structured 

with transcriptionally inactive heterochromatin enriched at the nuclear periphery 

and transcriptionally active euchromatin in the nuclear interior. Underlying the 

inner nuclear membrane is the nuclear lamina (nucleoskeleton) that together with 

several hundred nuclear envelope transmembrane proteins (NETs) connect 

chromatin to the nuclear periphery. Most NETs are uncharacterized and 

expressed in a tissue-specific manner. Mutations in NE proteins are linked to 

distinct degenerative disorders, referred to as envelopathies or laminopathies. The 

NET primarily studied in this thesis is called Spindle-Associated Membrane 

Protein 1 (Samp1). We showed that overexpression of Samp1 induced a fast 

differentiation of human induced pluripotent stem cells and that the binding 

between two NETs, Samp1 and Emerin, is regulated by RanGTP. Another focus 

of this thesis was the development and use of a novel method called Fluorescent 

Ratiometric Imaging of Chromatin (FRIC). FRIC quantitatively monitors the 

epigenetic state of chromatin in live cells. Using FRIC, we were able to show that 

Samp1 promotes peripheral heterochromatin organization. FRIC also detected an 

increased distribution of heterochromatin at the nuclear periphery during 

neuronal differentiation. In conclusion, FRIC is a useful tool that could serve 

medical research in elucidating the effects of different chemical agents and the 

roles of NE proteins in chromatin organization.  
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1.1  The nuclear envelope 

The largest organelle in eukaryotic cells is the nucleus, which contains most of the cell’s 

genetic material. The nucleus is surrounded by the nuclear envelope (NE), a highly complex 

structure that separates the nucleoplasm from the cytoplasm (Burke and Stewart, 2002; Hetzer, 

2010; Kite, 1913; Stewart et al., 2007). The NE has two concentric lipid bilayer membranes, 

the outer nuclear membrane (ONM) that is an extension of the rough endoplasmic reticulum 

and the inner nuclear membrane (INM) that connects the nuclear lamina and chromatin to the 

nuclear periphery (Amendola and van Steensel, 2014; Solovei et al., 2013). Transport of 

proteins and RNA across the NE (nucleocytoplasmic transport) occurs solely through the 

macromolecular structures called nuclear pore complexes (NPCs) (Ibarra and Hetzer, 2015; 

Jahed et al., 2016). Historically, the NE was viewed as a mere physical container of the genomic 

material (Burke and Stewart, 2014). However, with an increasing number of human diseases 

linked to NE proteins, the NE is now recognized to perform many distinct and important 

functions (Burke and Stewart, 2002; Dauer and Worman, 2009, 2009; Vlcek and Foisner, 2007; 

Worman and Schirmer, 2015). 

Several hundred unique integral membrane proteins have been categorized as potential 

NE proteins (Korfali et al., 2010; Schirmer et al., 2003) and many of them display tissue-

specific expression patterns (Korfali et al., 2012; Wilkie et al., 2011). The few NE proteins 

studied, are linked to functions involving chromatin organization, gene expression, 

proliferation, differentiation, cytoskeleton organization, mechanical stability, and cell 

migration (Hetzer, 2010; Parada et al., 2004; Taddei et al., 2004; Wilson and Berk, 2010).  

 

The INM protein primarily studied in this thesis is called Spindle-Associated 

Membrane Protein 1 (Samp1) (Buch et al., 2009), figure 1. Samp1 is associated with the nuclear 

lamina (the nucleoskeleton), a meshwork of intermediate filaments that gives the nucleus 

structure and stability (see 1.1.1 The nuclear lamina) (Buch et al., 2009; Gudise et al., 2011). 

Samp1 also interacts with the linker of nucleoskeleton and cytoskeleton (LINC) complex, 

which is important in nuclear migration and mechanical signaling (Borrego-Pinto et al., 2012; 

Gudise et al., 2011) (see 1.1.2 The LINC complex). Samp1 binds to the INM protein Emerin 

(see 1.1.3 Nuclear envelope transmembrane proteins) (Jafferali et al., 2014; paper II) , linked 

to Emery-Dreifuss muscular dystrophy (EDMD) (Bione et al., 1994) (see 1.2 Diseases of the 

nuclear envelope). Samp1 is mislocalized (Mattioli et al., 2018) and mutated in EDMD patients 

(Meinke et al., 2020). Samp1 additionally binds to the nuclear G-protein, RanGTPase, which 

plays fundamental roles in nucleocytoplasmic transport, assembly of the mitotic spindle, and 

postmitotic nuclear reformation (Melchior, 2001; Vijayaraghavan et al., 2016) (see 1.1.4 

RanGTPase in nucleocytoplasmic transport and mitosis). 
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Figure 1. Samp1 binds directly to the inner nuclear membrane protein Emerin and the 

nuclear G-protein Ran. Samp1 also interacts with the nuclear lamina and the LINC complex 

(Sun1 and Sun2) (Cecilia Bergqvist, 2020, BioRender). 

 

 

1.1.1 The nuclear lamina 
Underlying the nuclear envelope is the nuclear lamina that forms a complex meshwork 

of intermediate filaments that gives the nucleus its structure and stability (Burke and Stewart, 

2014; Dechat et al., 2008). These filaments are composed of lamins encoded by LMNA (splice 

variants Lamin A and C), LMNB1 (Lamin B1), and LMNB2 (Lamin B2), which can form 

separate structural networks (Dechat et al., 2008; Guerreiro and Kind, 2019; Nmezi et al., 

2019). B-type lamins are essential proteins expressed in all mammalian tissues (Broers et al., 

1997), while A-type lamins are undetectable by immunofluorescence in embryonic cells and 

often used as markers for differentiation (Machiels et al., 1996; Zhang et al., 2011). 

 

Lamin A processing 

Lamin A is post-translationally modified from pre-Lamin A. Pre-Lamin A is first 

farnesylated at the cysteine residue in the C-terminal -CSIM sequence. Then the -SIM sequence 

is cleaved off and the carboxylic acid group (COOH) of the cysteine is methylated. Pre-Lamin 

A is further processed by Zmpste24, which removes the last 15 amino acids containing the 

farnesyl-group, resulting in mature Lamin A (De Sandre-Giovannoli et al., 2003; Musich and 

Zou, 2009), see figure 2 below. The farnesyl-group associates pre-Lamin A to the INM (Ho 

and Hegele, 2019). 
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Figure 2. Post-translational modifications of pre-lamin A, were pre-lamin A is 

processed to form mature Lamin A or the incompletely processed, disease-causing, form 

progerin (Bergqvist, 2016). 

 

 

Hutchinson-Gilford progeria syndrome (HGPS) is a disorder where progerin, a 

truncated incompletely processed form of Lamin A (Eriksson et al., 2003) see figure 2, 

accumulates at the INM (De Sandre-Giovannoli et al., 2003; Merideth et al., 2008; Musich and 

Zou, 2009). HGPS is a rare, fatal, sporadic, autosomal dominant disease with early onset of 

symptoms resembling premature aging. Most patients (90%) have a silent mutation (p.G608G), 

which leads to a cryptic splice site resulting in a truncated pre-Lamin A form called progerin 

that lacks 50 internal amino acids (Eriksson et al., 2003; Merideth et al., 2008) and 

consequently the Zmpste24 cleavage site. This results in the accumulation of farnesylated 

progerin at the INM, which disrupts the nuclear lamina and alters transcription (Ho and Hegele, 

2019). Cells that accumulate progerin are hypersensitive to mechanical stress, a typical 

phenotype in lamin dysfunction (Gruenbaum and Foisner, 2015). A nonfunctional Lamin A 

network also leads to disruption of chromatin tethering to the nuclear envelope (van Steensel 

and Belmont, 2017) which leads to loss of heterochromatin (see 1.1.5 Chromatin) at the nuclear 

periphery (Lattanzi et al., 2014). 

 

The function of the nuclear lamina 

Lamins maintain the shape and mechanical stability of the nucleus (Amendola and van 

Steensel, 2014). Lamin A/C deficient cells display both impaired mechanotransduction 

(Houben et al., 2007) and cell migration (Chen et al., 2018). This is explained mainly by the 

destabilization of the LINC complex (see 1.1.2 The LINC complex). Cells lacking Lamin A/C 

are more deformable than cells expressing Lamin A/C (Hah and Kim, 2019). Leukocytes that 

lack A-type lamins can squeeze through narrow constrictions between cells and the 

extracellular matrix (Harada et al., 2014). Additionally, mammalian erythrocytes lack nuclei 

completely, which facilitate deformation when squeezing through narrow capillaries (Ji et al., 

2011). Lamin B1 and Lamin B2 are essential for brain development. Mice deficient in Lamin 

B1, have abnormal neuronal migration and reduced numbers of neurons while Lamin B2 

deficiency leads to nuclear elongation (Coffinier et al., 2011). Furthermore, the depletion of 

Lamin B1 causes the nucleus to spin around within the cell which suggests impairment of 

nuclear anchoring (see 1.1.2 LINC complex). These cells also show impaired proliferation and 

chromatin organization (Hah and Kim, 2019). 

 

Around 40% of the genome interacts with nuclear lamins (Peric-Hupkes et al., 2010) 

where lamins generally tether chromatin to the nuclear periphery. This usually occurs in a 



12 
 

transcriptionally silencing way through a Lamin A/C (A-tether) and Lamin B receptor (LBR) 

(B-tether) dependent manner (Solovei et al., 2013). In mammalian cells, there are around 1000-

1500 lamina-associated domains (LADs) (van Steensel and Belmont, 2017), regions of the 

genome connected to lamins. Most LADs are gene-poor or poorly transcribed and have histone 

marks of a repressed chromatin state (Guerreiro and Kind, 2019). During differentiation in 

general, chromatin becomes increasingly tethered to the nuclear periphery (Talwar et al., 2013). 

In contrast to Lamin A/C, the LBR has been shown to prevent differentiation (Sola Carvajal et 

al., 2015; Solovei et al., 2013) and is for example downregulated in neuronal development 

(Clowney et al., 2012). As LBR expression decreases with differentiation, Lamin A/C 

expression increases (Nikolakaki et al., 2017; Sola Carvajal et al., 2015; Solovei et al., 2013). 

Myoblast transcriptome analyses from mice depleted of LBR or Lamin A/C showed 

that the LBR- and lamin-A-dependent heterochromatin tethers had the opposite effect on 

muscle-specific gene expression. Loss of LBR increased expression while the loss of Lamin 

A/C decreased expression (Nikolakaki et al., 2017; Solovei et al., 2013). One example of how 

tethering genes to the nuclear periphery can prevent premature differentiation is MyoD, one of 

the earliest markers of myogenic commitment. First, during myogenesis, the MyoD locus 

relocates from the nuclear periphery to the nuclear interior where it is transcribed and promotes 

terminal differentiation of the myogenic cells (Yao et al., 2011). 

The LBR directly binds B-type lamins and chromatin (Nikolakaki et al., 2017), whereas 

Lamin A/C indirectly tethers chromatin through chromatin-binding proteins such as the INM 

proteins (Amendola and van Steensel, 2014; Solovei et al., 2013; Thanisch et al., 2017). Seven 

INM proteins (Lap2β, Man1, LEMD2, Emerin, Lap1β, Lap2α, and Samp1) were tested for 

being the chromatin binding component in A-tethering. Only LEMD2 expression correlated 

with Lamin A/C expression in various tissues, for example, the rod cells of nocturnal animals 

(Thanisch et al., 2017). These cells lack both A-tethers and B-tethers, which results in an 

inverted chromatin state (with heterochromatin concentrated in the nuclear interior in so-called 

chromocenters that acts as lenses), which improves the light transmission of the photoreceptors 

in the retina and hence night vision (Solovei et al., 2013). LEMD2 was dependent of Lamin 

A/C for localization to the NE (Thanisch et al., 2017) and directly binds chromatin (Barrales 

et al., 2016). However, expression of both LEMD2 and A-type lamins did not result in restored 

peripheral heterochromatin in the rod cells of the nocturnal animals (Thanisch et al., 2017). 

This suggests that A-tethering might be more complex and include more than one chromatin 

binding component. Considering the number of binding partners for Lamin A/C and its role in 

gene regulation during differentiation, the chromatin binding components of the A-tether 

probably differ between tissues. 

 

1.1.2 The linker of nucleoskeleton and cytoskeleton (LINC) complex 
The linker of nucleoskeleton and cytoskeleton (LINC) complex provides a direct 

physical link between the cytoskeleton and the nucleoskeleton (nuclear lamina). This enables 

mechanical signaling to be transferred directly across the NE (Crisp et al., 2006). The LINC 

complex consists of nesprins that are Klarsicht, ANC1, and Syne homology (KASH) domain 

proteins that span the ONM and Sad and UNC-84 (SUN) domain proteins that span the INM 

(Chang et al., 2015a; Crisp et al., 2006). Trimers of the SUN domain proteins and KASH 

domain proteins bind in the perinuclear space (PNS), between the ONM and INM. Together 

with the NPCs, the LINC complex maintains the PNS thickness to a constant 30-50 nm (Jahed 

et al., 2016). The nucleoplasmic domain of the SUN domain proteins binds directly to both 

lamins, chromatin, and some of the NETs (Burke and Stewart, 2014). In mammals, there are 

five known SUN domain proteins and six known KASH domain proteins. KASH domain 

proteins interact with cytoskeleton components such as actin, intermediate filaments and 

microtubules at the ONM (Jahed et al., 2016). The presence of different KASH-domain 
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proteins and SUN-domain protein isoforms allows for tissue-specificity and different 

functional roles together with their interaction partners at the INM and ONM (Chang et al., 

2015b). 

 

The function of the LINC complex 

The LINC complex is essential in nuclear positioning during cell migration and nuclear 

migration, occurring both in for example neuronal and muscle differentiation (Bouzid et al., 

2019; Burke, 2019). In mouse NIH/3T3 fibroblasts, the INM protein Samp1 (see 1.3 The inner 

nuclear membrane protein Samp1) is a part of the transmembrane actin-associated nuclear 

(TAN) lines (Borrego-Pinto et al., 2012). These TAN lines consist of LINC complexes that are 

connected to the nuclear lamina and actin filaments and are aligned perpendicularly against the 

leading edge in migrating cells. TAN lines are essential for positioning the centrosome in front 

of the nucleus, at the leading edge, before cell migration and movement of the nucleus 

(Borrego-Pinto et al., 2012). Samp1 depletion results in a detachment of the centrosome from 

the nuclear periphery (Buch et al., 2009), a common phenotype in Emery-Dreifuss Muscular 

Dystrophy (EDMD) patient cells and cells depleted of functional Lamin A/C or Emerin or 

SUN1 and SUN2 or Nesprin1 and Nesprin2 (Chang et al., 2015a, 2015b; Salpingidou et al., 

2007). This indicates that Samp1 and these proteins work together in positioning the 

centrosome close to the nuclear surface (Gudise et al., 2011). Samp1 is a component of the 

TAN lines consisting of SUN2, Nesprin2G, and Lamin A/C. The depletion of Samp1 

destabilizes the LINC complexes in TAN lines which impairs nuclear movement and therefore 

cell migration in wound-healing assays (Borrego-Pinto et al., 2012). In yeast, depletion of Ima1 

(homolog to Samp1 in Schizosaccharomyces pombe) has a similar function as it disrupts the 

Sad1-Kms2 complex (a LINC complex homolog in yeast). This results in inefficient tethering 

of centromeric heterochromatin to the nuclear periphery and less tolerance to mechanical stress 

(Steglich et al., 2012). 

Nuclear movement is also an important process in developmental and cellular 

processes, such as muscle and neuronal differentiation (Crisp et al., 2006; Dechat et al., 2008). 

For example, depletion of SUN1 and SUN2 results in deficient neuronal migration which leads 

to prenatal death in rodents due to deficient neuronal development of the CNS (Crisp et al., 

2006). 

 

1.1.3 Nuclear envelope transmembrane proteins 
Nuclear envelope transmembrane proteins (NETs) are proteins that are embedded in 

the nuclear membrane. Around 10% of the transmembrane proteins in eukaryotes are nuclear 

(Mudumbi et al., 2020). There are several hundreds of different NETs, some are ubiquitously 

expressed while others are expressed in a tissue-specific pattern (Korfali et al., 2012; Zuleger 

et al., 2013). In general, the nuclear envelope proteome is highly tissue specific. Comparing 

three tissues (muscle, liver, and leukocytes) only 16% of the NETs were shared (Korfali et al., 

2012). Diseases connected to mutations in NETs usually have a tissue-specific pathology, for 

example, some mutations in ubiquitously expressed Man1 increase bone density, and 

duplication of the Lamin B1 locus results in demyelination of the CNS (Janin et al., 2017; 

Worman and Schirmer, 2015). Only a few of the NETs have been characterized. Out of these, 

most were found to bind to the nuclear lamina, chromatin, or chromatin-binding proteins 

(Amendola and van Steensel, 2014; Harr et al., 2016; Vlcek and Foisner, 2007). 

 

Emerin 

Emerin (one of the direct binding partners of Samp1) interacts with chromatin through 

chromatin-binding proteins such as barrier-to-autointegration factor (BAF) (Margalit et al., 

2007; Samson et al., 2017) and histone deacetylase 3 (HDAC3) (Demmerle et al., 2012). These 
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proteins together with lamins repress transcription at the nuclear periphery (Berk et al., 2013). 

Emerin is a Lap2, Emerin, Man1 (LEM) domain protein, with a conserved helix-loop-helix 

domain consisting of 40 residues (Berk et al., 2013). LEM-domain proteins are known to 

compensate for each other, for example in X-EDMD patients (depleted of Emerin) Lap2 is 

upregulated (Koch and Holaska, 2014). Emerin is dependent on Lamin A/C and Samp1 for 

localization to the NE (Buch et al., 2009; Gudise et al., 2011; paper II) and binds SUN-domain 

proteins (Berk et al., 2013). 

 

INM proteins in myogenesis 

Mice depleted of both Lamin A and C, die 8 weeks after birth (Sullivan et al., 1999), 

whereas mice depleted of only Lamin A and consequently pre-Lamin A are entirely healthy 

(Fong et al., 2006). Although not essential in mice, pre-Lamin A has been shown to have a 

function in myogenesis (Mattioli et al., 2011). Myogenesis (formation of muscular tissue) 

proceeds in different stages. First, myoblasts exit the cell cycle and start to express muscle-

specific transcription factors and myogenic structural proteins. Then these “committed” 

myoblasts migrate to align longitudinally next to each other where their plasma membranes 

fuse to form mature myotubules (Chal and Pourquié, 2017; Fiorotto, 2012). The nuclear 

movement during this fusion depends on the NE composition at the nuclear poles which are 

adjacent to neighboring nuclei (Mattioli et al., 2011). Farnesylated pre-Lamin A is concentrated 

at nuclear poles of committed myoblasts and myotubes, where it concentrates SUN2 to the 

nuclear poles. In the absence of farnesylated pre-Lamin A, nuclear positioning in the formed 

myotubes is affected which resulted in nuclear clustering and misshaping (Mattioli et al., 2011). 

In cells and patients with EDMD, with reduced levels of pre-Lamin A, Samp1 enrichment is 

absent from the nuclear poles, suggesting Samp1 and pre-Lamin A might function together in 

myogenesis (Mattioli et al., 2018). 

Samp1 displays tissue-specific expression with high expression in the brain, muscle, 

and testis (Korfali et al., 2012; Thanisch et al., 2017; Zuleger et al., 2013). During myogenesis, 

Samp1a expression increases seven-fold and knockdown of all Samp1 splice variants (Samp1a, 

Samp1b and Samp1c) (see 1.3 Samp1), completely blocks myogenesis, an effect that could be 

rescued by ectopic expression of Samp1a alone (Jafferali et al., 2017). In comparison, depletion 

of some LEM-domain proteins (Lem2, Emerin, and Man1, whose expression levels also 

increase during myogenesis) only caused 2-4-fold inhibition of myogenesis (Huber et al., 

2009). Samp1 depleted cells lack expression of myogenin and myogenic structural 

differentiation marker myosin heavy chain (MyHC). These cells were also impaired in the 

ability to exit the cell cycle. Similar effects were observed after the depletion of the LEM-

domain proteins or Lamin A/C (Huber et al., 2009; Muchir et al., 2009b, 2009a). In all cases, 

this was associated with the hyperactivation of MAPK kinase signaling, which was also the 

case in Samp1 depleted myoblasts (Jafferali et al., 2017). 

Other muscle-specific NETs such as the NET39, Tmem38a, and WFS1 have also been 

implicated in myogenesis. Together these three NETs affect 37% of all genes that change 

during myogenesis and combined knock-down results in an almost blocked myogenesis 

(Robson et al., 2016), suggesting that several NETs collaborate in tissue-specific development. 

 

Nucleocytoplasmic transport of proteins to the inner nuclear membrane (INM) 

Most INM proteins are synthesized and co-translationally inserted into the RER 

membrane, which is continuous with the ONM (Ibarra and Hetzer, 2015). Nucleocytoplasmic 

transport of soluble proteins is well-studied and occurs through the central channel of the 

nuclear pore complex (NPC) (Fahrenkrog and Aebi, 2003). However, various models on how 

INM-proteins are transported to the INM have been proposed (Katta et al., 2014). These INM 

proteins can be transported into the nucleus either via the central or peripheral channels of the 
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NPC. The NPC is a highly conserved megadalton (125 MDa) macromolecular structure 

composed of multiple copies of 30 different proteins called nucleoporins (Nups), together 

forming an eight-fold symmetry with one large central channel and 8 smaller peripheral 

channels (Ibarra and Hetzer, 2015). 

Most of the INM-proteins use the peripheral channels. However, some of them contain 

nuclear localization signals (NLS) and an intrinsic disorder (ID) region which enables transport 

through the central channel (see 1.1.4 RanGTPase in nucleocytoplasmic transport and mitosis) 

(Mudumbi et al., 2020). Mutating the NLS of these proteins or blocking the central channel, 

results in a slower transport through the peripheral channels instead (Mudumbi et al., 2020). 

Blocking the peripheral channels, however, blocks nucleocytoplasmic transport of INM-

proteins completely (Mudumbi et al., 2020). 

In the free lateral diffusion-retention model, INM-proteins with a nucleoplasmic 

domain smaller than 60 kDa (such as LBR 22kDa (Nikolakaki et al., 2017), Emerin 26 kDa 

(Berk et al., 2013) or Samp1 26kDa) can freely pass the small (around 10 nm wide) peripheral 

channels. INM-proteins stay embedded in the nuclear membrane through the translocation 

across the NPC and are retained in the INM by binding to chromatin, other INM-proteins, or 

the nuclear lamina (Katta et al., 2014). Only around 9% of the hundreds of INM-proteins could 

potentially use the NLS-dependent facilitated transport model instead (Mudumbi et al., 2020). 

These proteins have an NLS and a flexible structure (ID region) that could stretch through the 

peripheral channels to the central channel where the NLS is bound to nuclear transport 

receptors (NTRs) such as importins. NTRs facilitate transport through the larger central 

channel (around 40-50 nm wide) via a mechanism depending on RanGTP (Katta et al., 2014; 

Maimon et al., 2012; Mudumbi et al., 2020) (see 1.1.4 RanGTPase in nucleocytoplasmic 

transport and mitosis). 

 

1.1.4 RanGTPase in nucleocytoplasmic transport and mitosis 
The small GTPase called Ras-related nuclear protein (Ran) regulates 

nucleocytoplasmic transport but also has a function in mitotic spindle formation and nuclear 

reformation after mitosis (Melchior, 2001). Being a GTPase, Ran hydrolyzes bound GTP into 

GDP, which alters Rans confirmation (Chook and Blobel, 2001). The GTP-bound Ran 

(RanGTP) is the active form, while the GDP-bound Ran (RanGDP) is the inactive form. 

Nucleocytoplasmic transport is dependent on the gradient of RanGTP/RanGDP, with 

RanGTP concentration being higher in the nucleus and RanGDP in the cytoplasm (Melchior, 

2001). RanGTPase-activating protein 1 (RanGAP1) located on the cytoplasmic surface of 

NPCs and Regulator of chromosome condensation 1 (RCC1) (also called Ran guanine 

nucleotide exchange factor) located on chromatin in the nucleoplasm, maintain this gradient. 

In nucleocytoplasmic transport, Importin β (directly or via importin α) binds a nuclear 

localization sequence (NLS) on the transport cargo. Together, the cargo and Importin β are 

imported into the nucleus, through the central channel of the NPC. In the nucleus, RCC1 

facilitates the release of GDP from Ran. Subsequently Ran binds GTP, as the cellular 

concentration of GTP is approximately ten times higher compared to GDP (Bos et al., 2007; 

Lui and Huang, 2009). RanGTP binds to Importin β with high affinity, which releases the cargo 

on the nucleoplasmic side (Jahed et al., 2016; Melchior, 2001). Importin β together with 

RanGTP is then exported from the nucleus to the cytoplasm. RanGAP1 anchored on the 

cytoplasmic side of the NPCs, facilitate the RanGTPase hydrolyzation of GTP to GDP 

(Melchior, 2001). This hydrolysis disrupts the binding of Importin β to Ran and Importin β is 

free to bind the next NLS containing cargo (Melchior, 2001). In the same way, cargos that are 

exported, from the nucleoplasm to the cytoplasm, contain a nuclear export signal (NES) that 

binds nuclear transport factors called exportins together with RanGTP. When this 

cargo:exportin:RanGTP complex reaches the cytoplasm, RanGAP1 facilitates the hydrolysis 
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of RanGTP, and the cargo with the NES, is released. RanGDP is transported back to the nucleus 

via binding to the nuclear transporter factor 2, which is released when RCC1 facilitates the 

release of GDP from Ran (Jahed et al., 2016; Lui and Huang, 2009). 

 

The function of Ran in mitotic spindle formation is also linked to Importin β. Before 

mitosis, when a mother cell divides into two daughter cells, chromosomes are replicated into 

identical copies called sister chromatids. At the beginning of mitosis, the NE breaks down and 

the mitotic spindle is formed. When the NE breaks down, nuclear spindle-assembly factors 

(SAFs) forms inhibitory complexes with the cytoplasmic excess of Importin β (Barr and 

Gergely, 2007; Melchior, 2001). RCC1 is concentrated at chromatin and facilitates the release 

of GDP from Ran, which results in a high gradient of RanGTP at the chromatin surface. 

RanGTP binds Importin β which releases the SAFs that initiate nucleation of microtubules, 

resulting in the formation of the mitotic spindle on chromatin (Barr and Gergely, 2007; Lui and 

Huang, 2009). Many NE proteins, including the nuclear lamina and NPC proteins, are 

phosphorylated, which disrupts protein complexes and facilitates the clearance of the nuclear 

membrane from chromosomes (Liu and Pellman, 2020). At the centromeres on the 

chromosomes, kinetochores assemble and connect to microtubules of the mitotic spindle. The 

two centrosomes (the microtubule organization center also called spindle pole bodies) on 

opposite sides of the mitotic spindle, then pull the sister chromatids apart towards the opposite 

end of the cell and NE starts to reform. The cytoplasm then cleaves into two, with two 

genetically identical daughter cells formed. 

At the end of mitosis, the NE reassembles. Membrane elements locate around chromatin 

and fuse into a continuous nuclear membrane were Nups assemble into NPCs (Liu and Pellman, 

2020). The high concentration of RanGTP around the mitotic chromosomes enables the 

dissociation of Nups from Importin β, which induces the formation of an NPC containing 

nuclear membrane (Walther et al., 2003). Even in the absence of chromatin, a continuous 

membrane with functional NPCs assembled around beads coated with RanGTP (Zhang and 

Clarke, 2001), whereas RanGDP-coated beads required RCC1 to form this membrane (Clarke 

and Zhang, 2008). 

 

1.1.5 Chromatin 
In the nucleus, chromatin is organized and packed into large compact complexes 

containing both DNA and proteins (Kornberg, 1974). Euchromatin (loosely packed 

transcriptionally active chromatin) is mainly localized in the nuclear interior and underneath 

the NPCs (Bickmore and van Steensel, 2013; Fišerová et al., 2017), while heterochromatin 

(compact transcriptionally inactive chromatin) is enriched in the nuclear periphery but also at 

centromeres, telomeres and around nucleoli (Cremer and Cremer, 2010; Ritland Politz et al., 

2016). 

DNA is wrapped around nucleosomes, octameric protein complexes consisting of two 

copies of the four core histones (H2A, H2B, H3, and H4). The linker histone 1 (H1) binds in 

between the nucleosomes which enable an even higher degree of compaction (Wolffe, 2001). 

Histones are small proteins with positively charged residues (arginines and lysines), especially 

at their N-terminal tails that can be post-translationally modified. Histones are among the most 

conserved proteins in evolution (Alva et al., 2007; Butterworth, 2005). Some histones display 

different chromatin localization dependent on the histone variant. For example, there are four 

H3 variants in humans: H3.1, H3.2, H3.3, and CENP-A (Loyola and Almouzni, 2007; Szenker 

et al., 2011). H3.1 localize preferably to transcriptionally inactive regions, H3.2 show no 

preference, H3.3 localize preferably to sites with active or potentially active transcription 

(Ahmad and Henikoff, 2002; Delbarre et al., 2010; Stroud et al., 2012) and CENP-A localize 

to pericentromeric heterochromatin surrounding the centromeres (Black et al., 2004). 
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Histone variants and post-translational modifications 

Histones are incorporated into nucleosomes during DNA replication. However, H3.3 

can also incorporate into nucleosomes in a replication-independent manner (Ahmad and 

Henikoff, 2002). The exact mechanism for this is not known, but three of the four substitutions 

between H3.1 and H3.3 (S87A, V89I, M90G), located in the central fold-domain, 

independently of each other, promotes incorporation in a replication-independent manner 

(Ahmad and Henikoff, 2002). 

The histone variants and the post-transcriptional modifications of histones, also known 

as the histone code, constitute an important part of the epigenetic transcription regulation 

(Jenuwein and Allis, 2001). Some modifications associate with transcriptionally active 

euchromatin, whereas others associate with transcriptionally inactive heterochromatin (Harr et 

al., 2016). Acetylation of the positively charged N-terminal tails of histones (for example 

acetylation of histone 3 at lysine 9 (H3K9Ac)) is associated with euchromatin (Kouzarides, 

2007). The acetyl-group neutralizes the positively charged amino acid, which reduces the 

interaction with the negatively charged DNA backbone (Kouzarides, 2007, 2000). Enzymes 

called histone deacetylases (HDACs) remove acetyl-groups from histones (Seto and Yoshida, 

2014) and histone acetyltransferases (HATs) add acetyl-groups on histones and thus alter the 

epigenetic state of chromatin (Kouzarides, 2000). Modifications such as methylation are more 

complex, with for example di- or tri-methylation of H3 at Lysine 4 (H3K4me2/me3) associated 

with euchromatin (Mohn et al., 2008) and methylation at Lysine 9 (H3K9me2/me3) associated 

with heterochromatin (Kouzarides, 2007). 

 

Tethering chromatin to the nuclear periphery 

Gene-rich chromosome regions are separated from gene-poor regions in a tissue-

specific way (Parada et al., 2004). For example, gene-rich chromosome 19 is located in the 

nuclear interior while gene-poor chromosome 18 is located in the nuclear periphery (Croft et 

al., 1999). Chromosome 5 localizes to the interior in liver cells but at the nuclear periphery in 

lung cells (Parada et al., 2004). This is thought to depend on the tissue-specific NE proteome, 

as overexpression of several tissue-specific NETs (Samp1, NET29, NET39, NET45, and 

NET47) independently repositioned parts of chromosome 5 to the nuclear periphery (Zuleger 

et al., 2013). This repositioning was dependent on the transmembrane domain of these NETs 

which indicate that these NETs, directly play a role in tethering chromosomes to the nuclear 

periphery. Out of these five previously mentioned NETs, only NET29 and NET39 promote a 

peripheral position of the gene-poor chromosome 13 (Zuleger et al., 2013), indicating that 

tissue-specific NETs tether chromatin in a tissue-specific way to the NE. 

Some of the INM proteins such as LBR and LEM-domain proteins (Lap2β, Emerin and 

Man1) directly bind chromatin (Berk et al., 2013; Nikolakaki et al., 2017), however most 

characterized INM proteins bind chromatin-binding proteins. Lap2β, Emerin, and Man1 bind 

BAF (Demmerle et al., 2012; Margalit et al., 2007; Zheng et al., 2000), and LBR binds HP1 

(Amendola and van Steensel, 2014), which promotes the formation of heterochromatin (van 

Steensel and Belmont, 2017). Emerin and Lap2β also bind HDAC3 that removes acetyl-groups 

from H4, resulting in condensation of chromatin (Amendola and van Steensel, 2014; Berk et 

al., 2013; Zullo et al., 2012). The concentration of these heterochromatin-promoting proteins 

(BAF, HP1, and HDAC3) to the NE, results in gene repression at the nuclear periphery. 

Most genes are silenced when positioned at the INM (Francastel et al., 2001; Peric-

Hupkes et al., 2010; Van de Vosse et al., 2011). Some NETs bind transcription factors, usually 

to sequester them, while others, such as SUN1, bind HATs which results in gene activation 

(Berk et al., 2013; Chi et al., 2007). Some genes are still active at the nuclear periphery (Cabal 

et al., 2006; Kim et al., 2011), which suggests that there are subdomains at the NE where genes 
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can be transcribed. For example, the NPCs are associated with transcriptionally active 

chromatin which could potentially facilitate the mRNA export of these genes and avoid 

chromatin condensation at the NPCs (which could obstruct nucleocytoplasmic transport) 

(Ibarra and Hetzer, 2015). Nups can also bind directly to promotor regions, some Nups even 

relocate to the nuclear interior to activate gene expression (Ibarra and Hetzer, 2015). 

 

Chromatin organization during differentiation 

The NE is an incredibly complex structure that disassembles and reassembles, in 

every mitosis (Chen, 2012). The cell takes advantage of this NE disassembly-reassembly 

during differentiation, where a dramatic reorganization of the genome and NE proteome occurs 

(Kumaran and Spector, 2008; Zuleger et al., 2013). Chromatin gets more condensed and certain 

genes, not necessary for the cell's fate, become transcriptionally inactive (Gaspar-Maia et al., 

2011; Ricci et al., 2015). Hi-C data, comparing human embryonic stem cells with their 

differentiated successors shows that around 36% of the genome switch between active and 

inactive compartments (Dixon et al., 2015). 

Multicellular life begins with two haploid gametes that fuse into a totipotent zygote that 

gives rise to a population of pluripotent cells, which differentiate into many different lineages. 

Pluripotent cells remain in their pluripotent stage due to core transcription factors such as 

Nanog, Oct3/4, and Sox2 which repress the expression of genes required for lineage 

commitment (Chambers and Tomlinson, 2009). When cells differentiate chromatin becomes 

more structured and condensed in comparison to their undifferentiated precursors, which have 

a more dynamic active transcriptome (Sivakumar et al., 2019; Talwar et al., 2013). Condensed 

chromatin regions can be divided into constitutive and facultative heterochromatin (Trojer and 

Reinberg, 2007). Constitutive heterochromatin contains highly repetitive DNA regions that are 

stably repressed, for example, pericentromeric heterochromatin and telomeres. While 

facultative heterochromatin is cell-type specific and only temporally inactive (Sivakumar et al., 

2019). During differentiation, for example in myogenesis, neurogenesis, and adipocyte 

differentiation, there are several examples when tissue-specific genes, in facultative 

heterochromatin, move from nuclear periphery to the interior to be activated (Robson et al., 

2016; Szczerbal et al., 2009; Williams et al., 2006). 

Chromatin interactions with lamins and the highly tissue-specific NE proteome that 

changes during differentiation could explain this tissue-specific spatial genome organization. 

The INM shows a large diversity with several hundreds of NETs expressed in a highly tissue-

specific pattern (Korfali et al., 2012; Wilkie et al., 2011). In the last step of differentiation, 

when the cell goes into senescence (a state of irreversible growth arrest), constitutive 

heterochromatin repositions from the nuclear periphery to the interior into structures called 

senescence-associated heterochromatin foci (SAHF). These SAHFs prevent the proliferation 

of the cells and are a characteristic of aging (Parry and Narita, 2016). 
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1.2 Diseases of the nuclear envelope - Emery-Dreifuss Muscular 

Dystrophy 

Proteins at the nuclear envelope have been associated with several human diseases, 

collectively called envelopathies or laminopathies (Burke and Stewart, 2014, 2002; Ho and 

Hegele, 2019). Most of the proteins found to cause these envelopathies are ubiquitously 

expressed, although the diseases have been associated with pathologies affecting specific 

tissues (Dauer and Worman, 2009). This is thought to depend on the highly tissue-specific NE 

proteome, were the tissue-specific NETs function together with the ubiquitously expressed 

NETs. These diseases are associated with both structural and functional defects of proteins at 

the nuclear envelope. The two main mechanisms thought to cause envelopathies are structural 

tension in tissues exposed to high mechanical stress, such as cardiac and skeletal muscles, and 

changes in gene expression due to abnormal chromatin organization (Bonne et al., 1993). 

Many of the envelopathies are directly or indirectly linked to mutations in LMNA or 

components of the nuclear lamina (Worman and Courvalin, 2005). Mutations in LMNA have 

been found in clinically distinct tissue-specific degenerative disorders called laminopathies. 

Laminopathies can be divided into four disorders, affecting striated muscles (heart and 

skeletal), adipose tissues, peripheral nerves, or several tissues such as premature aging 

syndromes (Progeria/HGPS) (see figure 3) (Dauer and Worman, 2009; Eriksson et al., 2003; 

Worman and Courvalin, 2005). Defects in the nuclear lamina destabilize the structure and 

rigidity of the whole nucleus making it more vulnerable to mechanical stress. The nuclear 

lamina also organizes chromatin at the nuclear periphery (see 1.1.1 The nuclear lamina), which 

is essential in the differentiation of many tissues including muscle, adipose and neural tissues 

(Batrakou et al., 2015; Maresca et al., 2012; Robson et al., 2016). The link between chromatin 

organization and disease is however not clear. For example, two different LMNA mutations 

(E161K, D596N) both causing cardiomyopathy, have the opposite effect on chromosome 13 

localization. E161K repositions chromosome 13 to the nuclear interior while D596N tethers it 

closely to the nuclear periphery (Puckelwartz et al., 2011). 

 

 

                
Figure 3, Laminopathies divided into four groups affecting different tissues (modified 

from (Dauer and Worman, 2009)). 
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The first envelopathy described, already in 1902, was Emery-Dreifuss Muscular 

Dystrophy (EDMD) (Cestan R, Lejonne NI, 1902). EDMD is a rare genetic muscle disorder, 

affecting around 1:100 000 people in the general population (Bonne et al., 1993; Norwood et 

al., 2009). EDMD is a muscular dystrophy clinically characterized by degeneration (atrophy) 

of certain muscles, fixed joints (contractures) and heart abnormalities (cardiomyopathy) 

(Madej-Pilarczyk, 2018; Morris, 2001). Initially, during late childhood, progressive muscle 

weakness and atrophy usually develops in the upper arms and lower legs although the onset, 

severity, and progression vary between EDMD patients. Generally, EDMD patients with early-

onset have rapid disease progression and more severe complications than individuals with late-

onset. Heart abnormalities often develop in early adulthood, with asymmetric heartbeats 

(arrhythmias), resulting in life-threatening progressive cardiomyopathy (Heller et al., 2020; 

Madej-Pilarczyk, 2018; Morris, 2001). 

 

Most cases of EDMD are inherited as an X-linked or autosomal dominant (AD) disease. 

In X-linked EDMD, EDM (encoding Emerin) is mutated whereas most cases of the AD-EDMD 

are linked to mutations in LMNA (encoding for Lamin A/C) (Madej-Pilarczyk, 2018). AD-

EDMD LMNA mutations have a broad variation in severity and onset, whereas X-linked 

EDMD, in general, have later onset and less acute cardiac problems (Madej-Pilarczyk, 2018; 

Morris, 2001). Emerin is ubiquitously expressed with high expression in skeletal and cardiac 

muscle and is depleted in approximately 95% of the X-linked EDMD patients (Berk et al., 

2013; Yates et al., 1999). Emerin and Lamin A/C directly binds at the NE, with mutations in 

Lamin A/C often leading to the mislocalization of Emerin (Berk et al., 2013). Emerin and 

Lamin A/C are regulating muscle- and heart-specific gene expression and nuclear morphology, 

especially important in tissues exposed to mechanical stress such as skeletal and cardiac 

muscles (Guilluy et al., 2014; Holaska, 2008). 

 

About half of the EDMD patients are connected to mutations in proteins (Emerin, 

Lamin A, Nesprin 1/2, SUN1, and FHL1) known to cause EDMD when disrupted (Bonne et 

al., 1993; Heller et al., 2020; Madej-Pilarczyk, 2018). However, the disease mechanism is 

unclear as these proteins have functions in both mechanotransduction and gene regulation. 

Recently, 301 candidate genes were screened for mutations in 56 unlinked EDMD patients 

(Meinke et al., 2020). Many of the genes found mutated in these EDMD patients, are linked to 

gene regulation and the cytoskeleton, suggesting they are involved in the EDMD pathology 

(Meinke et al., 2020). The muscle-specific proteins found mutated (NET39, Tmem38A, 

Tmem214, WFS1, Samp1) also share the function of directly repositioning genes to the NE 

and potentially regulating gene expression during myogenesis (Meinke et al., 2020; Robson et 

al., 2016; Zuleger et al., 2013). As many of the proteins found mutated in these patients share 

common functions, this suggests that they work in common pathways important for muscle 

cells while causing EDMD when disrupted (Meinke et al., 2020). 
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1.3 The inner nuclear membrane protein Samp1 

Samp1 was identified and characterized as an inner nuclear transmembrane protein by 

Buch and coworkers (Buch et al., 2009). Samp1 is also known as NET5 and Tmem201. Samp1 

is homologous to NET5 in rats (Schirmer et al., 2003) and Ima1 in Schizosaccharomyces 

pombe (King et al., 2008) and CT.Samp1 in Chaetomium thermophilium (Vijayaraghavan et 

al., 2016). Samp1 has three isoforms, Samp1a (392 aa, 43 kDa) (Buch et al., 2009), Samp1b 

(566 aa, 62 kDa) (Borrego-Pinto et al., 2012) and Samp1c (666 aa, 75 kDa). The isoforms are 

produced by alternative splicing in exon 6, resulting in a non-spliced (SEKQP→FFPGD) 

unique sequence at the C-terminal (position 387-392) of Samp1a (see figure 4). In the N-

terminal, a hydrophobic region (position 14-32) was originally predicted to be a transmembrane 

segment, although later proven to be nucleoplasmic (Gudise et al., 2011). Additionally, Samp1 

has four conserved CXXC motifs in the nucleoplasmic N-terminal that potentially could form 

two zinc fingers. Samp1a and Samp1b has four transmembrane segments and Samp1c five 

transmembrane segments (see figure 4). The additional nucleoplasmic region between 

transmembrane 4 and 5, is very positively charged (pI around 10) and consists of 51 serine 

residues (19% of the region). 

 

 

 
Figure 4: Membrane topology of Samp1 isoforms. Samp1a comprises aa 1-392 ending 

with a FFPGD pentapeptide (gray). Samp1b comprises of aa 1-566 and Samp1c comprises of 

aa 1-666, both with SEKQP instead of the unique pentapeptide of Samp1a. The nucleoplasmic 

N-terminal domain contains a hydrophobic sequence (blue) and four conserved CXXC motifs 

(yellow) (Paper V). 
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Samp1 in Emery-Dreifuss Muscular Dystrophy 

Samp1 was found to be mislocalized in AD-EDMD patients (Mattioli et al., 2018) and 

to detach the centrosome from the NE when depleted (Gudise et al., 2011), a common 

phenotype in EDMD patient cells (Salpingidou et al., 2007). This year, substitution mutations 

were found in Samp1 (G15A, G18S, G595S) in combination with other proteins, in three 

EDMD patients (Meinke et al., 2020). Two of these mutations (G15A, G18S) is in the 

hydrophobic part of the N-terminal. The other mutation (G597S) is at the positively charged 

part between transmembrane 4 and 5 in Samp1c. One of the patients had an unusual mutation 

in LMNA, not previously associated with muscular dystrophies, suggesting both mutations 

(Samp1 G15A, LMNA R249Q) contribute to a more severe EDMD phenotype with early-onset 

(1 year). In the two other patients, mutations in LINC complex, cytoskeleton and sarcolemma 

proteins were combined with the Samp1 mutations (G18S, G595S) giving rise to different onset 

and severity (Meinke et al., 2020). 

 

Samp1 and RanGTPase 

Samp1 coprecipitates with Ran both in interphase and mitosis (Jafferali et al., 2014). 

This interaction was later shown to be direct, with a preference for Samp1 to bind RanGTP 

over RanGDP (Vijayaraghavan et al., 2016). In two genome-wide siRNA screens in 

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

Samp1 depletion was shown to cause mild mitotic effects. Samp1 is the first membrane protein 

found located in the mitotic spindle hence the name Spindle-Associated Membrane Protein 1 

(Buch et al., 2009). Later two other NETs; Tmem2014 and WFS1 were also shown to localize 

to the mitotic spindle (Wilkie et al., 2011). Samp1 has a function in stabilizing the mitotic 

spindle (Larsson et al., 2018). The mitotic spindle is formed by nucleation of microtubules 

from centrosomes and chromosomes (Goshima et al., 2008; Meunier and Vernos, 2012). The 

Augmin complex recruits γ-tubulin to pre-existing microtubules, where these proteins initiate 

nucleation and branching of microtubules (Goshima et al., 2008). Samp1 directly binds to γ-

tubulin and interacts with Haus6 of the Augmin complex and is thought to recruit these SAFs 

to the mitotic spindle. Samp1 depletion prolonged metaphase and caused a less compact and 

less organized metaphase plate, resulting in chromosome mis-segregation, which indicates that 

Samp1 together with the Augmin complex and γ-tubulin has a stabilizing role on the mitotic 

spindle (Larsson et al., 2018). 

Unlike many other G-proteins, Ran lacks both lipid anchors and amphipathic α-helixes 

necessary for interactions with membranes. As Samp1 is Rans only known transmembrane 

binding partner, Samp1 is thought to provide a binding site at the INM for RanGTP to facilitate 

the execution of its many functions locally (Vijayaraghavan et al., 2016). Also in in the mitotic 

spindle, Samp1 might have the role of providing a local binding site for RanGTP at the site of 

nucleation on pre-existing microtubules (Larsson et al., 2018). 

 

Tissue-specific expression of Samp1 

Samp1 is highly expressed in neuronal, muscle and testicular tissue (Figueroa et al., 

2010; Thanisch et al., 2017; Worman and Schirmer, 2015). Membrane cross-linking 

immunoprecipitation (MCLIP) of U2OS cells shows that Samp1 interacts with SUN1, Emerin, 

and Lamin B1 (Jafferali et al., 2014). Samp1 has also been shown to interact with SUN2 and 

Lamin A/C in mouse NIH3T3 fibroblasts (Borrego-Pinto et al., 2012). In muscle cells, Samp1 

has an essential role in myogenesis (Jafferali et al., 2017). Furthermore, muscles are highly 

exposed to mechanical stress and require a functional LINC complex. During neuronal 

differentiation, nuclear migration is an essential part. Samp1 was shown to be a part of the 

TAN lines and involved in nuclear migration (Borrego-Pinto et al., 2012) and it is tempting to 

speculate that Samp1 has a role in this differentiation also. 
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2. Aim 

There are several hundreds of different nuclear envelope transmembrane proteins, many of 

which display a tissue-specific expression pattern. Most of them are uncharacterized, but a few 

of them have been linked to a diverse group of human disorders collectively called 

envelopathies or laminopathies. In this thesis, the overall aim was to investigate the functional 

organization of the NE concerning chromatin organization and cell differentiation. 

 

 

The specific aims of this thesis were to: 

• Develop an image analysis tool to enable visualization of epigenetic spatiotemporal 

changes in chromatin organization at the nuclear periphery in live cells. 

• Investigate the roles of Samp1 in chromatin organization and cell differentiation. 

• Characterize the functional interaction of Samp1 with Ran and Emerin. 

• Investigate Emery-Dreifuss Muscular Dystrophy mutants of Samp1. 
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3. Methodological considerations 

 

3.1 Cell types 
In paper I, II, and V, we used U2OS cells derived from bone tissue of a fifteen-year-old 

girl suffering from osteosarcoma in 1964 (Ponten and Saksela, 1967). U2OS cells have an 

epithelial-like morphology and contain a large nucleus suitable for image analysis. These cells 

are contact inhibited and form a uniform nonproliferating population when reaching 

confluency. This results in a more similarly structured chromatin distribution were smaller 

changes could be detected (paper I). Chromosome counts are in the hypertriploid range 

according to ATCC (U-2 OS ATCC HTB-96). However, all 10 monoclonal KO colonies 

picked, using the five different sgRNAs (see 3.5 CrisprCas9 genome editing) were completely 

depleted of Samp1. 

In paper II, we used tsBN2 cells derived from BHK21 (Baby hamster kidney cells) 

carrying a temperature-sensitive mutation in RCC1, which inactivates RCC1 at the restrictive 

temperature 39.5 °C (Nishitani et al., 1991). This results in a failure to regenerate RanGTP, as 

RCC1 is the only guanine nucleotide exchange factor that can release GDP from Ran (see 1.1.4 

RanGTPase in nucleocytoplasmic transport and mitosis) (Jahed et al., 2016). 

In paper III, we used human induced pluripotent stem cells (iPSCs) ATCC ACS-1011 

derived from human foreskin fibroblasts as a model for differentiation. In general, iPSCs 

express the same markers as embryonic stem cells (ESCs) and show similar morphology 

(Chin et al., 2009; Constantinescu et al., 2006; Takahashi and Yamanaka, 2006). We noticed 

that these cells were sensitive to vibrations and matrigel concentration, which were optimized 

to prevent spontaneous differentiation. Subculturing was done weekly using a 

micromanipulator to scratch a section from the monolayer center of the iPSC-colony to isolate 

undifferentiated cells from potential differentiated peripheral cells. 

In paper IV, PC6.3 and SH-SY5Y cells were used as a model for neuronal 

differentiation. PC6.3 cells (a subline of PC12 cells) are chromaffin cells of the rat adrenal 

medulla (Mills et al., 1995). In response to nerve growth factor (NGF) these cells extend 

neurites and stop dividing. These neuronal-like cells become dependent on NGF to survive 

(Pittman et al., 1993). SH-SY5Y cells (a subline of SK-N-SH) are neuroblastoma cells from a 

neuroendocrine tumor of a four-year-old girl. In response to retinoic acid (RA), these cells 

differentiate into a cholinergic-like phenotype with extended neurites (Forster et al., 2016).  

            In paper IV and V, we used HeLa cells derived from Henrietta Lacks in 1951 who 

suffered from cervical cancer. HeLa cells are the most widely used human cancer cell line 

today (Masters, 2002). These cells contain a large nucleus suitable for image analysis using 

FRIC. 

 

3.2 Live cell imaging 
In paper I and IV, we use live-cell imaging. In conventional immunofluorescence (IF) 

microscopy of fixed samples, images can only be captured at one certain time-point and the 

fixation procedure may alter cellular structures. There are also limitations concerning 

resolution, antibody specificity and accessibility. Live cell imaging allows measuring dynamic 

changes during chosen time-periods. To avoid some of the limitations with conventional IF 

microscopy, we developed FRIC for live-cell imaging by using fluorescent protein (FP) -tagged 

histones (see 3.3 FRIC below).  
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3.3 Fluorescent Ratiometric Imaging of Chromatin (FRIC) 
FRIC uses Histone 3.3-EGFP as a marker for euchromatin and H2B-mCherry as a 

marker for general chromatin. These FP-tagged histones have previously been shown to behave 

as endogenous histones (Delbarre et al., 2010; Kimura and Cook, 2001). FP-tagged H3.3 

correlates with markers for transcriptionally active chromatin (Ahmad and Henikoff, 2002; 

Delbarre et al., 2010; Lin et al., 2013). Using chromatin immunoprecipitation (ChIP), FP-

tagged H3.3 correlated with active chromatin and transcribed or potentially transcribed regions 

(Delbarre et al., 2010; Tamura et al., 2009). FP-tagged H3.3 is post-translationally modified as 

wt H3.3 (Delbarre et al., 2010). FP-tagged H2B shows no preference for active or repressed 

chromatin and is thus a good marker for general chromatin. Minor fractions of FP-tagged H3.3 

have also been found in repressed genomic regions (Delbarre et al., 2010), for example, 

constitutive heterochromatin regions associated with telomeres and centromeres which are 

stably repressed (Ivanauskiene et al., 2014; Udugama et al., 2015). 

In paper I, we developed the FRIC method to monitor chromatin organization in live 

cells. A vector (pTandemH) with two separate multicloning sites with an internal ribosome 

entry site in between, allowed insertion of both H2B-mCherry and H3.3-EGFP into the same 

vector with expression controlled by the same promotor. This enables stoichiometric constant 

expression of the two FP-tagged histones. To normalize the intensities, intra- and 

intercellularly, we divided the channels by their mean value and variance. This allows us to 

divide the two channels to generate a ratio image (normalized H3.3-EGFP/normalized H2B-

mCherry). 

The cells were equilibrated for at least 48h post-transfection, as H3.3 and H2B have 

different incorporation kinetics in chromatin. H3.3 incorporates both during replication and in 

a replication-independent manner while H2B is only incorporated during replication. The 

ectopic expression of both these FP-tagged histones has previously been studied without signs 

of toxicity and abnormalities (Delbarre et al., 2010; Kanda et al., 1998). 

To ensure that the intensities were at appropriate levels an ImageQuality module was 

added to the CellProfiler pipeline. If 0.2% of the pixels in the nucleus were 

saturated/underexposed or the Otsu-threshold value was above 0.15, the images were removed. 

The Otsu-threshold divides the image into two classes, trying to minimize the variance between 

the foreground and background. High Otsu-threshold results in bad segmentation of the nucleus 

possibly due to the disturbing background. All nuclei were also checked manually for abnormal 

morphology and in such cases removed from the set. 

The ratiometric images were divided into 40 concentric zones with equal width and 

consequently, the peripheral zones contain more pixels and have higher significance in 

comparison to the inner nuclear zones. Dividing the nuclear area into four zones with equal 

area gave similar results but with a lower resolution in the nuclear periphery (see paper I). 

Mathematically, the pixels of the diameter of the nucleus was not large enough to divide into 

more than four zones with equal area, as it is desired that the outer zone should include a width 

of at least two pixels. 

Z-stacks with a slice thickness of 0.5 µm were collected. The confocal optical z-section 

containing most pixels were considered equatorial and used for further analysis with FRIC. 

The grazing sections were compared to the equatorial section and showed a similar trend with 

more heterochromatin in the periphery, but the profile was less pronounced with less difference 

to the interior zones (see paper I). 

 

3.4 Fluorescence recovery after photobleaching (FRAP) 
In paper II, we performed fluorescence recovery after photobleaching (FRAP) 

experiments to determine the mobility of FP-tagged transmembrane proteins in the NE. In 

FRAP, an area of the cell is photobleached, for example, a part of the nuclear envelope, then 
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the halftime (t1/2) of the fluorescence recovery was measured. In paper II, t1/2 represents the 

time it takes for half of the photobleached YFP-Emerin to be exchanged with non-bleached 

YFP-Emerin and hence the mobility of YFP-Emerin. As most cells migrated during the 

experiment, the ImageJ plugin StackReg was used to segment out the nucleus, and each time-

point was normalized to the time-points before and after, to get a corrected intensity value of 

the chosen FRAP area. 

 

3.5 Gene knock out using CRISPR/Cas9 mediated genome editing 
In paper I, II, and V, we used CRISPR/Cas (clustered regularly interspaced short 

palindromic repeats/CRISPR associated system) genome editing based on an RNA-guided 

nuclease Cas9. Cas9 recognizes double-stranded DNA (dsDNA) at the PAM sequence 5´-

NGG-3´ and thereafter binds the complementary sgRNA (upstream of the PAM) (Sampson 

and Weiss, 2014). The two endonuclease domains (RuvC-I and HNH) of Cas9, then cleave 

both strands of the target sequence four nucleotides upstream of the PAM sequence. The cell 

repairs this break by homologous direct repair (HDR) or nonhomologous end-joining (NHEJ). 

HDR only occurs in the presence of homologous sequences that could be used as a template 

for the repair. In NHEJ, one nucleotide pair is cleaved off and a frameshift in the target gene 

introduced, which usually leads to a premature stop codon (Sampson and Weiss, 2014). 

Five different sgRNAs were designed to target the first exon of the human Samp1 gene. sgRNA 

1-4 was designed using the E-CRISPR online application (German Cancer Research Center 

(DKFZ), 2016) and sgRNA5 was designed with the Zhang Lab online CRISPR design and 

analysis application (Zhang Lab, 2016). The sgRNAs with the highest score (meaning lowest 

off-target probability) were chosen and a scrambled sequence with low homology to the human 

genome was chosen as a control. sgRNA4 was designed to work in both the human and rat 

Samp1 gene. 

 

3.6 Microscale thermophoresis (MST) 
In paper II, we used microscale thermophoresis (MST) to provide close-to-native 

conditions for protein interactions in solution. MST uses an infrared laser to induce a 

temperature gradient and measures the movement of bound and unbound proteins in a dose-

response curve, from where KD values can be derived (Jerabek-Willemsen et al., 2011). The 

concentration of fluorescently labeled recombinantly expressed CT.Samp1(1–180) comprising 

the nucleoplasmic part of Samp1 from Chaetomium thermophilum, was kept constant while 

GST-Emerin and GST-Ran concentrations were varied. Special MST premium capillaries were 

used to avoid non-specific binding to the capillary wall and GST was used as a negative control. 

The Samp1 homolog of the thermophilic fungus Chaetomium thermophilum (CT.Samp1) was 

used as the solubility of the recombinantly expressed protein was better compared to the human 

counterpart. 

 

3.7 Super-resolution using Structured Illumination Microscopy (SIM) 
In paper I, we used structured illumination microscopy (SIM) to achieve a higher 

resolution. We used 3D SIM with three excitation beams that created a pattern using grids, with 

both lateral and axial components. The point spread function was then derived before the 

images were processed. The resolution was calibrated and measured using 40 nm green 

fluorescent beads, to the maximum precision of 102 ±5 nm laterally and 250 ±12 nm axially, 

which is better compared to confocal microscopy with an approximately maximum resolution 

of 200 nm laterally and 500 nm axially. 

 



27 
 

4. Results and Discussion 

Monitoring chromatin organization at the nuclear periphery (Paper I) 
In the first part of paper I, we developed an image analysis tool called Fluorescence 

Ratiometric Imaging of Chromatin (FRIC). FRIC is used to quantitatively monitor the dynamic 

spatiotemporal distribution of euchromatin and total chromatin in live cells. A tandem vector 

(pTandemH) enables stoichiometric expression levels of the two histone variants, Histone 3.3 

fused to EGFP and Histone 2B fused to mCherry. H3.3-EGFP serves as a marker for 

transcriptionally active chromatin (euchromatin) while H2B-mCherry serves as a marker for 

general chromatin (Delbarre et al., 2010). Ratiometric images of H3.3-EGFP/H2B-mCherry 

correlated better than H3.3 alone, with the euchromatin marker RNA polymerase II and less 

with the heterochromatin marker H3K9me3, meaning that the ratio served as a better marker 

for euchromatin than simply using H3.3. 

The ratiometric images were divided into concentric zones of equal width and the mean 

values plotted as radial profiles from the nuclear periphery to the nuclear interior. The radial 

profile displayed a concentrated distribution of heterochromatin in the nuclear periphery of 

U2OS cells, consistent with studies using other techniques (Davies, 1967; Fišerová et al., 2017; 

Gruenbaum and Foisner, 2015; Lieberman-Aiden et al., 2009; Peric-Hupkes et al., 2010). 

As proof of concept that FRIC accurately measures the epigenetic state of chromatin, 

peripheral heterochromatin responded to experimental manipulation using agents that affect 

histone acetylation. As expected, cells treated with the HAT (histone acetyltransferase) 

inhibitor Anacardic acid (AA), which then decreases acetylation of histones, resulted in more 

peripheral heterochromatin (lower ratio). In contrast, the HDAC (histone deacetylase) inhibitor 

Trichostatin A (TSA), which then decreases the deacetylation of histones, resulted in an 

opposite decrease of heterochromatin (higher ratio). As a control, we used the heterochromatin 

marker H3K9me3 to verify that the HDAC inhibitor resulted in less heterochromatin in the 

nuclear periphery compared to control cells. Expression of progerin, Lamin A L647R, a 

mutation that disrupts the ZMPSTE24 cleavage site in prelamin A, causing the disease 

Hutchinson-Gilford Progeria Syndrome (HGPS) (Wang et al., 2016), was used as a disease 

model (see 1.1.1 Lamin A processing). Cells expressing progerin had substantially less 

heterochromatin in the nuclear periphery. Together, the results strongly suggest that FRIC 

correctly monitors dynamic chromatin organization events at the nuclear periphery. 

After treating cells with the HDAC inhibitor TSA, the outermost peripheral zone in the 

treated cells revealed a significant decrease in heterochromatin already after one hour, 

illustrating the usefulness of FRIC in monitoring dynamic reorganization of chromatin in live 

cells.  

To be able to visualize changes in chromatin organization at an even more detailed 

level, we showed that FRIC was compatible with structured illumination microscopy (SIM) 

giving higher image resolution. Already after analyzing a few cells, we noticed a difference in 

the first 10 zones in comparison to 5 zones using the conventional LSM780 confocal 

microscopy. We also showed that confluent U2OS cells (which stop proliferating) formed a 

more uniform population with more organized chromatin compared to proliferating cells (that 

in contrast represent many different stages in the cell cycle). Although synchronization of cells 

may enable a higher sensitivity, we showed that the results could be replicated in proliferating 

cells, suggesting that FRIC can be applied to monitor changes in chromatin organization also 

in asynchronous cultures. 

In conclusion, FRIC is a versatile and straight forward, easy to use, tool that enables 

visualization and quantification of spatial epigenetic chromatin reorganization events in single 

live cells. FRIC is an unbiased method in comparison to crosslinkers or immunostaining where 
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antibodies suffer from accessibility in compact heterochromatin structures. FRIC is not 

designed to register global appearance/disappearance of euchromatin/heterochromatin, but 

rather to measures the relative distribution of the epigenetic state of chromatin, especially in 

the nuclear periphery. 

 

The effect of Samp1 on chromatin distribution (Paper I, IV and V) 
Samp1 overexpression has been shown to alter chromosome localization by 

repositioning parts of chromosome 5 to the nuclear periphery in human fibrosarcoma cells 

(Zuleger et al., 2013). In yeast, Ima1 (Samp1 homolog) is associated with the centromeres but 

not with telomeres or the pericentromeric heterochromatin surrounding the centromere 

(Steglich et al., 2012). The depletion of Ima1 leads to inefficient tethering of the centromeres 

to the nuclear periphery (King et al., 2008). 

Thus, we investigated if Samp1 influenced chromatin organization using FRIC. We 

depleted Samp1 using knockdown (KD) by RNAi and knock out (KO) by CRISPR/Cas9 

targeted genome editing. In paper I, U2OS cells depleted of Samp1 showed a significantly 

higher ratio (H3.3/H2B) in the nuclear periphery compared to controls, which indicates less 

heterochromatin at the nuclear periphery. Overexpression of Samp1 resulted in an opposite 

lower ratio at the nuclear periphery, indicating more heterochromatin. In paper IV, PC6.3 cells 

depleted of Samp1 (KO-Samp1) also had a significantly higher ratio in the nuclear periphery 

compared to the control PC6.3 cells. Taken together the results show that Samp1 promotes 

peripheral heterochromatin. 

As previously mentioned (see 1.1.5 Chromatin), other INM proteins such as the LBR 

and LEM-proteins directly bind chromatin or heterochromatin-promoting proteins which 

results in a repression of chromatin at the nuclear periphery. The effect of Samp1 on peripheral 

heterochromatin could consequently be direct or indirect through its binding partners in the 

NE. For example, the depletion of Emerin displays more euchromatin in the nuclear periphery 

similar to that of HDAC3 depleted cells (Bhaskara et al., 2010). In paper V, we show that the 

soluble nucleoplasmic N-terminal domain of truncated Samp1 (1-180), without its 

transmembrane domains, colocalizes with heterochromatin marker H3K9me3 without its 

binding partners in the NE, suggesting that Samp1 may directly interacts with chromatin. 

 

Interactions between nuclear envelope proteins (Paper II) 
Samp1 binds directly to Emerin (in a zinc-dependent manner) (Jafferali et al., 2014) 

and the Ran-GTPase (Vijayaraghavan et al., 2016) and hypothetically provides an anchoring 

site to maintain the high RanGTP-gradient close to the nuclear periphery (see 1.1.4 RanGTPase 

in nucleocytoplasmic transport and mitosis). However, several other binding partners in live 

cells could affect the binding between Samp1 with Emerin and Ran. Thus, in paper II, we 

further investigated the direct binding of Samp1 to Ran and Emerin. To do this we generated 

monoclonal U2OS cells depleted of Samp1 (see 3.5 Gene knock out using CRISPR/Cas9 

mediated genome editing). FRAP experiments showed that the KO-Samp1 cells displayed 

increased mobility of YFP-Emerin in contrast to cells overexpressing Samp1 which displayed 

lower mobility of YFP-Emerin, in the NE. The results show that Samp1 significantly reduces 

the mobility of Emerin in the NE. 

tsBN2 cells carrying a temperature-sensitive mutant of RCC1 (the guanine nucleotide 

exchange factor of Ran) were cultured at the restrictive temperature (39.5 °C) to deplete 

RanGTP (see 3.1 Cell types). In the RanGTP depleted cells, Emerin had lower mobility 

suggesting that the mobility of Emerin is dependent on RanGTP. Using MST, we observed that 

Samp1 had a high affinity for both Emerin and Ran. This high-affinity binding between Samp1-

Emerin is comparable with Emerins high-affinity binding to Lamin A and BAF, showing that 

Samp1 also is an important interaction partner of Emerin. In the presence of RanGTP, the 
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affinity between Samp1 and Emerin decreased suggesting that RanGTP increases the mobility 

of YFP-Emerin by reducing the interaction between Samp1 and Emerin. 

In paper II, we further show that the binding site of Emerin is located between the amino 

acids 1-79 of Samp1. The RanGTPase binds a domain containing the amino acids 80-180 of 

Samp1, which preferentially binds Ran-GTP over Ran-GDP (Vijayaraghavan et al., 2016). The 

different binding domains of Ran and Emerin on Samp1 and the lack of binding between Ran 

and Emerin, suggest that this regulation is allosteric. It is tempting to speculate that RanGTP 

interrupts the Samp1-Emerin binding in a similar way in which RanGTP interrupts the binding 

between the import cargo and Importin β (see 1.1.4 RanGTPase in nucleocytoplasmic transport 

and mitosis). 

Emerin is a relatively dynamic NET and its mobility at the NE was substantially 

affected by the Samp1 expression level (paper II). Samp1 expression is tissue-specific and 

especially high in muscles, whereas Emerin is ubiquitously expressed. Our results provide a 

good illustration of how the properties of widely expressed NETs may differ in different 

tissues. This may give a clue to the seeming paradox that tissue-specific laminopathies are 

linked to widely expressed NE proteins (Worman and Schirmer, 2015). 

 

Samp1 in cell differentiation (Paper III and IV) 
Samp1 is essential for myoblast differentiation (myogenesis) in mouse C2C12 cells, 

whose Samp1 expression level increased 7-fold during differentiation (Jafferali et al., 2017). 

In paper III, we used human induced pluripotent stem cells (iPSCs) as a model to study stem 

cell differentiation. These cells were either cultured under pluripotent conditions or in 

differentiation medium and classified through established morphological characteristics and 

immunostaining of the early differentiation marker Lamin A/C. 

During iPSC differentiation, the Samp1 levels increased at the nuclear periphery 

(simultaneously with Lamin A/C expression), while Emerin and Lamin B1 levels persisted. 

The increased Samp1 levels in the nuclear envelope in differentiated iPSCs raised the question 

of whether Samp1 could affect the differentiation process. During pluripotent culturing 

conditions, ectopic expression of YFP-tagged Samp1 induced fast differentiation of the entire 

iPSC colony, whereas YFP-Emerin or YFP did not, indicating that Samp1 promotes 

differentiation. 

Several of the cells in the Samp1-induced differentiated colonies were positive for βIII-

tubulin (a marker for neuronal differentiation) already after 6 days post-transfection despite 

pluripotent culturing conditions. This was earlier in comparison to cells cultured in 

differentiation medium that had comparable βIII-tubulin levels first after 15 days. Thus, we 

conclude that Samp1 induced a remarkably fast differentiation of iPSCs. 

Samp1 is highly expressed in neurons and associated with the LINC complex that is 

essential for nuclear migration, which is important for the development of the central nervous 

system (see 1.1.2 The function of the LINC complex). The increase in βIII-tubulin levels during 

the Samp1-induced differentiation of the hiPSCs raised the question if Samp1 had a function 

in neuronal differentiation. In paper IV, we made efforts to answer this question however the 

results showed that depletion of Samp1 did not affect the differentiation of neuronal PC6.3 

cells. These KO-Samp1 cells gained extended neurites similar to the control cells, after 5 days 

of NGF treatment. PC6.3 cells are however at a late stage of neuronal differentiation compared 

to the pluripotent stem cells. It would be intriguing to see if the depletion of Samp1 prevents 

cell lineage (such as neuronal and muscle) differentiation of iPSCs. 
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Monitoring chromatin organization during differentiation (paper IV) 
In paper IV, we present an alternative way to display FRIC. By using the 75th percentiles 

of the ratio (normalized H3.3-EGFP/H2B-mCherry) and the inverse ratio (normalized H2B-

mCherry/ H3.3-EGFP) followed by merging the two images, it becomes easier to see where 

heterochromatin and euchromatin is distributed in the nucleus. Treating HeLa cells with the 

HAT inhibitor TSA or the HDAC inhibitor AA resulted in decreased and increased distribution 

of the 75th percentile of the inverse ratio in the nuclear periphery, respectively. A similar effect 

on the epigenetic state of chromatin was also shown for U2OS cells in paper I, although this 

was displayed using the radial profile and relative ratio (nuclear periphery/nuclear interior). 

We further showed in paper IV, that the FRIC representation using the percentiles could 

be used to monitor chromatin reorganization during differentiation. SH-SY5Y and PC6.3 cells 

were differentiated for 5 days and compared to undifferentiated cells. Differentiated cells 

displayed a lower ratio in the periphery meaning more peripheral heterochromatin in 

comparison to the undifferentiated cells. SH-SY5Y and PC6.3 cells are neuronal cells at a late 

stage of differentiation in contrast to most other studies on ESCs and iPSCs that previously 

have been used to show that chromatin becomes redistributed and more condensed during 

differentiation. It is therefore remarkable that we could see this subtle epigenetic change in 

chromatin organization at this relatively late stage of differentiation. 

Samp1 depleted (KO-Samp1) PC6.3 cells had a higher peripheral ratio compared to 

control cells, showing that Samp1 also promotes peripheral heterochromatin in PC6.3 cells as 

in the U2OS cells (paper I). However, no significant increase in peripheral heterochromatin 

was seen during the differentiation of these KO-Samp1 PC6.3 cells, even though these cells 

differentiated as the control cells. However, there are several hundreds of NETs expressed in a 

tissue-specific manner which together with Samp1 could function in neuronal differentiation. 

It remains to be investigated whether Samp1 might play a more important role in earlier stages 

of neuronal differentiation. 

 

Emery-Dreifuss Muscular Dystrophy mutations of Samp1 (paper V) 
Three novel substitution mutations of Samp1 were found in patients suffering from 

Emery-Dreifuss Muscular Dystrophy (EDMD) (Meinke et al., 2020). In paper V, we 

investigated two of the mutations (p.G15A and p.G18S) located in the hydrophobic part of the 

nucleoplasmic N-terminal tail, which is present in all Samp1 isoforms (see 1.3 The inner 

nuclear membrane protein Samp1). The mutants YFP-Samp1a p.G15A and YFP-Samp1a 

p.G18S localized at the NE as YFP-Samp1a, where no effect on nuclear morphology or size 

could be detected. 

Samp1 is a part of the transmembrane actin-associated nuclear (TAN) lines, which are 

essential for positioning the centrosome in front of the nucleus during nuclear migration 

(Borrego-Pinto et al., 2012). As previously described (Buch et al., 2009), depletion of Samp1 

results in centrosome detachment from the NE, a common phenotype in EDMD patient cells 

(Salpingidou et al., 2007). Thus, we investigated if the EDMD mutants of Samp1 could 

influence the distance between the centrosome and nucleus after overexpression of the two 

mutants. Although overexpression of wt YFP-Samp1a resulted in a larger distance between the 

centrosome and the NE compared to control cells, YFP-Samp1a p.G15A or YFP-Samp1a 

p.G18S had no additional effect. 

The depletion of Emerin from the NE is one of the most common causes of EDMD 

(Heller et al., 2020; Yates et al., 1999). The mobility of Emerin in the NE depends on the direct 

binding to the first 1-79 amino acids of Samp1 (Jafferali et al., 2014; paper II). Thus, we 

investigated if the mutations in the N-terminal affected Emerin localization, as a possible lead 

to explain these mutations in EDMD. However, in comparison to the overexpression of wt 

YFP-Samp1a, there was no additional effect of the mutants on Emerin localization. 
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We previously showed that Samp1 promotes peripheral heterochromatin (paper I and 

paper IV), although it was unclear whether this effect was indirectly mediated via its interaction 

partners in the NE or via a direct interaction with chromatin. Therefore, we designed and 

expressed the nucleoplasmically exposed part of Samp1 (without its transmembrane segments). 

YFP-Samp1 (1-180) distributed in the nucleoplasm and accumulated in perinucleolar regions 

and colocalized with the heterochromatin marker H3K9me3 and compact DNA, visualized by 

Draq5. The results suggest that Samp1 interacts with heterochromatin.  
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5. Conclusions 

 

• A novel method called Fluorescent Ratiometric Imaging of Chromatin (FRIC) 

was developed, which enabled visualization of epigenetic spatiotemporal 

changes in chromatin organization at the nuclear periphery of live cells. 

• Samp1 promotes peripheral heterochromatin and might interact with chromatin 

independent of its neighboring binding partners at the NE. 

• The mobility of Emerin in the NE depends on the presence of its binding partner 

Samp1 and this interaction was regulated by RanGTP. 

• Overexpression of Samp1 induced rapid differentiation of the entire iPSC 

colonies with a fast expression of the neuronal marker βIII-tubulin. 

• FRIC detects reorganization of chromatin at the nuclear periphery during 

neuronal differentiation. 

• EDMD mutations in Samp1 had no significant effect on targeting to the INM, 

Emerin distribution, centrosome localization, nuclear size or morphology. 
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6. Future Investigations 

FRIC is an easy-to-use, versatile and unbiased method that requires a minimum of 

experimental steps and therefore is suitable for screening purposes. A monoclonal cell line 

expressing pTandemH would be a great asset for screening, as this limits the variance in 

expression levels and increases the numbers of nuclei captured with fluorescent signals that 

could be used in the further imaging analysis. FRIC has a great potential for screening and 

could be used with confocal, wide-field or super-resolution microscopy. Effects on chromatin 

organization using a known histone deacetylation agent were detected already after 1h, which 

potentially could open-up for screening for other potential chromatin-modifying agents or 

proteins. Genome-wide screening of NET specific RNAi libraries could easily be implemented 

for high-throughput format using FRIC. 

    

An interesting experiment would be to deplete Samp1 or other tissue-specific NETs in 

hiPSCs, to investigate if these NETs are essential in different tissue-specific differentiation. 

Although hiPSCs are hard to transfect, lentiviral transduction could be used. As FRIC enables 

us to monitor chromatin organization in live cells it would be interesting to see at what stage 

of differentiation, the epigenetic state of chromatin changes. For example, as Samp1 is essential 

for myogenesis, it would be interesting to see if the epigenetic state of chromatin changes even 

without Samp1 expression when the myoblasts are treated with differentiation medium.  

 

Samp1 is essential for the maintenance of peripheral heterochromatin, however, this 

effect could be indirect through its binding partners at the nuclear periphery. The truncated 

nucleoplasmic part of Samp1, without its transmembrane domains, colocalizes with 

heterochromatin, which suggests that Samp1 binds chromatin directly. Co-

immunoprecipitation of Samp1 with histones and heterochromatin markers or DNA-binding 

assays could clarify if Samp1 interacts directly with DNA, chromatin-binding proteins, or both.  

 

So far overexpression of the EDMD Samp1 mutants has not revealed any obvious 

defects or phenotypic alterations that could be related to the EDMD disease mechanism. On a 

previous study overexpression of shRNA resistant wt Samp1a was able to rescue muscle cell 

differentiation in Samp1 depleted cells (Jafferali et al., 2017). Using a similar approach, it 

would be interesting to determine if and to what extent these mutants can rescue myotube 

formation. Furthermore, the effects of wt and mutant Samp1 on chromatin organization can be 

determined using FRIC as readout and their potential chromatin binding properties could be 

analyzed. 
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7. Populärvetenskaplig sammanfattning 

 

En organism, så som människan, består av olika sorters celler som tillsammans bygger 

upp vävnader och organ i vår kropp. Livet börjar med att två könsceller slås ihop till en cell. 

Denna cell kopierar sig själv och differentierar till alla specialiserade vävnader och organ i vår 

kropp. När denna differentiering sker, så blir vissa delar av det genetiska materialet 

(arvsmassan) inaktivt. Alla celler har exakt samma genetiska material men det uttrycks olika. 

Då en muskelcell inte har samma funktion som en nervcell, kan de nervspecifika generna vara 

inaktiva i en muskelcell. Denna reglering kontrolleras av olika proteiner i cellerna. Våra celler 

har en cellkärna, där det genetiska materialet DNA finns. Cellkärnan har två membranväggar, 

det yttre och det inre membranet. Under dessa membran finns cellkärnans skelett som ger 

kärnan dess struktur. Detta skelett reglerar också det genetiska materialet genom att främst 

inaktivera gener vid cellkärnans membran. I det inre membranet finns det flera hundra olika 

proteiner. Beroende på vilken vävnad eller funktion en cell har, behövs det olika kärnmembran-

proteiner. Några av dessa finns i alla celler medan andra bara finns i några specifika celler så 

som muskelceller. 

 

I denna doktorsavhandling så utvecklade vi en teknik som vi kallar fluorescens 

ratiometrisk avbildning av kromatin (FRIC). I FRIC så uttrycker vi två färgade proteiner som 

binder det genetiska materialet. Det ena proteinet (Histon 3.3) binder till aktiva regioner på det 

genetiska materialet medan det andra proteinet (Histon 2B) binder både aktiva och inaktiva 

regioner. Vi kan genom att ta bild på dessa två proteiner i mikroskop se vart det finns aktiva 

regioner i cellkärnan. Vi använde oss av FRIC för att se vad som skedde när vi tillsatte olika 

kemikalier till cellerna. Vi fick mer eller mindre inaktiva delar av det genetiska materialet vid 

det inre kärnmembranet. När vi differentierade nervceller till att bli ännu mer specialiserade, 

så kunde vi se att mer av det genetiska materialet blev inaktiverat vid membranet. Vi studerade 

ett av proteinerna i det inre membranet med namnet Samp1. Vi har i denna avhandling visat att 

Samp1 hjälper cellkärnans skelett att bilda inaktiva regioner av det genetiska materialet vid det 

inre kärnmembranet. Vi visade också att Samp1 binder till ett annat protein vid namn Emerin 

i det inre membranet och att denna bindning regleras av den aktiva formen av proteinet Ran. 

Människor som saknar proteinet Emerin i sina celler, får sjukdom Emery–Dreifuss 

muskeldystrofi. Förändringar (mutationer) i Samp1 proteinet har också visats orsaka denna 

sjukdom, vilket gav oss intresse att undersöka dessa mutationer i cellerna. Vi undersökte också 

om Samp1 hade en roll i differentiering av stamceller och nervceller. 
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