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The nucleoporin Nup210 regulates muscle differentiation and functions via 

its lumenal domain 
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Nuclear pore complexes (NPCs) are built from ∼30 different proteins 

called nucleoporins or Nups. Previous studies have shown that several Nups 

exhibit cell-type-specific expression and that mutations in NPC components 

result in tissue-specific diseases. The work presented in this thesis shows that 

the transmembrane nucleoporin Nup210 is induced and essential for both 

myogenic and neuronal differentiation. Nup210 is absent in proliferating 
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myoblasts and embryonic stem cells (ESCs) but becomes expressed and 

incorporated into NPCs during cell differentiation. Preventing Nup210 production 

by RNAi blocks myogenesis and the differentiation of ESCs into neuroprogenitors. 

We found that the addition of Nup210 to NPCs does not affect nuclear transport 

but is required for the induction of genes that are essential for cell differentiation. 

Our data suggest that Nup210 mediates muscle cell differentiation via its 

conserved N-terminal domain that extends into the perinuclear space (PNS), 

since removal of the C-terminal domain, which partially mislocalized Nup210 

away from NPCs, efficiently rescued the differentiation defect caused by the 

knockdown of endogenous Nup210. Furthermore a Nup210 mutant lacking its 

transmembrane and C-terminal domains that are required for NPC targeting, is 

sufficient for myoblast differentiation. Overall, these results identify the induction 

of Nup210 as an essential step in muscle and neuronal differentiation and 

indicate that Nup210 functions via its large lumenal domain, which may act 

independently of NPC association and thus appears to function within the NE/ER 

lumen. 
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Chapter 1 

Introduction  

 

 

 

 

 

 

 

1.1 The Nuclear Envelope 

One of the major transitions in the evolution of life on earth was the 

appearance of an endomembrane system that allowed for cellular 

compartmentalization. The most conspicuous manifestation of this event, which 

occurred between 2.1 and 1.8 billion years ago and gave rise to the entire 

domain Eukaryota, was the emergence of a physical membrane barrier 

separating nuclear and cytoplasmic components. It has only recently become 

evident, however, that beyond its classical barrier function, the nuclear envelope 

(NE) together with its associated proteins is a major player in cellular 

organization, gene expression and the regulation of development (Dauer and 

Worman, 2009; Capelson and Hetzer, 2009; Mekhail and Moazed, 2010). 

The first experimental evidence for the presence of the NE came from 
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micromanipulation studies of the nucleus almost 100 years ago (Kite, 1913). With 

the emergence of the electron microscope in the 1950s, it was established that 

the NE consists of two concentric membranes, the inner nuclear membrane 

(INM) and the outer nuclear membrane (ONM), both perforated by nuclear pores 

(Callan and Tomlin, 1950; Watson, 1959) (Figure 1.1). While the ONM is 

contiguous with the endoplasmic reticulum (ER) and studded with ribosomes in 

the cytoplasmic side, the INM is in direct contact with nuclear contents such as 

chromatin and the nuclear lamina, a meshwork of intermediate filaments 

important for the maintenance of nuclear architecture (Watson, 1955; Franke et 

al., 1981; D’Angelo and Hetzer, 2006). Although the NE represents a continuous 

membrane system, protein composition differs dramatically between the ONM 

and the INM (Stewart et al., 2007). For example, several transmembrane 

proteins called Nesprins, characterized by a Klarsicht/ANC-1/Syne-1 homology 

(KASH) domain, are targeted to the ONM to specifically interact with structural 

components of the cytoplasm and SUN proteins (Zhang et al., 2002; Wilhelmsen 

et al., 2005). The latter belong to a large group of integral membrane proteins 

that exclusively reside at the INM and bind to the nuclear lamina and chromatin, 

participating in the regulation of diverse nuclear functions (Haque et al., 2006; 

Ding et al., 2007). 

Besides containing numerous inner and outer nuclear membrane 

associated proteins, the NE harbours massive multiprotein transport channels 

known as Nuclear Pore Complexes (NPC) which are responsible of mediating all 

traffic of macromolecules between the nucleus and the cytoplasm (Figure 1.1). 
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NPCs are composed of multiple copies of ∼30 different proteins called 

nucleoporins or Nups (Cronshaw et al., 2002; Allen et al., 2001). While the 

primary function of NPCs has traditionally been viewed to be nucleo-cytoplasmic 

transport, recent studies in eukaryotes ranging from yeast to mammals indicate 

that Nups play additional roles in nuclear processes such as chromatin 

organization and gene regulation (Akhtar et al., 2007; Brown et al., 2007; Liang 

and Hetzer, 2011).  

 

1.2 The Nuclear Pore Complex in gene regulation and development 

The NPC is an eight-fold symmetrical structure which consists of a nuclear 

envelope embedded central scaffold ring, a central transport channel, and a 

cytoplasmic and nuclear ring, to which eight filaments are connected. While 

these remain loose at the cytoplasmic side, on the nuclear side they fuse 

together to form the nuclear basket (D’Angelo and Hetzer, 2008) (Figure 1.2). 

Although the size of the NPC has changed across evolution, its structure has 

remained unaltered and is highly conserved from yeast to mammals. NPCs are 

assemblies composed of  500-1000 proteins, consisting of multiple copies of only 

∼30 different components called nucleoporins or Nups (Cronshaw et al., 2002; 

Allen et al., 2001) (Figure 1.3). Nucleoporins can be generally subdivided into at 

least three classes. The first class comprises membrane associated components 

which are thought to anchor the NPC to the NE membranes and consist of 

Pom121, Ndc1 and gp210, the latter also known as Nup210 (D’Angelo and 
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Hetzer, 2008) . The second class represents the structural scaffold of the NPC, 

which is stably embedded into the NE, including the NUP107/160 complex and 

the NUP205/188/93 complex. Finally, the third class comprises approximately 15 

Nups that form peripheral components of the NPC. Most of these Nups contain 

phenylalanine-glycine (FG) repeat motifs, which bind directly to soluble transport 

receptors and facilitate transport through the nuclear pore (Capelson and Hetzer, 

2009). Interestingly, many nucleoporins of this group are mobile and exhibit 

shuttling off and on the NPC (Rabut et al., 2004). Whether this dynamic behavior 

might relate to their role as transport mediators remains unclear. 

NPCs are the exclusive sites of nucleo-cytoplasmic transport, being able 

to actively conduct 1000 translocations per second (D’Angelo and Hetzer, 2008). 

Because of their critical role in nucleo-cytoplasmic transport, it is not surprising 

that mutations in certain nucleoporins result in cellular and developmental 

defects. The surprising fact is that such defects are usually manifested in specific 

cell types and in particular molecular pathways (Nakamura et al., 1996; Zhang et 

al., 2008; Lupu et al., 2008). These observation are consistent with the emerging 

idea that NPCs have cell type-specific composition (Raices and D’Angelo, 2012; 

Ori et al., 2013) and raises the exciting possibility that a subset of nucleoporins 

might act as critical regulators of gene expression programs during differentiation 

and development. 

In the last decade, accumulating evidence has established unambiguous 

connections between single nucleoporin mutations and tissue specific disorders. 
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For example, in humans, NUP155 (component of the NUP93–205 subcomplex) 

(Figure 1.3) is predominantly enriched in heart and skeletal muscle (Zhang et al., 

2002). Interestingly, a recessive Mendelian mutation in NUP155 cosegregates 

with atrial fibrillation (AF), a form of clinical arrhythmia that can lead to sudden 

cardiac death. Nup155-/- mice die early in embryogenesis but heterozygous 

animals show an AF phenotype, suggesting that reduction of NUP155 leads to a 

tissue-specific defect (Zhang et al., 2008). Further analysis revealed that 

NUP155 is required for proper export of Hsp70 mRNA and import of HSP70 

protein, a factor previously linked to this disease (Kim et al., 2006; Afzal et al., 

2008). Supporting its importance in cardiac muscle, NUP155 also interacts with 

HDAC4 in rat cardiomyocytes, where it is required for the localization and 

regulation of hypertrophy-related genes. Disruption of this interaction by 

overexpression of a NUP155 C-terminal truncation mutant suppressed HDAC4-

induced gene expression changes, indicating NUP155-mediated localization, 

presumably at the pore, is crucial for HDAC4 function (Fig 2A) (Kehat et al., 

2011). Furthermore, in flies, Nup154, the fly homologue of NUP155, when 

mutated results in a gametogenesis specific disorder by alterating the 

development of the egg-chamber in females (Gigliotti et al., 1998). 

  Nup133, a component of the stable NUP107-160 subcomplex (Figure 1.3), 

is required for neuronal differentiation during mouse development. Nup133-null 

mice die during embryogenesis due to impaired neuronal development, while in 

vitro, Nup133-null embryonic stem (ES) cells are unable to efficiently produce 
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terminally differentiated neurons (Lupu et al., 2008). Utilizing in situ hybridization, 

the authors determined NUP133 is expressed in a tissue-specific manner in the 

developing embryo, suggesting the existence of cell-type-specific nuclear pores. 

However, it is important to note that the lack of transcription of Nups does not 

always correlate with absence of protein at the NPC. For example, scaffold 

nucleoporin transcripts, such as those belonging to the NUP107-160 subcomplex, 

are downregulated in developing C.elegans embryos and adult worms without 

affecting their protein levels at NPCs (D’Angelo et al., 2009). This finding 

suggests scaffold Nups can be extremely long-lived proteins in post-mitotic cells 

even when their expression is strongly reduced (D’Angelo et al., 2009; Savas et 

al., 2012). In this regard, differential expression of Nups during differentiation and 

development should always be validated at the protein level, especially when 

studying stable NPC components. 

Nup98 and Nup96—which are transcribed and translated together and 

subsequently proteolitically cleaved—have been reported to play a critical role in 

immunity, as upregulation of Nup96/Nup98 was detected upon viral infection 

(Fontoura et al., 1999; Enninga et al., 2002). Furthermore, a heterozygous 

mutation in Nup96 affects the expression of interferon-regulated genes, 

disrupting cell type specific functions of macrophages, and B and T lymphocytes 

(Faria et al.., 2006). Similar results have been identified in the immune response 

of Arabidopsis thaliana, where Nup96 is required for the basal defense and 

resistance responses mediated by plant immune sensors (Zhang and Li, 2006). 
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In zebrafish, a mutation in the nucleoporin ELYS leads to the inhibition of normal 

development and proliferation of the retina and the intestine (Davuluri et al., 

2008; de Jong-Curtain et al., 2009).  

Altogether, these observations support a new vision of the NPC as a hub 

at which fundamental signaling pathways converge to promote cell differentiation 

and development. A reasonable explanation of why cell type-specific defects 

appear from nucleoporin mutations is that nuclear pore complex composition 

varies in different tissues. One could envision a scenario where NPC composition 

can be modulated in a tissue-specific manner to accommodate diverse regulatory 

functions within a multicellular organism. Only two nucleoporins have been 

described to be differentially expressed across tissues, the dynamic Nup50 

(Smitherman et al., 2000) and the transmembrane nucleoporin gp210/Nup210 

(Olsson et al., 2004) (herein referred to as Nup210), which is the main focus of 

this thesis. 
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Figure 1.1: Schematic representation of Nuclear Envelope components. 
ONM: Outer nuclear membrane. INM: Inner nuclear membrane. NPC: Nuclear 
Pore Complex. PNS: Perinuclear Space.  
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Figure 1.2: Schematic representation of a cross section of  the Nuclear 
Pore Complex. Adapted with permission from Maximiliano A. D’Angelo. 
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Figure 1.3: Nucleoporins and their relative location in the vertebrate NPC. 
The image represents one face of the NPC. Nucleoporins are grouped by 
subcomplexes. Adapted with permission of Daniel J. Anderson. 

Nup75

Nup96
Nup107
Nup133
Nup160

Seh1
Sec13
Nup37

Nup43

Elys

N
up

50

Tpr

N
up

15
3

Nup98

Rae1

Nup62
Nup58
Nup54

Nup205
Nup188
Nup155
Nup93
Nup35

Nup214
Nup88

N
up

35
8

Nup98

Rae1

hCG1 ALADIN

Nup43
Nup96
Nup107
Nup133
Nup160

Seh1
Sec13

Nup37
Nup75

Ndc1

Pom121

Nup210 

Nucleus

Cytoplasm



  

XXX 11 

Chapter 2 

Nup210 is induced and essential during muscle differentiation in a 

transport-independent manner 

 

 

 

 

 

 

 

2.1 Introduction 

Only three of the NPC components, Pom121, Ndc1, and gp210/Nup210, 

are integral membrane proteins. These proteins have been proposed to anchor 

the NPC to the NE and to initiate nuclear membrane fusion during nuclear pore 

assembly (Antonin et al., 2005; Doucet et al., 2010; Stavru et al., 2006a, 2006b). 

Increasing evidence supports the role of Pom121 and NDC1 in these processes. 

However, the function of Nup210 at the NPC is less clear.  

Nup210 was the first nucleoporin to be discovered more than three 

decades ago, and due to its membrane association and close resemblance to 

viral fusogenic proteins, it was first proposed to promote the fusion between the 

inner nuclear membrane (INM) and outer nuclear membrane (ONM) during NPC
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biogenesis (Gerace et al., 1982; Wozniak et al., 1989). However, several current 

findings have challenged this idea, as Nup210 is absent in many tissue types and 

found to be dispensable for NPC assembly, maintenance, and distribution 

(Olsson et al., 2004; Stavru et al., 2006; Eriksson et al., 2004; Olsson et al., 

1999; Ori et al., 2013). Nup210 was originally isolated from rat liver nuclear 

fractions and described to be associated with nuclear pore complexes (Gerace et 

al., 1982). Yet, its residence at the nuclear pore has been found to be transient, 

associating with the NPC only for a few minutes (Rabut et al., 2004). Additionally, 

Nup210 was found to be important for NE breakdown in C. elegans (Galy et al., 

2008), but the absence of Nup210 in several mammalian cell types suggests that 

its role in NE breakdown is not universally conserved. Thus, the function of 

Nup210 and the physiological significance of its tissue-specific expression 

remain to be determined. 

 

Results 2.2 

2.2.1 Nup210 expression is induced during myogenic differentiation 

Using the well-characterized C2C12 in vitro myogenic model, our lab has 

recently reported changes in the gene expression profiles of several nuclear pore 

components during myoblast differentiation (D’Angelo et al., 2009). Briefly, our 

lab found that most scaffold nucleoporins were strongly downregulated during 

cell-cycle exit, whereas the majority of dynamic Nups analyzed maintained their 

expression levels. By expanding the analysis to include all Nups, we found that 
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the transmembrane nucleoporin Nup210 was the only NPC component that was 

absent in proliferating myoblasts but strongly expressed during myogenic 

differentiation (Figure 2.1). During C2C12 differentiation, a portion of myoblasts 

remain as quiescent cells that do not differentiate and maintain the potential to 

reenter the cell cycle when exposed to growth factors. To determine whether 

Nup210 induction occurs during differentiation or upon cell-cycle exit, myotubes 

were separated from nondividing quiescent cells, and Nup210 mRNA and protein 

levels were analyzed in each fraction. We found that Nup210 was only detectable 

in postmitotic myotubes (Figure 2.2). This differential expression was also 

evident in immunofluorescence assays. Although Pom121, another 

transmembrane Nup, was detected in the NE of every cell before and after 

differentiation, Nup210 signal was restricted to postmitotic nuclei and was absent 

in proliferating and quiescent myoblasts (Figure 2.3). These results suggest that 

the expression of Nup210 occurs during myoblast differentiation. Furthermore, 

Nup210 expression is induced after Myogenin (Figure 2.4), an early regulator of 

myogenic differentiation, and sequence analysis of the Nup210 promoter 

identified two classical myogenin binding sites (data not shown), suggesting that 

Nup210 is a downstream target of this transcription factor. 

 

2.2.2 Depletion of Nup210 during differentiation inhibits myotube formation 

in vitro 

Next we wanted to determine whether the induction of Nup210 expression 

was required for cell differentiation. To test this, we generated stable knockdown 
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cell lines by infecting proliferating myoblasts with lentivirus carrying control or 

Nup210-specific shRNAs. As expected from the lack of Nup210 expression in 

dividing myoblasts, the presence of the Nup210 shRNA had no effect on 

myoblast proliferation or survival (data not shown). However, preventing Nup210 

induction during differentiation resulted in a strong inhibition of myotube 

formation (Figures 2.5 and 2.6). The lack of Nup210 under differentiation 

conditions resulted in fewer cells positive for the myogenic marker myosin heavy 

chain (MHC). Most of these cells did not progress in the differentiation process 

and remained in the mononucleated stage (Figure 2.5), suggesting that cells 

were able to exit the cell cycle but failed to initiate cell-cell fusion, a later event in 

muscle differentiation. Depleting Nup210 was also associated with increased cell 

mortality likely due to the activation of the apoptotic pathway as judged by 

activated caspase-3 staining (Figure 2.7). In contrast, downregulation of the other 

transmembrane nucleoporins Pom121 and NDC1 had no effect on differentiation, 

indicating that the observed inhibition was specific to Nup210 depletion (Figure 

2.8 and 2.9). To further verify the specificity of the Nup210 knockdown, we 

performed Nup210 rescue experiments. Stable cell lines carrying control or 

Nup210 shRNAs were transfected with a plasmid encoding either GFP or a 

Nup210-GFP fusion resistant to RNAi (rNup210-GFP). These cells were 

reselected, and their ability to differentiate was tested. As shown in Figures 2.10, 

myoblasts expressing rNup210-GFP but not GFP alone were able to differentiate 

into multinucleated myotubes, confirming the essential role of Nup210 in the 

myogenic process. 
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2.2.3 Nup210 functions at the NPC of myotubes 

Nup210 is a transmembrane nucleoporin with a long lumenal domain, a 

single transmembrane segment, and a short 57 amino acid nuclear/cytoplasmic 

tail, a structure that resembles that of viral membrane fusion proteins (Figure 

2.11) (Greber et al.,1990). Therefore, it was possible that a fraction of Nup210 

could function as a fusogenic protein at the plasma membrane. To investigate 

this, postmitotic myotubes were fractionated by sequential centrifugation, and the 

presence of Nup210 in the different fractions was analyzed by western blot. Like 

the NE marker Lamin A, Nup210 was only detected in the nuclear fraction 

(Figure 2.11). In immunofluorescence studies, we found that endogenous 

Nup210 was specifically located at the NPC, colocalizing with other pore 

components, and not present at the plasma membrane (Figures 2.12). 

Furthermore, exogenously expressing Nup210-GFP in myoblasts resulted in its 

localization to the NE and, at high expression levels, also to the ER but was 

undetectable at the cell surface (Figure 2.12). These results indicate that 

endogenous Nup210 is present only at the NE and regulates myogenic 

differentiation through its association with NPCs. 

 

2.2.4 Nup210 depletion does not affect targeting of INMPs 

Microinjection of antibodies against the cytoplasmic domain of Nup210 in 

HeLa cells has been shown to block the passage of an INMP reporter through 

the nuclear pore (Ohba et al., 2004). Interestingly, several INMPs have been 

shown to be required for myogenic differentiation (Huber et al., 2009; Kandert et 
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al., 2009), suggesting that Nup210 could be acting by regulating the transport or 

accumulation of INMPs. To directly investigate whether Nup210 depletion 

affected the localization of INMPs, we transfected proliferating myoblasts with 

vectors expressing V5-Tagged Emerin, Lem2, and MAN1, proteins known to play 

a role in C2C12 differentiation; or Lap2β, which is not required for this process. 

Myoblasts were then induced to differentiate, and the postmitotic myotubes were 

infected with lentivirus carrying control or Nup210 shRNAs. The distribution of the 

INMPs in Nup210-depleted myotubes was then analyzed by 

immunofluorescence using an a-V5 antibody. Infected postmitotic cells showed 

decreased levels of Nup210 at 48–72 hr postinfection and induced an apoptotic 

response by 96–120 hr (Figure 2.13), indicating that Nup210 expression is also 

required for the maintenance of the differentiated state. When infected myotubes 

were stained with the V5 antibody, no differences in the localization or intensity of 

the four INMPs were observed compared to control cells (Figure 2.14). More 

importantly, we found that unlike the depletion of INMPs (Datta et al., 2009; 

Huber et al., 2009), downregulation of Nup210 before differentiation did not 

prevent myoblast cell-cycle exit or the induction of early muscle transcription 

factors such as myogenin (Figure 2.15). These results suggest that Nup210 does 

not regulate the transport or accumulation of INMPs at the NE, and indicate that 

the initial steps of myogenesis are properly executed in the absence of this 

nucleoporin. 

 

2.2.5 Depletion of Nup210 does not affect global nuclear 
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transport rates 

A primary function of the NPC is to regulate the passage of molecules 

between the nucleus and the cytoplasm (D’Angelo and Hetzer, 2008). A previous 

study reported that antibodies against the lumenal domain of Nup210 affect NLS-

dependent nuclear protein import (Greber and Gerace, 1992). We therefore 

investigated whether Nup210 recruitment to the NPC would affect general 

nucleocytoplasmic transport. Proliferating myoblasts were transfected with the 

transport reporter NES-Tomato-NLS and the NE marker Lamin A-GFP, induced 

to differentiate and then infected with lentivirus carrying control or Nup210 

shRNAs as previously described. Nuclear transport was measured in postmitotic 

myotubes 72 hr after infection by photobleaching the intranuclear reporter signal 

and measuring its recovery over time. Although Nup210 levels at the NE were 

strongly reduced in infected myotubes (Figure 2.16), no difference in nuclear 

import rates was observed between control and Nup210 knockdown cells (Figure 

2.17). Alterations in nuclear export can also be detected using this reporter 

because they lead to changes in its intranuclear accumulation (Figure 2.16). Yet, 

no changes in the nuclear accumulation of the transport reporter were observed 

between control and Nup210-depleted cells, indicating that Nup210 knockdown 

does not affect nuclear export (Figure 2.16). Altogether, these results suggest 

that Nup210 does not regulate myogenesis through major changes in 

nucleocytoplasmic transport. 

 

2.3 Discussion 
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The data presented in this chapter provides a direct evidence for the 

existence of cell-type specific NPCs and indicate that a single change in NPC 

composition is sufficient to regulate a complex cellular process such as cell 

differentiation. The finding that Nup210 addition to the NPC is required for 

muscle differentiation indicates that this nucleoporin is a key regulator of cell fate 

determination in this lineage, and further supports the idea that the NPC plays a 

critical role in organismal development. 

Our results suggest that cells employ NPCs of different composition to 

regulate diverse cellular processes. Considering that the NPC is built by multiple 

copies ∼30 proteins, we can envision that unique combinations of nucleoporins 

will result in NPCs with different functionality. Supporting the existence of NPCs 

of different composition/function, the expression of several nucleoporins has 

been shown to be cell-type-specific and/or to vary among different tissues (Cho 

et al., 2009; Guan et al., 2000; Lupu et al., 2008; Olsson et al., 2004). 

Furthermore, mutations in at least four nucleoporins, Aladin, Nup62, Nup155, 

and Nup358, give rise to diseases with tissue-specific phenotypes (Basel-

Vanagaite et al., 2006; Cronshaw and Matunis, 2003; Neilson et al., 2009; Zhang 

et al., 2008). Finally, studies in transgenic knockout animals have shown that the 

depletion of several nucleoporins specifically affects the function of distinct 

tissues or cells (de Jong-Curtain et al., 2009; Faria et al., 2006; Lupu et al., 2008; 

Smitherman et al., 2000).  

Our findings that Nup210 plays a key role in cell differentiation provide 

insights into its functions and address the long-standing question of what is the 
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biological significance of Nup210 tissue-specific expression. 

 

2.4 Materials and methods 

2.4.1 Western blots and immunofluorescence 

For protein extracts, proliferating myoblasts or differentiated myotubes 

were resuspended in 1% SDS buffer preheated to 95°C, incubated at 95°C for 5 

min, and passed five to ten times though a 27G syringe. Protein concentration 

was determined using the BCA reagent (Pierce), normalized, and 4% b-

mercaptoethanol plus 0.01% bromophenol blue was added. For western blot 

analysis 40–80 mg of protein was resolved in SDS-PAGE and transferred to 

Immobilon-FL membranes (Millipore). Membranes were blocked with PBS-0.05% 

Tween 20 (PBS-T) plus 5% nonfat milk for 1 hr, washed, and incubated with 

primary antibody for 1 hr at room temperature (RT) or overnight (ON) at 4°C. The 

secondary antibody was added after three washes with PBS-T for 1 hr at RT. 

Membranes were analyzed with an Odyssey infrared imaging system (LI-COR 

Biosciences). 

For immunofluorescence, myoblasts and myotubes were cultured in 8-well 

plates (Ibidi #80826). For Nup210 staining, cells were fixed in -20°C methanol for 

2 min and then permeabilized in 1X PBS/1% Triton X-100 for 1 min. For MHC, 

cells were either fixed in methanol when costained with Nup210 or in 4% PFA for 

5 min. For all other antibodies and cells, fixation was done in 4% PFA for 5 min. 

Fixed cells were blocked using IF buffer (1X PBS, 10 mg/ml BSA, 0.02% SDS, 

0.1% Triton X-100) and incubated with primary antibody in IF buffer for 1 hr or at 
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RT or ON at 4°C (for Nup210, Nestin and Oct4 antibodies). Cells were washed in 

IF buffer and incubated with secondary antibody for an additional hour at RT. 

Cells were washed in IF buffer and incubated with Hoechst for 5 min before 

mounting using VECTASHIELD (Vector Laboratories). Images were taken with a 

Leica SP2 confocal microscope and a Zeiss Axio Observer Z1 motorized 

microscope. 

 

2.4.2 Constructs 

pEGFP-C1-Nup210-GFP3 was obtained from J. Ellenberg’s lab (Rabut et 

al., 2004). Site-directed mutagensis was performed on pEGFP-C1-Nup210-GFP3 

with QuikChange Site-Directed Mutagenesis Kit (Qiagen) following manufacters 

protocol. Mutations were targeted to the 21bp Nup210 shRNA site changing the 

third nucleic acid of every codon in that region without altering the amino acid 

sequence. Primers used: 5'-CTA-TGC-ACA-GAC-TCA-CTG-ACA-AAC-AGC-

TCA-AGC-ACT-TGA-ACA-3' and 5'-TGT-TCA-AGT-GCT-TGA-GCT-GTT-TGT-

CAG-TGA-GTC-TGT-GCA-TAG-3'. The NES-Tom-NLS was generated by PCR 

to add the NLS sequence PPKKKRKVQ and the NES sequence LQLPPLERLTL, 

both separated by a GGGG linker, to the N- and C-terminus of the tdTomato 

protein. PCR products were cloned into the pcDNA6.2/C-Lumio (Invitrogen). 

Lamin A-GFP was a gift of E. Schirmer. V5-INMPs constructs were previously 

described (Anderson et al., 2009). 

 

2.4.3 Nup210 rescue experiment  
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Cell lines expressing control or Nup210 shRNAs were transfected on 6-

well plates at 30% confluency using 16 ml of Optifect and 4 mg of GFP or 

rNup210-GFP plasmid DNA. After 48 hr, cells were split into 10 cm plates and 

exposed to 1 mg/ml of G418 for 2 weeks. Resistant cells were sorted, and GFP-

positive cells were collected and grown in proliferative media containing 500 

mg/ml of G418 for maintenance. Cell lines were grown in 2 mg/ml of puromycin 

to maintain knockdown 

 

2.4.4 Cell fractionation 

For subcellular fractionation, cells were collected on day 3 after 

differentiation and resuspended in 1 vol of fractionation buffer (250 mM sucrose, 

20 mM HEPES [pH 7.4], 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 

1 mM DTT, protease inhibitors). Cells were placed on ice for 15 min and lysed 

with a 27G syringe (five to ten strokes). Subcellular fractions were separated by 

sequential centrifugation at 4°C as follows: nuclei (750 3 g 10 min), mitochondria 

 5,000 3 g 15 min), ER/Golgi (30,000 3 g 1 hr), and plasma membrane/ 

microsomes (100,000 3 g 1 hr). After each centrifugation step, pellets were 

washed with 1 ml of fractionation buffer and then resuspended in 1% SDS buffer 

preheated to 95°C, incubated at 95°C for 5 min. Protein was quantified as 

described, and 10 mg of proteins was used for western blot analysis. 

 

2.4.5 BrdU incorporation 

Approximately 100,000 cells were plated onto 24-well plates. Twenty-four 
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hours later, cultures were either left in proliferating media or shifted to 

differentiation media for the times indicated. Cells were incubated in media 

containing 10 mM BrdU (BD PharMingen; catalog #550891) for 30 min, washed 

twice in 1X PBS, and fixed for 5 min in 4% PFA at RT. Immunofluorescence 

against BrdU was carried out ON at 4°C, and samples were counterstained with 

Hoechst 33342. Total number and BrdU-positive nuclei were counted manually 

by using Count Tool from Adobe Photoshop. 

 

2.4.6 Fluorescence-activated cell sorting 

For sorting, cultures were dissociated with trypsin for 5 min, centrifuged at 

1,000g, and resuspended in 13 PBS plus 2% FBS. Positive cells were collected 

in 100% FBS and plated on DMEM plus 20% FBS. Cell sorting was carried out in 

the flow cytometry core facility at the Salk Institute. 

 

2.4.7. shRNA production, infection, and selection  

Lentivirus was packaged in 293T cells grown in DMEM plus 20% FBS and 

1X penicillin/streptomycin. 293T cells were transfected in 10 cm plates with 5.2 

mg of shRNA vector and 2.8 mg of packaging mix using 24 ml of Lipofectamine 

2000. Media were replaced 12 hr after transfection, and virus was collected at 36 

and 60 hr. Proliferating myoblasts at 30% confluency were infected with the 36 

and 60 hr supernatants 24 hr later. Myoblasts were then split and cultured in 

media containing 2 mg/ml of puromycin. For myotube infections highly 

concentrated viral stocks (at least 1–5 3 1010 TU/ml) were generated in the Viral 
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Vector Salk facility. For postmitotic myotube infections cells were infected with 2 

X 108 TU at 36 hr after initiation of differentiation. 

 

2.4.8 Lentiviral vectors 

Nup210 (TRCN0000101938), Nup210 3’UTR (TRCN0000101935) and 

GDF5 (TRCN0000068119) shRNA lentiviral vectors were obtained from Open 

Biosystems. NDC1 (TRCN0000250749) and non-target control (SHC002) were 

purchased from Sigma. Pom121 (TRCN0000246409) was obtained directly from 

the TRC consortium. 

 

2.4.9 INMP localization and nuclear transport analysis 

Wild-type C2C12 cells were transfected at 30% confluency in 8-well plates 

(Ibidi #80826) using 4 ml of Optifect (Invitrogen) and 1 mg of DNA. Differentiated 

cells were infected with shRNA against scramble and Nup210 KD 36 hr after 

shifting the cultures to differentiating media. Samples were fixed and stained 

against V5 and Nup210 at 96 and 120 hr postinfection. Images were taken with a 

Leica SP2 confocal microscope. 

 

2.4.10 Fluorescence recovery after photobleaching 

WT C2C12 cells were plated on 8-well plates (Ibidi #80826) at low 

confluency and cotransfected with Lamin-A GFP (Nuclear marker) and a 

fluorescent transport reporter NES-Tomato-NLS using Optifect. Cells were grown 

up to confluency and induce to differentiate. Postmitotic myotubes were infected 
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with 2 X 108 TU at 36 hr after initiation of differentiation with control and Nup210-

specific shRNAs. 120 hours post-differentiation differentiated cells  were imaged 

in a Leica SP2 Confocal Microscope. FRAP was performed on nuclear sections 

in C2C12 myotubes expressing GFP-tagged Lamin A and NES-Tomato-NLS. 

FRAP parameters used were: 5 prebleach scans followed by approximately 20 

photo-bleaching iterations and 50 postbleach scans taken at 1.6 fps. 

Fluorescence intensity data was collected, normalized and plotted using Excel 

(Microsoft) 
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Figure 2.1: Nup210 is induced during C2C12 differentiation. mRNA (upper 
panel) and protein levels (lower panel) of Nup210 during C2C12 differentiation 
were analyzed by qPCR and western blot, respectively (n = 3). Nup210 mRNA 
levels in differentiating cells were normalized to the expression of dividing cells 
(day 0). MHC was used as a differentiation marker and histone H3 (His H3) as 
loading control. Data are presented as average values ± SD (Maximiliano A. 
D’Angelo). 
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Figure 2.2: Nup210 is exclusively expressed in differentiated cells. Nup210 
mRNA (upper panel) and protein levels (lower panel) in dividing myoblasts (M), 
differentiated C2C12 cells (D), myotubes (T), and quiescent myoblasts (Q) were 
analyzed by semiquantitative PCR and western blot, respectively (Maximiliano A. 
D’Angelo). 
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Figure 2.3: Nup210 immunofluorescence in dividing and differentiated cells. 
Upper panel: Immunofluorescence against Nup210 and Pom121 in dividing and 
differentiated (day 4) C2C12 cells. MHC was used as a maker for differentiated 
myotubes, and nuclei were stained with Hoechst. Lower panel: Higher 
magnification  of immunofluorescence against Nup210 and Pom121. Arrowheads 
indicate quiescent myoblasts. 
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Figure 2.4: Nup210 is expressed downstream of myogenin. Upper panel: 
C2C12 myoblast were grown to 90% confluency and induced to differentiate into 
myotubes in low serum containing media. RNA was extracted from different 
differentiation time points and cDNA was prepared. Lower panel: mRNA levels 
for Cdc2, Ki67, PCNA, CycB, Nup210, Myogenin and MHC were determined by 
qPCR and normalized to the expression of dividing cells (Day 0). Values 
represent the average of 3 different independent experiments ± SD (Maximiliano 
A. D’Angelo). 
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Figure 2.5: Nup210 is essential for myoblast differentiation. Upper panel: 
C2C12 cells were infected with lentivirus carrying control or Nup210-specific 
shRNAs. Infected cells were selected and induced to differentiate. Differentiated 
myotubes were stained against MHC at 48, 72, and 96 hr after differentiation. 
Lower panel: The percentage of nuclei in multinucleated cells (>2 nuclei) to the 
total number of nuclei in the field (fusion index) in the upper panel was quantified. 
Values represent the average of four different independent experiments ± SD. 
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Figure 2.6: Nup210 knockdown controls. Upper panel: Protein levels of 
Nup210 in cell lines stably expressing control or Nup210 shRNAs were analyzed 
by western blot. Myosin Heavy Chain (MHC) was used as a differentiation 
marker and GAPDH as loading control.   Lower panel: Nup210 
immunofluorescence in differentiated cells (Day 4) expressing control or Nup210 
shRNAs. Myosin Heavy Chain (MHC) staining was used as a differentiation 
marker. Nuclei were stained with Hoechst. 
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Figure 2.7: Nup210 knockdown results in an increase in apoptosis. Upper 
panel: Cleaved Caspase-3 immunofluorescence in differentiated cells (Day 4) 
expressing control or Nup210 shRNAs. Myosin Heavy Chain (MHC) staining was 
used as a differentiation marker and Hoechst to stain nuclei. Lower panel: The 
percentage of positive cells for cleaved caspase-3 to the total number of cells in 
the field was quantified. Values represent the average of three different 
independent experiments ± SD. 
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Figure 2.8: Analysis of Nup210, Pom121 and NDC1 knockdown by RT-PCR. 
mRNA levels for Nup210, Pom121 and NDC1 in differentiated C2C12 cells (Day 
4) carrying specific shRNAs were analyzed by semi-quantitative RT-PCR. MHC 
was used as a maker for differentiation and GAPDH as a loading control. 
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Figure 2.9: Nup210, Pom121, and NDC1 downregulation in myoblast 
differentiation. C2C12 cells were infected with lentivirus containing control 
shRNA or shRNAs against Nup210, Pom121 and NDC, selected and induced to 
differentiate. Differentiated cells were stained for MHC at 48, 72, and 96 hours 
after differentiation. 
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Figure 2.10: Nup210 rescue experiment. Upper panel: C2C12 cell lines 
carrying control or Nup210 shRNAs were transfected with GFP or a RNAi 
resistant Nup210-GFP (rNup210-GFP). Cells were reselected, induced to 
differentiate and stained against MHC on day 4. Insets show a higher 
magnification of the GFP channel. Lower panel: Fusion index for the experiment 
in the upper panel was quantified as previously described in Figure 2.5. 
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Figure 2.11: Nup210 is present in the nuclear fraction of differentiated cells. 
Nup210 Upper panel: Schematic representation of Nup210 protein domains. 
Lower panel: Postmitotic myotubes were fractionated by sequential 
centrifugation, and Nup210 protein levels were analyzed in the different 
subcellular fractions by western blot. C, cytoplasm; N, nucleus; E/G, endoplasmic 
reticulum/Golgi; PM, plasma membrane (Maximiliano D’Angelo). 



  

XXX 

36 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  

	  

	  

 

Figure 2.12: Nup210 localizes to the NPC in differentiated cells. Upper panel: 
Nup210 localization in postmitotic myotubes was analyzed by 
immunofluorescence. MHC was used as a marker of differentiation and mAb414 
as a marker for NPCs. Lower panel: Immunofluorescence against GFP and the 
endoplasmic reticulum marker Rtn4 in myoblasts expressing GFP or Nup210-
GFP. 
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Figure 2.13: Nup210 is required for maintenance of differentiated myotubes. 
Upper left panel: Immunofluorescence against Nup210 in myotubes carrying 
control or Nup210 shRNA. Staining was performed 72 hours post-infection. MHC 
was used as a differentiation marker . Upper right panel: C2C12 cells were 
infected with lentivirus carrying control or Nup210 shRNA at 36 hours after the 
induction of differentiation. Nup210 mRNA expression levels were analyzed by 
qPCR at 48, 72 and 96h post-infection and normalized against to control levels at 
48h post-infection. Values represent average ± SD of 3 different independent 
experiments. Lower panel:  Immunofluorescence against Nup210 in uninfected 
C2C12 myotubes or myotubes infected with control or Nup210 shRNA lentivirus. 
Staining was performed 120 hours post-infection and MHC was used as a 
myotube marker. Hoechst was used to stain nuclei (Maximiliano D’Angelo).	  
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Figure 2.14: Knock down of Nup210 does not affect INMP targeting. C2C12 
myoblasts were transfected with Emerin-V5, V5-Lap2B, Lem2-V5, and V5-Man1 
and induced to differentiate. Cells were infected with lentivirus carrying control or 
Nup210 shRNAs at 36 hr after differentiation and stained for Nup210 and V5 at 
96 hr postinfection. Insets show higher magnification of myotube nuclei. 
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Figure 2.15: Knock down of Nup210 does not affect myogenin expression 
or cell cycle exit. Upper panel: mRNA levels of Nup210, Myogenin and GAPDH 
were analyzed by semi-quantitative PCR in C2C12 cells expressing either control 
or Nup210 shRNAs (Maximiliano D’Angelo).	   Lower panel: C2C12 myoblasts 
expressing control or Nup210 shRNAs were incubated in media containing BrdU 
at timepoints 0, 4, 8 and 12h after differentiation. BrdU positive cells were 
quantified and plotted relative to the total amount of nuclei. Values represent 
average ± SD of 3 different independent experiments.	  
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Figure 2.16:	   NES-Tomato-NLS transport reporter in control or Nup210 
depleted myotubes.	  Upper left panel: C2C12 myoblasts transfected with Lamin 
A-EGFP and NES-Tomato-NLS were differentiated and infected with lentivirus 
carrying control or Nup210 shRNAs. Cells used to measure nuclear import rates 
by FRAP (Figure 2.16) were fixed and stained against Nup210 to confirm Nup210 
down-regulation. Nup210 signal was pseudo-colored in red. Upper right panel: 
Differentiated myotubes expressing the transport reporter NES-Tomato-NLS and 
the nuclear envelope marker Lamin A-GFP were treated with the nuclear export 
inhibitor Leptomycin B (LMB) for 1h. The nuclear accumulation of the transport 
reporter was determined by confocal microscopy. Lower panel: Localization of 
NES-Tomato-NLS in infected myotubes was analyzed in real time by confocal 
microscopy. 
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Figure 2.17: Knockdown of Nup210 does not affect global nucleo-
cytoplasmic transport. C2C12 myoblasts were transfected with NES-Tomato-
NLS and Lamin A-EGFP and induced to differentiate. Cells were infected with 
lentivirus carrying control (n=19) or Nup210 shRNAs (n=20) at 36 hr after 
differentiation, and nuclear transport was analyzed by FRAP of NES-Tomato-NLS 
96 hr postinfection. Values represent the average of three different independent 
experiments ± SD. 
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Chapter 3 
Nup210 regulates the expression of genes required for muscle and 

neuronal differentiation  

 

 

 

 

 

 

 

3.1 Introduction 

	   The most conspicuous feature in terms of chromatin organization in the 

nucleus is the peripheral distribution of most heterochromatin along the NE with 

the exception of nuclear pore vicinities, where distinctive association of 

decondensed chromatin becomes apparent. This non-random distribution 

suggests the existence of a relationship between NPCs and active chromatin. 

One reasonable explanation for this observation might be that NPCs, being the 

sole sites for mRNA export, co-regulate the production of mRNA and its eventual 

exit into the cytoplasm. Known as the gene-gating hypothesis, this idea states 

that nuclear pores are capable to physically associate with, and possibly, 

regulate active sites in the genome (Blobel, 1985). Currently, multiple lines of
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evidence, principally obtained in yeast, have indeed discovered a connection 

between the NPC and transcription activation (Akhtar and Gasser, 2007).  

For example, NPCs in S. cerevisiae have been described to participate in 

gene activation. The nuclear basket component Nup2, homologue of human 

Nup153, has been shown to directly interact with actively transcribed promoters 

(Schmid et al., 2006). This observation, known as the Nup-PI (nucleopore-

promoter interaction) phenomenon, implies that nuclear pores might contribute to 

transcription initiation. Close proximity to the nuclear pore has also revealed to 

have a positive impact on gene expression. NPCs were shown to increase 

transcript levels of an inducible gene upon association with the pore [Taddei et 

al., 2006). In agreement with these perceptions, the mRNA export machinery and 

the histone acetylase complex SAGA, which promotes transcriptional activation, 

have been linked to the pore via Sus1 by interacting with the NPC component 

Nup1 (Luthra et al., 2007; Rodriguez-Navarro et al., 2004).  

In higher eukaryotes, NPCs have also been recently found to play an 

important role in gene expression regulation  (Capelson et al., 2010; Yi et al., 

2002). Three independent studies have recently reported participation of several 

Nups in transcriptional activation in Drosophila (Capelson et al., 2010; Kalverda 

et al., 2010;  Vaquerizas et al., 2010). NUP98, Sec13, NUP62, NUP50, and 

additional FG Nups dynamically associate with chromatin in a stage-specific 

manner during larvae development (Capelson et al., 2010; Kalverda et al., 2010). 

Strikingly, these interactions were commonly observed to occur inside the 
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nucleoplasm (i.e. away from the NE), expanding the functional reach of NPCs in 

higher eukaryotes. Genome-wide association studies in Drosophila embryonic 

cells revealed NUP98 and NUP50 preferentially bind to highly transcribed genes 

involved in developmental regulation (Fig 2A) (Capelson et al., 2010; Kalverda et 

al., 2010). Particularly, target gene expression was reduced after knockdown of 

NUP98, whereas overexpression stimulated their expression (Capelson et al., 

2010). Together, these findings portray a much more complex picture of NPC 

components in gene regulation and uncover a novel role of nucleoplasmic Nups 

in stimulating gene activity and regulating developmental programs in higher 

eukaryotes. 

  

3.2 Results 

3.2.1 Nup210 regulates the expression of genes essential for myogenesis 

In the absence of evidence for a role of Nup210 in nuclear transport, we 

hypothesized that Nup210 might control the expression of genes relevant for 

myoblast differentiation. To address this possibility, we infected myotubes with 

control or Nup210 shRNA lentiviral particles and analyzed whole-genome gene 

expression at 48 or 72 hr postinfection, when Nup210 expression was at least 4-

fold downregulated, but cell viability was not significantly affected. Of the 255 

known genes that showed a greater than 1.5-fold change (p < 0.05) between 

control and Nup210 knockdown, 64 genes were transcriptionally upregulated, 
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whereas 191 genes were reduced (Figure 3.1). 

Upregulated genes were notably enriched (20%) for cell cycle/ cell-growth-

related genes (Table 3.1). Immunofluorescence analysis of Cyclin A at 96 hr 

postinfection showed that the induction of Cyclin A by Nup210 RNAi occurred in 

quiescent cells, and not in postmitotic tubules (data not shown), suggesting that 

quiescent cells try to reenter the cell cycle as Nup210-depleted myotubes are lost. 

This is supported by the findings that physically removing myotubes from 

differentiated C2C12 cultures induces the activation of Cyclin A expression in 

quiescent cells (Figure 3.2). These results support the hypothesis that Nup210 

does not affect myoblast cell-cycle exit and is not required for the early steps of 

myogenesis. Conversely, downregulated genes showed a significant enrichment 

(17%) in cell differentiation and development genes (Table 3.1). Among these 

genes Asb2, Cand2, Clic5, GDF5, Igfbp4, Neu2, Ndrg2, and Stra13 have been 

directly linked to myogenesis and skeletal system development. For example, 

increased expression of Clic5 and Neu2 in C2C12 cells results in accelerated 

myotube formation (Fanzani et al., 2003; Li et al., 2010). Additionally, Asb2 

promotes myogenesis by inducing the ubiquitin- dependent degradation of the 

actin binding protein filamin B (Cortés et al., 2010), whereas Stra13 and Cand2 

regulate myogenesis by inhibiting NOTCH signaling and suppressing the 

ubiquitination/degradation of myogenin, respectively (Shiraishi et al., 2007; Sun 

et al., 2007). In contrast, Igfbp4 has been suggested to play a negative role 

during myoblast differentiation (Damon et al., 1998; Foletta et al., 2009), and 

GDF5 involvement in this process remains unclear. Using quantitative PCR 
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(qPCR), we confirmed that the transcriptional activity of these eight genes 

decreased with Nup210 downregulation (Figure 3.1) and that their expression, 

with the exception of Stra13, increased during myogenic differentiation (Figure 

3.3). 

Among these eight genes, only the role of GDF5 in C2C12 differentiation 

was previously uncharacterized. We therefore tested whether its downregulation 

would affect myogenesis. We predicted that if GDF5 was downstream of Nup210 

in the differentiation process, depletion of GDF5 should also inhibit myotube 

formation. To address this, we generated stable cell lines expressing control 

shRNA, GDF5 shRNA, or Neu2 and Clic5 shRNAs, which as mentioned had 

been already suggested to play a role in myoblast differentiation, and analyzed 

their ability to differentiate. Strikingly, reduced levels of the three genes resulted 

in a strong inhibition of myotube formation (Figures 3.4 and 3.5), indicating a 

positive role for these factors in myogenic differentiation. The inhibition of 

myoblast differentiation for each single gene was weaker than the inhibition 

observed with Nup210 depletion, particularly for Clic5, supporting a model in 

which Nup210 regulates myogenesis by simultaneously controlling the 

expression of several genes critical for cell differentiation and/or the maintenance 

of the differentiated state.  

 

3.2.2 Overexpression of Nup210 Accelerates Myoblast Differentiation 

The ectopic expression of critical master myogenic regulatory factors such 

as MyoD has been shown to be sufficient to induce the expression of muscle 
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differentiation genes and trigger muscle formation. The finding that Nup210 

depletion resulted in the downregulation of critical myogenic genes prompted us 

to investigate whether its overexpression in myoblasts was sufficient to activate 

these genes in the absence of differentiation conditions. To test this, we 

generated stable C2C12 cell lines expressing GFP or a Nup210-GFP fusion 

under a constitutively active CMV promoter. Total RNA was isolated from control 

and Nup210-GFP expressing cells, and the mRNA levels for the previously 

identified genes were quantified by qPCR. We found that five of the eight genes 

were upregulated by exogenously expressing Nup210 (Figure 3.6), suggesting 

that Nup210 is sufficient to induce the expression of developmentally regulated 

genes. Strikingly, the ectopic expression of Nup210 accelerated the formation of 

myotubes (Figures 3.6). Nup210 overexpression was able to induce tubule 

formation in confluent myoblasts grown in high-serum, growth factor-rich, 

conditions that normally do not trigger myoblast fusion (Figure 3.7). This 

phenotype was strictly dependent on the levels of Nup210-GFP, as only positive 

sorted cells from this cell line differentiated under non-permissive conditions 

(Figure 3.7). The accelerated myogenic phenotype of Nup210 overexpression 

resembles that of Clic5 and Neu2 overexpression (Fanzani et al., 2003; Li et al., 

2010), and supports the idea that Nup210 acts upstream of these genes. To test 

this hypothesis, we determined the effect of depleting GDF5, Neu2, and Clic5 on 

the differentiation of C2C12 cells overexpressing Nup210. We found that 

downregulation of Neu2 and GDF5 completely blocked the acceleration of 

myogenesis by this nucleoporin, confirming that these are downstream targets of 
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Nup210 (Figure 3.8). Depletion of Clic5, on the other hand, did not significantly 

inhibit Nup210 induction of myotube formation. Because Clic5 is strongly 

upregulated in Nup210-overexpressing cells (Figure 3.6), it is possible that 

remaining levels of this protein after knockdown are sufficient to maintain the 

differentiation properties of the Nup210-expressing cell line. An alternative 

explanation is that Nup210 overexpression induces the activity of other myogenic 

genes that can compensate Clic5 depletion. Taken all together, these findings 

demonstrate that Nup210 acts as an upstream regulator of key cell differentiation 

genes and indicate that its expression is sufficient to accelerate myogenic 

differentiation. 

 

3.2.3 Nup210 Regulates the Differentiation of Embryonic Stem Cells into 

Neuroprogenitors 

Nup210 was originally identified for its differential expression during 

metanephric epithelial differentiation (Olsson et al., 1999). In addition, Nup210 

has a tissue-specific expression, with higher levels in kidney, skin, lung, gut, 

pancreas, and brain (Olsson et al., 1999). Interestingly, some of the genes 

identified in our genome-wide expression analysis, such as Grhl3 and Wnt10b, 

play a role in epithelial differentiation, whereas others like Nefl, Crim1, L1CAM, 

NOXP20, and Wnt10a are involved in neuronal development. This raised the 

question of whether Nup210 might be involved in other differentiation processes. 

To test this hypothesis, we utilized the highly characterized ESC to 

neuroprogenitor (NP) cell differentiation system. Briefly, ESCs of the Hb9-GFP 
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line were induced to differentiate into NP cells, and the expression of Nup210 

was analyzed by immunofluorescence. 

Consistent with our findings using the myogenic model, Nup210 was not 

present in ESCs but was strongly expressed in NPs (Figure 3.9). These findings 

are in agreement with a previous genome-wide study in which Nup210 mRNA 

levels were reported to increase during ESC to NP cell differentiation (Bain et al., 

2000). To investigate whether Nup210 was also required for NP cell 

differentiation, we infected ESCs with lentivirus carrying control or Nup210 

shRNAs and evaluated their ability to differentiate. Depletion of Nup210 did not 

affect stem cell survival (data not shown) but strongly inhibited differentiation into 

NPs (Figure 3.9). Under differentiation conditions, the absence of Nup210 was 

associated with strong cell death and a reduced number of Nestin (a NP marker)-

positive cells (Figure 3.9). In agreement with our observations in myotubes, 

depletion of Nup210 in already differentiated NP cells resulted in cell death, likely 

through activation of the apoptotic pathway (Figure 3.10). Altogether, these 

results indicate that the expression of Nup210 is essential for neural 

differentiation and the maintenance of the NP state, and confirm that Nup210 

plays a critical role in diverse cellular differentiation processes. 

 

3.3 Discussion 

 Given that the NPC is considered a site coupled with transcription, one 

potential function of Nup210 might be to recruit transcription or mRNA export 
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factors to the NPC to facilitate gene expression. Interestingly, the genes that 

associate with this structure are typically highly enriched in developmental genes 

(Kalverda et al., 2010). This suggests that the NPC might play an important role 

in differentiation and development by regulating the activity of genes critical for 

these processes. The identification that Nup210 regulates myogenesis by 

controlling the activity of key muscle differentiation genes supports this model. 

Interestingly, we found that depleting Nup210 also affects the activity of genes 

involved in neuronal differentiation and that this protein plays an essential role in 

this process. Our findings support a model in which early differentiation factors, 

likely myogenin in myoblasts, would activate the expression of Nup210 gene in 

cells committed to differentiate. The addition of Nup210 to the NPC will then 

regulate the expression of key genes for specific differentiation processes. This 

would explain the tissue-specific expression of Nup210. The lack of Nup210 at 

the NPCs of differentiation-committed cells will prevent them to further proceed 

with the differentiation process and trigger cell death by apoptosis. 

It is not immediately obvious how a transmembrane nucleoporin could 

regulate gene expression. We cannot rule out that Nup210 mediates a specific 

transport event that triggers the expression of it target genes. However, we think 

this is unlikely for two reasons. First, we did not observe any changes in general 

nucleocytoplasmic transport. Second, only 57 amino acids of Nup210 are 

exposed to interact with the NPC. This makes it unlikely that Nup210 would 

reach and change the properties of the pore transport channel or be able to 

interact with transport receptors. One possible mechanism for Nup210 regulation 
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of gene activity is that its incorporation into the NPC could affect the dynamic 

properties of other nucleoporins known to regulate gene expression in a 

transport-independent manner. A promising candidate would be Nup98, a 

nucleoporin that shuttles between the NPC and the nucleoplasm in a 

transcription-dependent manner (Griffis et al., 2002) and that has been recently 

shown to regulate the activity of several developmental genes (Capelson et al., 

2010; Kalverda et al., 2010). Our microarray data show that 75% of the total 

altered genes we identify are downregulated, whereas only 25% are upregulated. 

This suggests that Nup210 is more likely involved in gene expression activation 

than repression. This is consistent with the current view of the NPC as a site of 

active transcription. Alternatively, Nup210 could recruit and modulate the activity 

of gene/chromatin-regulatory factors and, as a consequence, control gene 

expression at the NPC. In support of such a model, it was recently reported that 

the Nup155 nucleoporin recruits HDAC4 to the NPC, and that this association is 

important for the localization and activity of specific genes (Kehat et al., 2011). 

Finally, Nup210 might help to recruit specific genes to the NPC. The relocation of 

genes to the NPC in order to regulate their activity has been described for a 

small number of yeast genes (Brickner and Walter, 2004; Luthra et al., 2007; 

Taddei et al., 2006; Tan-Wong et al., 2009). Although NPCs were initially 

associated with silent chromatin regions (Feuerbach et al., 2002; Galy et al., 

2000), increasing evidences indicates that they mostly act as a gene-activating 

domain (Ahmed et al., 2010; Brickner and Brickner, 2010; Capelson et al., 2010; 

Casolari et al., 2004; Kalverda et al., 2010). A positive role of the NPC in gene 
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activation is consistent with our findings that Nup210 depletion is mostly 

associated with gene downregulation. Yet, arguing against a role of Nup210 in 

gene tethering to the NPC, using fluorescent in situ hybridization, we have not 

found changes in the intranuclear localization of GDF5 and Clic5 genes during 

myoblast differentiation (data not shown).  

It still remains to be determined how Nup210 regulates muscle 

differentiation. We cannot ignore the fact that most of Nup210’s mass resides 

within the NE lumen. The large lumenal domain of Nup210 could alternatively 

serve as a mediator for the transmission of signals from the NE lumen to the 

nuclear pore complex or vice versa. It will be interesting to determine whether the 

lumenal and the c-terminal domain are both required for mediating Nup210 

function during muscle differentiation. 

3.4 Materials and methods 

3.4.1. Microarray 

For microarray analysis, shRNA-infected myotubes were resuspended in 

TRIzol reagent at 48 or 72 hr postinfection. RNA was purified following the 

manufacturer specifications, and after the addition of ethanol, 70% of the RNA 

was loaded on an RNeasy purification column (QIAGEN) and further purified 

following the kit instructions. Before using the RNA for microarray analysis, 

Nup210 downregulation was confirmed by qPCR.  

For gene expression analysis in Nup210 knockdown, four independent 

myotube infections for control and Nup210 shRNA were used. Samples were 
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compared using Affymetrix Mouse 1.0ST arrays as specified by the manufacturer. 

Analysis of gene expression was preformed with Partek Genomics Suite software. 

RNA background correction, quantile normalization, log2 transformation, and 

mean polished probe set summarization were performed to generate intensity 

values. Due to the low number of genes affected, gene categories were mostly 

poorly defined. Thus, functional categorization of genes was performed by 

manually searching the published literature for each gene. 

3.4.2 Semi-quantitative RT PCR and qPCR 

C2C12 total RNA and cDNA were prepared with QIAGEN RNeasy and 

QuantiTect Rev. Transcription Kits, respectively. qPCR was performed using 

SYBR Green.  
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3.4.3 Embryonic stem cell differentiation 

Hb9-GFP transgenic mouse-derived ES cells (Di Giorgio et al., 2007) were 

cultured on mouse embryonic fibroblasts (MEFs) in ES-Media: Knockout DMEM 

(Gibco #10828), 15% Gibco Knockout serum replacement (Gibco), MEM non 

essential amino acids (Gibco #11140), and ESGRO mLIF (Millipore #ESG1107). 

Media was changed every day and cells were split every 3-4 days. For 

differentiation cells ES were grown in ES-media without mLIF to allow for 

embryonic bodies formation. Differentiation of EBs to neuroprogenitor cells (NP) 

was induced by the addition of mouse Noggin (0.5g/ml) in N2 media (DMEM/F12, 

with glutamax, 1% B27 supplement and 1% N2 supplement). For 

immunofluorescence studies, ES were plated on gelatin treated 8-Well chamber 

Permanox Slides from Nunc (#177445) and NP cells were plated in laminin 

treated chambers. 
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Figure 3.1: Microarray of postmitotic myotubes under Nup210 knockdown 
conditions. Upper panel: C2C12 cells were infected with lentivirus carrying 
control or Nup210 shRNAs at 36 hr after differentiation, and whole-genome 
expression was analyzed by microarray. Heat map shows the microarray 
expression profile of altered expression in Nup210 knockdown myotubes 
(Maximiliano D’Angelo and Daniel Lackner). Lower panel: The expression levels 
of Asb2, Cand2, Clic5, GDF5 Neu2, Igfbp4, Ndrg2, Neu2, Stra13, Nup210 and 
MHC in depleted myotubes was analyzed by qPCR. mRNA levels were 
normalized against control. Values represent average ± SD of 3 different 
independent experiments.  
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Table 3.1: Selected Genes Affected by Nup210 Depletion in Postmitotic 
Myotubes 

 

Gene 
Symbol 

Accession 
Number 

Fold-
Change p-Value Function 

UP     

Hist1h3d NM_178204 1.99 0.0003 Nucleosome remodeling in cell-cycle 
Hgf NM_178204 1.85 0.0004 Proliferation, cell growth, and cell motility 
Ccnb1 NM_010427 1.62 0.0061 Regulation of cell-cycle 
Casc5 NM_024245 1.63 0.0040 Spindle assembly and chomosome alignment 
Mki67 NM_001081117 1.62 0.0048 Cell proliferation 

Kif11 NM_001081117 1.58 0.0158 
Chromosome positioning, centrosome 
separation and bipolar spindle assembly in 
mitosis 

Bub1 NM_009773 1.55 0.0118 Mitotic spindle assembly checkpoint, 
kinetochore assembly 

Ccna2 NM_009828 1.54 0.0136 Cell-cycle regulation 
Kif23 NM_024245 1.54 0.0022 Cell-cycle progression, cytokinesis. 
Mad2l1 NM_019499 1.53 0.0005 Mitotic spindle assembly checkpoint 
Parp14 NM_001039530 1.50 0.0019 Survival of injured proliferating cells 

DOWN     

Nkd2 NM_028186 2.54 0.0004 Development regulation through Wnt signaling 
Tmem119 NM_146162 2.19 0.0002 Promotes Osteoblast differentiation 

L1cam NM_008478 2.18 5 E-05 Nervous system development, neuronal 
migration and differentiation 

Gpr56 NM_018882 1.95 0.0007 Testis and nervous system development 
Neu2 NM_001160165 1.90 0.0013 Myogenic differentiation 
Grhl3 NM_001013756 1.89 0.0021 Epidermal differentiation 

Wnt10a NM_009518 1.86 0.0014 Limb development, cartilage and odontoblast 
differentiation 

Nefl NM_010910 1.85 0.0026 Nervous system development 

Ablim3 NM_198649 1.79 0.0049 Embryonic development, cell lineage 
determination 

Ndrg2 NM_013864 1.76 0.0128 Myoblast proliferation and differentiation 
Crim1 NM_015800 1.74 0.0011 Nervous system development 

Cmklr1 NM_008153 1.74 1 E-05 Regulates adipogenesis and 
osteoblastogenesis 

Apobec2 NM_009694 1.73 1 E-06 Stem cell differentiation 
Mir145 NR_029557 1.70 0.0003 Growth arrest and differentiation 
Edn1 NM_010104 1.69 0.0004 Nervous system development 

Gdf5 NM_008109 1.67 0.0007 Cell differentiation in embryonic and adult 
tissues 

Stra13 NM_016665 1.66 
 3 E-08 Satellite cell activation, myogenic and 

trophoblast differentiation 
Clic5 NM_172621 1.64 0.0018 Myoblast proliferation and differentiation 
Igfbp4 NM_010517 1.64 0.0115 Myoblast and cardiomyocyte differentiation 
Rrad NM_019662 1.59 5 E-05 Stem cell differentiation 
Tspan12 NM_173007 1.57 1 E-05 Vascular development 
Cand2 NM_025958 1.56 0.0008 Myogenic differentiation 

Wnt10b NM_011718 1.54 0.0026 Skeletal development, epithelial differentiation, 
adipogenesis 

Noxp20 NM_026667 1.53 0.0001 Neuronal differentiation 
Myof NM_001099634 1.50 8 E-06 Myoblast fusion 
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Figure 3.2: Depletion of myotubes induces Cyclin A expression in 
quiescent cells. Differentiated C2C12 cells were treated with buffer or diluted 
trypsin to differentially remove myotubes and stained for Cyclin A 24h after 
treatment. Images were taken at the confocal plane of myotube nuclei 
(Myotubes) or quiescent cell nuclei (Quiescent) in control (+Myotubes) or 
myotube depleted cultures (-Myotubes).  
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Figure 3.3: Expression profiles of Nup210 knockdown affected genes 
during C2C12 differentiation. The expression of Nup210, GDF5, Clic5, Asb2, 
Neu2, Cand2, Igfbp4, Stra13, and NDRG2 during myoblast differentiation was 
analyzed by qPCR. mRNA levels in differentiating cells were normalized to the 
levels of dividing cells. Values represent average ± SD of three different 
independent experiments.	  
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Figure 3.4: Knockdown of Clic5, GDF5, Neu2 and Nup210 in C2C12 
differentiated cells. Clic5, GDF5, Neu2 and Nup210 mRNA levels in C2C12 
infected with lentivirus carrying control or gene-specific shRNAs were analyzed 
by qPCR and normalized to control levels. Values represent average ± SD of 3 
different independent experiments.	  
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Figure 3.5: Differentiation of Clic5, GDF5, Neu2 and Nup210 knockdown 
C2C12 cell lines. C2C12 myoblasts were infected with lentivirus carrying control, 
Clic5, GDF5, Neu2, or Nup210 shRNAs and induced to differentiate. 
Immunofluorescence against MHC was performed at 48, 72, and 96 hr 
postdifferentiation. 
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Figure 3.6: Ectopic expression of Nup210 in myoblasts increases the 
expression levels of differentiation genes and accelerates myotube 
formation. Upper panel: The expression levels of Asb2, Clic5, GDF5, Neu2, and 
Ndrg2 in GFP and Nup210-GFP expressing myoblasts were analyzed by qPCR. 
mRNA levels for each gene was normalized to the levels of GFP-expressing cells. 
Values represent average ± SD of three different independent experiments. 
Lower panel: GFP and Nup210-GFP C2C12-expressing myoblasts were induced 
to differentiate. Immunofluorescence against MHC was performed at 48, 72, and 
96 hr postdifferentiation. 
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Figure 3.7: Confluent myoblasts overexpressing Nup210 leads to 
spontaneous differentiation under proliferative conditions. Upper panel: 
Confluent myoblasts expressing GFP or Nup210-GFP were maintained in high 
serum-containing media for 24 hours, fixed and stained for MHC. Lower panel: 
GFP and Nup210-GFP cell lines were sorted into low and high expressors, 
maintained in high serum-containing media for 24 hours after confluency, fixed 
and stained for MHC. 
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Figure 3.8: Knockdown of Neu2 and GDF5 blocks differentiation of cells 
overexpressing Nup210. C2C12 myoblasts ectopically expressing Nup210-GFP 
were infected with lentivirus carrying control, Clic5, GDF5, or Neu2 shRNAs and 
induced to differentiate. Immunofluorescence against MHC was performed at 24, 
48, and 72 hr postdifferentiation. GFP overlay shows the expression of Nup210-
GFP. 
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Figure 3.9: Nup210 is induced and essential during neuronal differentiation. 
Upper panel: ESCs were induced to differentiate into NP cells and stained for 
Nup210. Oct4 and Nestin were used as specific markers for ESCs and NP cells, 
respectively. Hoechst was used to stain nuclei. Lower panel: ESCs were infected 
with lentivirus carrying control or Nup210 shRNAs and induced to differentiate 
into NP cells. Differentiated cells were stained against Nup210 and Nestin. 
Hoechst was used to stain nuclei (Maximiliano D’Angelo and Arianna Mei). 
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Figure 3.10: Nup210 is essential for neuro progenitor cell survival. Upper 
panel: Differentiated NP cells were infected with lentivirus carrying control or 
Nup210 shRNA and stained against Nup210 and Nestin. Lower panel: Control or 
Nup210 knockdown NP cells were stained with Nestin and Cleaved Caspase-3 
(Caspase 3) antibodies (Maximiliano D’Angelo and Arianna Mei). 
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Chapter 4 

Nup210 regulates muscle differentiation via its lumenal domain 

 

 

 

 

 

 

 

4.1 Introduction 

 The topology of Nup210 within the NE is unique among nucleoporins. As 

previously stated, Nup210 is a single pass transmembrane nucleoporin of 1886 

amino acids, of which only a short C-terminal tail of 57 residues faces the 

transport channel, while the majority of the protein is composed of a 1783aa 

lumenal domain that resides inside the perinuclear space (PNS) (Wozniak et al., 

1989) (Figure 4.1).  

The lumenal domain of Nup210 is highly glycosylated in at least 12 

residues and it has been predicted to contain EF-hand calcium binding motifs 

(Wozniak et al., 1989; Greber et al., 1995). Further analysis of the lumenal region 

reveals a series of Bacterial immunoglobulin-like domains (BIg). Primarily found 

in bacterial surface adhesion proteins such as intimins and invasins, BIg domains 

are prokaryotic domains with an Ig-fold that are important for cell invasion (Mans 
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et al., 2004). Intriguingly, BIg domains rarely appear in eukaryotic proteins, 

Nup210 being one of these proteins.	   Additionally, Nup210 has been 

characterized to naturally form SDS-resistant dimers and larger oligomers, yet, 

whether this is relevant to its function has not been tested (Favreau et al., 2001) 

The C-terminal domain of Nup210 is phosphorylated on a single serine 

residue at position 1880 during mitosis by cyclin-dependent kinase 1 (CDK1). 

This site is thought to be phosphorylated at the onset of mitosis in order to 

promote NPC disassembly, similar to what has been proposed for other NPC 

components (Favreau et al, 1996). Consistent with this idea, phosphomimicking 

of S1880 by amino acid substitution for glutamate specifically decreases the 

ability of Nup210 to associate with the NPC (Onischenko et al., 2007). 	  

 Despite being the first nucleoporin to be identified more than thirty years 

ago, little is known about the role of Nup210 and its functional domains. Having 

established a robust system in which we could address these questions, such as 

C2C12 differentiation, prompted us to analyze the function of Nup210’s domains 

during myogenesis in detail.   

 

4.2 Results 

4.2.1 Overexpression of Nup210 lacking its C-terminal domain accelerates 

C2C12 differentiation 

To investigate how Nup210 may function during muscle differentiation, we 

first analyzed its protein sequence conservation across metazoans (Figure 4.1). 
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Alignment of representative sequences from mammals, fish, echinoderms, flies, 

and worms revealed high residue conservation of Nup210 lumenal domain and 

poor conservation of the C-terminal tail (Figure 4.1). All residues found to be 

100% conserved across metazoans were present exclusively in the lumenal 

domain. To assess whether the conserved lumenal domain was in fact the 

functional domain of Nup210 during muscle differentiation, we generated two 

truncation mutants fused to GFP: ∆LUMEN which lacks the lumenal domain, and 

∆CT which lacks the C-terminal domain (Figure 4.1 and Figure 4.2). 

 We have previously shown that ectopic expression of full length Nup210 

in C2C12 myoblasts efficiently accelerates myotube formation (Figure 3.6) 

(D’Angelo et al., 2012). To identify which domain of Nup210 was involved in the 

regulation of muscle differentiation, we generated C2C12 stable cell lines 

overexpressing ∆CT-GFP and ∆LUMEN-GFP under a constitutively active CMV 

promoter (Figure 4.2). C2C12 myoblasts were infected with retrovirus carrying 

∆LUMEN-GFP, ∆CT-GFP and as positive and negative controls Nup210-GFP 

and GFP alone, respectively (Figure 4.2). Cells were differentiated and stained 

for the myogenic marker Myosin Heavy Chain (MHC) at 48, 72 and 96 hrs after 

differentiation. C2C12 cells carrying ∆CT, but not ∆LUMEN, phenocopied full 

length Nup210 overexpression, exhibiting a similar increase in myotube 

formation after differentiation was induced (Figure 4.3). Accelerated myotube 

formation was characterized by an earlier appearance of MHC positive cells, 

followed by the generation of larger myotubes as differentiation progressed, as 
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indicated by an increase in multinucleated myotubes in Nup210 and ∆CT positive 

cells (Figure 4.3). 

 

4.2.2 The Nup210 ∆CT truncation mutant is sufficient to restore C2C12 

differentiation 

 We have previously observed that shNup210 C2C12 cells fail to 

differentiate, but that overexpression of an shRNA-resistant Nup210 (rNup210) 

can rescue differentiation. This experimental strategy allowed us to determine 

whether the ∆LUMEN or ∆CT are sufficient for myogenesis. We performed 

rescue experiments by expressing shRNA-resistant Nup210 mutants in C2C12 

myoblasts carrying a Scrambled shRNA control or a Nup210-specific shRNA 

(Figure 4.4). Nup210 knockdown cells were infected with retroviral constructs 

carrying GFP, rNup210-GFP, ∆CT-GFP or ∆LUMEN-GFP (Figure 4.4). Cells 

were selected and sorted for GFP fluorescence to obtain stable cell line 

populations (Figure 4.4 and Figure 4.5). As expected, cells expressing shRNA-

resistant full length Nup210 were able to restore myogenesis, but those 

expressing GFP alone failed to do so (Figure 4.6). Consistent with our 

overexpression data, cells expressing ∆CT-GFP, but not ∆LUMEN-GFP, were 

able to differentiate into multinucleated myotubes and rescue C2C12 

differentiation as indicated by the ability of ∆CT-GFP expressing cells to increase 

the number of nuclei per myotube as differentiation progressed (Figure 4.6). To 

further validate Nup210 knockdown in ∆CT-rescued myotubes we performed 
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immunofluorescence against Nup210 using a C-terminal specific antibody. As 

anticipated, myoblasts expressing Nup210 shRNA failed to differentiate and 

showed decreased levels for Nup210 staining (Figure 4.7). Conversely, 

myoblasts expressing ∆CT-GFP were able to differentiate despite the reduction 

of endogenous Nup210 at the NE, confirming both the efficiency of Nup210 

knockdown in these cells and the ability of this fragment to rescue myogenesis.  

In addition, we were able to determine that different, non-overlapping 

lumenal fragments were able to moderately rescue Nup210 knockdown 

conditions, suggesting that several functionally redundant domain modules may 

act synergistically to achieve proper Nup210 function (Figure 4.8). Altogether, 

these findings demonstrate that the conserved lumenal domain is the primary 

mediator of Nup210 role during muscle differentiation. 

 

4.2.3 Deletion of Nup210 putative EF-hand domains in the lumenal domain 

does not affect C2C12 differentiation 

 Changes in calcium concentration within the PNS have been reported to 

modulate NPC conformation (Perez-Terzic et al., 1996; Erickson et al., 2006). 

One potential candidate that has been postulated to respond to these changes 

and modify NPC structure has been Nup210 due to its unique large N-terminal 

domain residing in the cisternal region of the PNS. In fact, previous analysis of 

the sequence of Nup210 lumenal domain had revealed putative calcium binding 
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motifs known as EF-hands at amino acids 160-171, 424-435, 580-591, 1413-

1424 and 1610-1621 (Greber et al., 1995). To investigate whether these regions 

in Nup210 play a role in C2C12 differentiation, we generated a mutant lacking 

these amino acid motifs fused to GFP, termed ∆EF-HANDS-GFP (Figure 4.9). 

Targeting of this mutant to the NE or NPCs was not altered, as GFP signal from 

this construct was detected at the nuclear rim and nuclear pores of myoblasts 

(Figure 4.9). To determine whether ∆EF-HANDS mutant was sufficient for 

myogenesis we generated cell lines similar to those previously described (Figure 

4.5). We found that addition of ∆EF-HANDS to Nup210 knockdown cells  

restored myogenesis, suggesting that these regions are not required for C2C12 

differentiation (Figure 4.10 and 4.11). Furthermore, analysis of these regions 

revealed weak conservation across metazoans, indicating that these amino acid 

stretches are unlikely to play a role in Nup210 function during myogenic 

differentiation (Figure 4.11).   

 

4.2.4 ∆CT truncation mutant fails to target Nup210 to the NE and is partially 

mislocalized from NPCs 

 Targeting of Nup210 to the nuclear pore membrane has been shown to be 

dependent on its single transmembrane segment and its C-terminal tail, the latter 

identified as a weaker sorting signal (Wozniak and Blobel, 1992). To determine 

the localization of Nup210 fragments to the NE in C2C12 cells, stable cell lines 

expressing Nup210-GFP, ∆LUMEN-GFP and ∆CT-GFP were fixed and stained 
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with mAb414 to visualize nuclear pores. Stable cell lines expressing Sec61β-

GFP and NDC1-GFP were utilized as experimental controls for ER and NE 

localization, respectively (Figure 4.12). Using confocal microscopy, we were able 

to confirm that ∆LUMEN-GFP, which contains both previously characterized NE 

sorting signals properly localized at the NPC similar to NDC1-GFP (Figure 4.12). 

In contrast, GFP-∆CT lost its ability to concentrate at the NE and was 

predominantly distributed throughout the ER (Figure 4.12), confirming the 

importance of the C-terminal tail in targeting Nup210 to the NE.  

 We have previously reported Nup210 to be exclusively located at NPCs in 

differentiated C2C12 cells (D’Angelo et al., 2012), however, it remained unclear if 

NPC association was important for Nup210 function in cell differentiation. 

Considering that ∆CT seemed largely dispersed throughout the ER, but was still 

able to rescue myogenesis, prompted us to examine this question in more detail. 

We stained NPCs utilizing mAb414 in C2C12 myoblast cell lines expressing 

Nup210-GFP, ∆LUMEN-GFP and ∆CT-GFP and performed structured 

illumination microscopy (SIM) on whole NE surfaces in which the percentage of 

NPCs containing GFP signals was quantified (Figure 4.13). Stable cell lines 

expressing Sec61β-GFP (20.7±3.3%) and NDC1-GFP (88.6±4.6%) were used as 

references for non-NPC and NPC-associated proteins in the NE, respectively 

(Figure 4.13). We found that deletion of Nup210’s lumenal domain did not 

dramatically affect its localization at NPCs (60.2±3.7% vs. 75.6±6.7%), whereas 

the single elimination of Nup210 C-terminal domain partially mislocalized Nup210 
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from nuclear pores (36.3%±8.3%) compared to full length Nup210-GFP 

(75.6±6.7%) (Figure 4.13). These results support the idea that the C-terminal 

domain, which faces the nuclear pore, plays a critical role in targeting Nup210 to 

the NPC.  

 

4.2.5 The Nup210 transmembrane and C-terminal domains are necessary 

and sufficient for its localization to the NPC. 

Since the ∆CT fragment containing the transmembrane domain showed 

partial association with NPCs (Figure 4.13), we wanted to determine whether the 

transmembrane domain was also involved in targeting Nup210 to NPCs. To test 

this, we generated a protein chimera in which the transmembrane domain of 

Nup210 was replaced with that of Sec61β. We compared the ability of this 

construct to associate with NPCs with our positive control, ∆26-1327aa-GFP, a 

Nup210 fragment containing both the TM and C-terminal domains (68.8±6.3%) 

(Figure 4.14). Consistent with our ∆CT colocalization studies, deletion of the C-

terminal domain from ∆26-1327aa-GFP also interfered with its localization to 

NPCs (27.3±4.1%). Notably, we found that replacement of the transmembrane 

domain of Nup210 with that of Sec61β in ∆26-1327aa-GFP,  also impaired its 

localization to nuclear pores (31.0±6.7%), despite containing an intact C-terminal 

domain. These findings indicate that the transmembrane domain of Nup210 is 

also a crucial component to sort this nucleoporin to NPCs (Figure 4.14). 
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As an alternative approach, to further test whether the TM and C-terminal 

domains of Nup210 are sufficient for NPC localization we fused the N-terminal 

domain of the ER resident protein Calnexin to the TM and C-terminus of Nup210 

domains (Figure 4.15). Similar to Nup210, Calnexin is a single pass 

transmembrane protein, where most of its mass is contained in its large N-

terminal domain, and localizes to the lumen of the endoplasmic reticulum (ER) 

(Figure 4.15). We found that fusion of the TM and C-terminal domains of Nup210 

to the Calnexin lumenal domain relocalized this chimera to the NE (Figure 4.15). 

Furthermore, co-localization analysis of these constructs with nuclear pores 

showed that addition of Nup210 TM and CT domains can  efficiently relocalize 

the lumenal domain of Calnexin to nuclear pores as shown by an increment in 

the percentage of NPCs containing CALNEXINLUMEN+NUP210TM+CT-GFP signal 

(63.0±9.6) compared to CALNEXIN-GFP (15.7±6.2%) (Figure 4.15). These 

results confirm that the TM and CT domains of Nup210 are critical for it’s sorting 

to the NE and the NPC. Given that the ∆CT truncation rescues myogenesis 

despite attenuated localization at the NPC suggests that the role of Nup210 

during muscle differentiation may in fact be linked to the perinuclear cisterna, 

where Nup210 may be able to function without NPC interaction. 

 

4.2.6 Association of Nup210 to the NPC is dispensable for C2C12 

differentiation 
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In higher eukaryotes, several mobile nucleoporins have recently been 

characterized to function away from the NE, mainly within the nucleoplasm 

(Griffis et al., 2002; Griffis et al., 2004; Enninga et al., 2003; Capelson et al., 

2010; Kalverdra et al., 2010; Vaquerizas et al., 2010). However, whether 

transmembrane nucleoporins can function away from the NPC is not yet known. 

Given that we had identified the domains important for NPC association on 

Nup210, we sought to determine if nuclear pore association of Nup210 was 

required for C2C12 differentiation. To address this, we generated two Nup210 

protein constructs that were no longer able to associate with NPCs, yet contained 

an intact lumenal domain. To achieve this, we replaced the TM domain of 

Nup210 in our ∆CT mutant with that of Sec61β (∆CTSec61
β
TM) or Lap2β 

(∆CTLap2
β
TM), the latter an inner nuclear membrane protein known to be 

dispensable for C2C12 differentiation and to not associate with NPCs (Huber et 

al., 2009) (Figure 4.16). First, we characterized NE and NPC localization in 

C2C12 myoblast stable cell lines overexpressing these constructs. Both proteins 

localized to NE/ER membranes and failed to associate with the NPCs (Figure 

4.16 and 4.17). Interestingly, differentiation of these cell lines led to rapid fusion 

of myotubes and a dramatic change in their morphology late in differentiation, 

similar to full length Nup210 and ∆CT overexpression (Figure 4.17 and Figure 

4.18).  

Second, we tested the ability of the non-NPC associated Nup210 to 

rescue C2C12 differentiation in Nup210 knockdown cells. C2C12 cell lines 
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carrying control or Nup210 shRNA were infected with GFP or ∆CTLap2
β
TM-GFP 

retrovirus, then selected, sorted and induced to differentiate upon reaching 

confluency (Figure 4.5). We found that despite ∆CTLap2
β
TM-GFP exclusion from 

NPCs, C2C12 cells expressing this construct were able to differentiate under 

Nup210 knockdown conditions (Figure 4.19 and Figure 4.20). Using a C-terminal 

Nup210-specific antibody, we verified Nup210 knockdown in ∆CTLap2
β
TM rescued 

myotubes, confirming that ∆CTLap2
β
TM cells were able to differentiate despite the 

absence of endogenous Nup210 (Figure 4.20). Moreover, ∆CTLap2
β
TM-GFP was 

highly dynamic at the NE in C2C12 myoblasts, implying that stability of this 

fragment at the NE is not required for differentiation (Figure 4.21). Taken 

together, these data suggest that the TM and CT of Nup210 are dispensable for 

differentiation, and that the primary function of Nup210 in mediating C2C12 

differentiation may occur without association with the NPC. 

 

4.3 Discussion 

In this final chapter, we provide evidence for a function of the lumenal 

domain of Nup210 during muscle differentiation. As demonstrated in chapters 2 

and 3, we discovered that Nup210 has an essential role in muscle differentiation, 

as knockdown of Nup210 during C2C12 differentiation results in downregulation 

of developmental genes and failure to differentiate (D’Angelo et al., 2012). 

Strikingly, our new results suggest that this NPC component regulates 
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developmental genes not by modulating NPC activity but rather by a process that 

involves lumenal ER/NE components.  

 The amino acid sequence conservation of Nup210 across metazoans 

highlights the importance of the lumenal domain in Nup210 function throughout 

evolution, as this region is more conserved than the C-terminal tail. It remains to 

be determined which lumenal regions are critical for Nup210 function in 

myogenesis. One possible candidate are Bacterial Immunoglobulin-like domains 

(Big), which have been recently characterized as novel calcium binding modules 

(Mans et al., 2004; Raman et al., 2010; Wang et al., 2013). It will be interesting to 

determine if these domains are responsible for mediating Nup210 function during 

muscle differentiation. Intriguingly, our rescue data indicates that addition of 

partial lumenal regions to the TM and CT domains can partially rescue Nup210 

depletion, suggesting that several regions in the lumenal domain might have 

redundant roles.   

Numerous Nups, including Nup210, are in constant exchange from NPCs, 

residing at the pore only for a few seconds to a few hours (Rabut et al., 2004). 

Mobility of these nucleoporins could be attributed to various functions both on 

and off the NPC. It seems likely that the high mobility exhibited by Nup210 along 

the NE membranes could be due to a potential NPC-independent function during 

differentiation, since our data indicate that a Nup210 chimera with increased 

mobility at the NE does not interfere with its role in muscle differentiation. Our 

finding that Nup210 functions via its lumenal domain establishes a new link 



  

XXX 

79 

between the NPC and the NE lumen during muscle differentiation and provides 

new insights in our understanding of how this tissue-specific nucleoporin may 

function across different cell types. 

 

4.4 Materials and methods 

4.4.1 Cells 

C2C12 cell lines were generated at least three times independently, and 

kept under the same conditions during their generation, maintenance and 

differentiation. For differentiation experiments, cell lines were counted and plated 

in 8-well plates (Ibidi #80826) at the same density and induced to differentiate 

upon confluency.  

 

4.4.2 Western blot analysis 

Western Blot analysis was performed as described in 2.4.1.  

 

4.4.3 Antibodies 

Antibodies used in chapter 2 and 4. Anti-Nup210 (IQ294) from 

Immunoquest was used for western blot analysis (1:1000) while anti-Nup210 

(A301-795A) from Bethyl laboratories was used for immunofluorescence (1:500). 
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Anti-Myosin Heavy Chain antibody (MF-20) was from Developmental Studies 

Hybridoma bank at the University of Iowa. Anti-GFP used for western blot was 

obtained from Santa Cruz (sc-8384)(1:1000). Anti-GFP used for 

immunofluorescence was purchased from Invitrogen (A-11122, 1:1000). Anti-

GAPDH (6C5) was obtained from and Abcam (1:2000). 

 

4.4.4 Nup210 protein conservation analysis 

Nup210 protein sequences from Homo sapiens, Mus musculus, Danio 

rerio, Strongylocentrotus purpuratus, Drosophila melanogaster and 

Caenorhabditis elegans were retrieved from the National Center for 

Biotechnology Information (NCBI) data bank. Multiple sequence alignment of 

Nup210 amino acid sequences was performed utilizing PRALINE online software 

(http://www.ibi.vu.nl/programs/pralinewww) (Simossis et al., 2005). PRALINE 

conservation values from each residue on Nup210 were plotted using Excel 

(Microsoft).  

 

4.4.5 Immunofluorescence 

Differentiated myotubes were cultured in 8-well plates (Ibidi #80826). For 

MHC and GFP staining, cells were fixed in 4% PFA for 20 min. Fixed cells were 

blocked using IF buffer (1X PBS, 10 mg/ml BSA, 0.02% SDS, 0.1% Triton X-100) 

and incubated with primary antibody in IF buffer for 2 hrs at RT or ON at 4°C. 
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Cells were washed in IF buffer and incubated with secondary antibody for 1 hr at 

RT. Cells were incubated with Hoechst for 5 min and washed 3 times with 1X 

PBS buffer before imaging. Images were taken with a Zeiss Axio Observer Z1 

motorized microscope. Number of nuclei per myotube were counted using 

Photoshop (Adobe) and plotted using GraphPad Prism. For nuclear envelope 

and nuclear pore distribution of Nup210 constructs, C2C12 myoblasts cell lines 

were grown on coverslips and fixed for 2min in 4% PFA. Immunofluorescence of 

C2C12 myoblasts was carried out similarly as in myotubes using GFP and 

mAb414 antibodies. Samples were mounted in ProLongGold (Life 

Technologies). For NPC localization analysis, images were taken with a Zeiss 

Elyra PS.1 Super-Resolution Microscope. Reconstruction and chromatographic 

alignment was performed for all images using ZEN 2011 software with SIM 

analysis module. Confocal images to examine nuclear envelope distribution of 

Nup210 fragments were take with a Zeiss LSM 710 Laser Scanning Confocal 

Microscope. Colocalization of fluorophore signals was analyzed by Imaris 

(BITPLANE) and signal profiles were generated using RGB profiler plugin in 

ImageJ.    

 

4.4.6. Fluorescence-activated cell sorting 

GFP cell sorting was carried out as described in 2.4.5.  

 

4.4.7 Constructs 
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pEGFP-C1-rat Nup210-GFP was obtained from J. Ellenberg’s lab (Rabut 

et al., 2004). Generation of shRNA resistant Nup210 was carried out as 

previously described in D’Angelo et al., 2012. To generate NUP210 retroviral 

constructs, Nup210-GFP and all Nup210-derived fragments were first amplified 

from pEGFP-C1-shRNA-resistant Nup210-GFP by PCR, cloned into pDONR207 

(pENTRY) and recombined into pQCXIB (retroviral vector) using the Gateway 

Cloning System (Invitrogen). Human NDC1 and Sec61β were first cloned into 

pEGFP-N1 (C-terminal GFP tag), recloned into pDONR207 and recombined into 

pQCXIB. Human Calnexin was fused with GFP at the C-terminus by cloning into 

pDest47 using the Gateway Cloning System (Invitrogen). 

CALNEXINLumen+Nup210TM+CT-GFP chimera was generated by fusion PCR, 

cloned into pDONR207 and recombined into pQCXIB. For all transmembrane 

chimeras, TM domains were added by extension PCR to the ‘3 end of each 

construct. 

4.4.8 Lentiviral and Retroviral production, infection and selection. 

Lentivirus was packaged in 293T cells grown in DMEM (Invitrogen) 

containing 20% FBS and 1x penicillin/streptomycin. 293T cells were transfected 

in 10 cm plates with 5.2 µg of shRNA vector and 2.8 µg of packaging mix using 

24 µl of lipofectamine 2000. Media was replaced 12 hrs after transfection and 

virus were collected at 36 and 60 hrs. Proliferating myoblasts at 30% confluency 

were infected with the 36 hrs supernatant and with the 60 hrs, 24hrs later. 

Myoblast were then split and cultured in media containing 2 µg/ml of puromycin 
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for selection. Nup210 (TRCN0000101938) shRNA lentiviral vector was obtained 

from Open Biosystems. For retroviral production, 293T cells were transfected in 

10 cm plates with 4 µg of retroviral vector and 4 µg of Ampho retroviral 

packaging vector using 24 µl of lipofectamine 2000. Proliferating myoblasts were 

infected with retrovirus supernatant. Myoblast were then split and cultured in 

media containing 10 µg/ml of blastiscidin for selection.  

 

4.4.9 Fluorescence Recovery After Photobleaching 

C2C12 cells were plated on 8-well plates (Ibidi #80826) and imaged in a 

Zeiss LSM 710 Laser Scanning Confocal Microscope. FRAP was performed on 

sections of the nuclear envelope in C2C12 myoblasts stably expressing GFP-

tagged constructs. To circumvent overexpression artifacts, only cells expressing 

low levels of these constructs  were subjected to FRAP analysis. FRAP 

parameters used were: 5 prebleach scans followed by approximately 50 photo-

bleaching iterations and 115 postbleach scans taken at 2.5 fps. Fluorescence 

intensity data was collected, normalized and fitted for each sample to determine 

the maximum fluorescence recovery (MFR) and half time of recovery (t1/2) using 

GraphPad Prism.   
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Figure 4.1: Protein conservation of Nup210’s domains across metazoans. 
Upper panel: Schematic representation of the topology of Nup210. S.S.: signal 
sequence, TM: transmembrane domain, CT: C-terminal domain. Middle panel: 
Conservation analysis of Nup210 domains across metazoans.: Homo sapiens, 
Mus musculus, Danio rerio, Strongylocentrotus purpuratus, Drosophila 
melanogaster and Caenorhabditis. X-axis: Nup210 residue number. Y-axis: 
Degree of Conservation. 10= Conserved 0= Unconserved. Red bars highlight 
residues that are 100% conserved across all metazoans analyzed. Lower panel: 
Schematic representation of Nup210 GFP fusion constructs overexpressed in 
C2C12 cells. 
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Figure 4.2: Generation of cell lines overexpressing ∆LUMEN and ∆CT 
Nup210 fragments. Upper panel: Schematic representation showing how 
overexpression experiments using retrovirus carrying Nup210 constructs were 
performed. Lower left panel: Western blot analysis against GFP showing the 
expected size for ∆LUMEN-GFP, ∆CT-GFP and Nup210-GFP. Lower right panel: 
Live GFP fluorescence and phase contrast images of C2C12 stable cell lines 
used in overexpression experiments. 
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Figure 4.3: Differentiation of C2C12 cells overexpressing Nup210 fragments. 
C2C12 myoblasts were infected with retrovirus carrying GFP alone, Nup210-GFP, 
ΔLUMEN-GFP and ΔCT-GFP and induced to differentiate. Immunofluorescence 
against MHC (red) and GFP (green) was performed at 48, 72, 96 hours post-
differentiation. Hoechst (blue) was used as a nuclear stain. Lower panel: 
Quantification of nuclei in MHC positive cells at 48, 72, 96 hours post-
differentiation. Data was collected from three independent experiments and 
plotted. 
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Figure 4.4: Generation of Nup210 knock down cell lines expressing 
∆LUMEN and ∆CT Nup210 fragments. Upper panel: Schematic representation 
of rescue experiments methodology. C2C12 myoblasts were first infected with 
lentivirus carrying control and Nup210 shRNAs followed by retroviral transduction 
carrying GFP or Nup210 constructs. Cells were then GFP sorted to obtain high 
expressors. Lower panel: Protein levels of endogenous Nup210 and GFP-tagged 
Nup210 fragments in reconstituted cell lines expressing Scrambled or Nup210 
shRNAs. GAPDH was used a loading control. 
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Figure 4.5: Rescue cell lines. Live GFP fluorescence and phase contrast 
images of C2C12 stable cell lines used rescue experiments shown in Figure 4.6, 
4.8, 4.10 and 4.22. 

 

 

 

 



  

XXX 

90 

               

                                

Figure 4.6: Differentiation of Nup210 knockdown cells expressing ∆LUMEN 
and ∆CT Nup210 fragments. Upper panel: Differentiation of Nup210 knockdown 
C2C12 cells carrying GFP alone, and shRNA resistant Nup210-GFP, ΔLUMEN-
GFP and ΔCT-GFP.  Immunofluorescence against MHC (red) and GFP (green) 
was performed at 24, 48, 72 hours post-differentiation. Lower panel: 
Quantification of nuclei in MHC positive cells at 24, 48, 72 hours post-
differentiation from experiments shown in Figure 4.7.  Data was collected from 
four independent experiments. 
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Figure 4.7: Nup210 staining on Nup210 knockdown cells expressing GFP 
and ∆CT. Immunofluorescence against GFP (green), MHC (red) and Nup210 
(white) in cells expressing GFP and ΔCT-GFP and carrying control and Nup210 
shRNAs 96 hrs post-differentiation. Hoechst (blue) was used as a nuclear stain. 
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Figure 4.8: Differentiation of cells expressing partial lumenal fragments 
under Nup210 knockdown conditions. Upper panel: C2C12 myoblasts were 
infected with lentivirus carrying control and Nup210-specific shRNAs followed by 
another infection with retrovirus carrying GFP alone, ∆26-1327aa-GFP, ∆26-
885aa-GFP, ∆886-1793aa-GFP, ∆444-1793aa-GFP. Cell lines were selected, 
sorted and induced to differentiate. Immunofluorescence against MHC and GFP 
was performed at 24, 48, 72 hrs post-differentiation. Lower panel: Quantification 
of nuclei in MHC positive cells at 72 hrs post-differentiation from experiments 
shown in upper panel. Data was collected from three independent experiments 
and the number of nuclei per myotube was plotted for each condition. 
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Figure 4.9: Nuclear envelope and NPC localization of  Nup210 lacking 
putative EF-hand domains. Upper panel: Schematic representation of Nup210 
mutant ΔEF-HANDS-GFP. Middle panel: Nuclear envelope localization of ΔEF-
HANDS-GFP in C2C12 myoblasts stained for GFP and nuclear pores using 
mAb414. Lower panel: Structural illumination microscopy in nuclear envelope 
surfaces of C2C12 myoblasts stably expressing ΔEF-HANDS-GFP (n=611).	  
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Figure 4.10: Differentiation of C2C12 cells expressing ΔEF-HANDs under 
Nup210 knockdown conditions. Upper panel: Protein levels of endogenous 
Nup210 96 hours post-differentiation in control and Nup210 knockdown cells 
expressing GFP or ΔEF-HANDS-GFP. Expression level of GFP and ΔEF-
HANDS-GFP was determined by western blot analysis against GFP. GAPDH 
was used a loading control. Lower panel: C2C12 cell lines carrying control or 
Nup210 shRNAs were infected with retrovirus carrying GFP or shRNA resistant 
ΔEF-HANDS-GFP. Cells were reselected, GFP-sorted, induced to differentiate 
and stained against MHC 24, 48 and 72 hrs postdifferentiation. Insets show a 
higher magnification of GFP and ΔEF-HANDS-GFP expressing cells.	  
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Figure 4.11: Amino acid sequence conservation of EF-hand predicted 
regions. Upper panel: Quantification of nuclei in MHC positive cells  at 24, 48, 72 
hrs post-differentiation from experiments shown in panel D. Data was collected 
from three independent experiments. Lower panel: Sequence alignment of 
regions previously identified as putative EF-HANDs across metazoans using the 
multiple sequence alignment program PRALINE (Simossis et al., 2005).	  
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Figure 4.12: Nuclear envelope distribution of ΔLUMEN and ΔCT Nup210 
fragments. Upper panel: Nuclear envelope distribution of Sec61-GFP, NDC1-
GFP, NUP210-GFP, ΔLUMEN-GFP, ΔCT-GFP in stable myoblast cell lines. 
C2C12 cells were stained for GFP (green) and nuclear pores using mAb414 (red).  
Localization of GFP and mAb414 signals (right column) at the nuclear rim was 
determined using ImageJ.	  

	  

 



  

XXX 

97 

 

 

Figure 4.13: Nuclear pore complex localization of ΔLUMEN and ΔCT 
Nup210 fragments. Structured illumination microscopy in nuclear envelope 
surfaces of C2C12 myoblasts stably expressing Sec61-GFP (n=555), NDC1-GFP 
(n=603), NUP210-GFP (n=510), ΔLUMEN-GFP(n=502), ΔCT-GFP (n=652). 
Where n represents the number of NPCs. C2C12 cells were stained for GFP and 
nuclear pores using mAb414. GFP and mAb414 signal profiles at the NE surface 
(right column) were determined by ImageJ. Co-localization percentage of nuclear 
pore signals with GFP signals was determined using Imaris.	  
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Figure 4.14: Substitution of Nup210’s transmembrane domain affects its 
localization at NPCs. Structured illumination microscopy in nuclear envelope 
surfaces of C2C12 myoblasts stably expressing ∆26-1327-GFP (n=642), ∆26-
1327/∆CT-GFP (n=572) and ∆26-1327Sec61

β
TM/+CT-GFP (n=593). C2C12 stable 

cell lines were stained for GFP and nuclear pores utilizing mAb414. GFP and 
mAb414 signal profiles and colocalization percentage at the NE surface were 
determined as previously described.	  
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Figure 4.15: The Nup210 transmembrane and C-terminal domains are 
sufficient for its localization to the NPC. Upper panel: Schematic 
representation of the topology of CALNEXIN and CALNEXINLumen+Nup210TM+CT-
GFP. Middle panel: NE distribution of CALNEXIN-GFP and 
CALNEXINLumen+Nup210TM+CT-GFP in C2C12 myoblasts. C2C12 cells were 
stained for GFP and NPCs using mAb414. Lower panel: Structural illumination 
microscopy in NE surfaces of C2C12 myoblasts transiently  expressing 
CALNEXIN-GFP and CALNEXINLumen+Nup210TM+CT-GFP. NPCs were stained 
using mAb414 and GFP fluorescence was enhanced utilizing a GFP-specific 
antibody. Localization of GFP and mAb414 signals and colocalization percentage 
from CALNEXIN-GFP (n=576) and CALNEXINLumen+Nup210TM+CT-GFP (n=761) 
at the NE surface (right) was determined as previously described. 
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Figure 4.16: Nuclear envelope distribution of Nup210 mutants lacking NPC 
sorting signals. Upper panel: Schematic representation of ∆CTLap2

β
TM-GFP and 

∆CTSec61
β
TM-GFP. Lower panel: NE distribution of ∆CTLap2

β
TM-GFP  and 

∆CTSec61
β
TM-GFP in myoblasts. C2C12 cells were stained for GFP and nuclear 

pores using mAb414	  
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Figure 4.17: Nup210 mutants lacking NPC sorting signals accelerate 
myotube formation. Upper panel: Structured illumination microscopy in NE 
surfaces of C2C12 myoblasts stably expressing ∆CTLap2

β
TM-GFP (n=547) and 

∆CTSec61
β
TM-GFP (n=587). Cells were stained for GFP and nuclear pores using 

mAb414. Localization of GFP and mAb414 signals and colocalization percentage 
at the NE of ∆CTLap2

β
TM-GFP  and ∆CTSec61

β
TM-GFP was determined as described. 

Lower panel: C2C12 myoblasts were infected with retrovirus carrying GFP alone, 
∆CTSec61

β
TM-GFP and ∆CTLap2

β
TM-GFP induced to differentiate. 

Immunofluorescence against MHC and GFP was performed at 48, 72, 96 hrs 
post-differentiation.	  
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Figure 4.18: Nup210 mutants lacking NPC sorting signals accelerate 
myotube formation (quantification) .Quantification of nuclei in myotubes at 48, 
72, 96 hrs post-differentiation from experiments from Figure 4.20 .Data was 
acquired from three independent experiments. 
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Figure 4.19: Expression of a Nup210 mutant lacking NPC sorting signals 
restores C2C12 differentiation. Upper panel: Protein levels of endogenous 
Nup210 96 hours post-differentiation in control and Nup210 knockdown cells 
expressing GFP or ∆CTLap2b

β
TM-GFP. Expression level of GFP and ∆CTLap2

β
TM-

GFP was determined by western blot analysis against GFP. GAPDH was used a 
loading control. Lower panel: C2C12 myoblasts were infected with lentivirus 
carrying control and Nup210-specific shRNAs followed by retroviral transduction 
carrying GFP alone or ∆CTLap2

β
TM-GFP. Cell lines were selected, sorted and 

induced to differentiate. Immunofluorescence against MHC (red) and GFP 
(green) was performed at 24, 48, 72 hrs post-differentiation. 
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Figure 4.20: Nup210 staining on Nup210 knockdown cells expressing GFP 
and ∆CTLap2

β
TM.  Upper panel: Quantification of MHC positive cells with 2 or more 

nuclei at 24, 48, 72 hrs post-differentiation from experiments shown in Figure 
4.22 (lower panel). Data was collected from three independent experiments. 
Immunofluorescence against GFP, MHC and Nup210 in Nup210 knockdown 
cells expressing GFP and ∆CTLap2

β
TM-GFP 96 hrs after the induction of 

differentiation.	  
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Figure 4.21: FRAP analysis in myoblasts expressing Nup210-GFP, 
∆CTLap2

β
TM-GFP and Sec61β-GFP. Fluorescence recovery after photobleaching 

analysis in nuclear envelopes of C2C12 myoblasts stably expressing ∆CTLap2
β
TM-

GFP (t1/2= 64.64±7.10s, Maximum Fluorescence Recovery (MFR) = 0.715±0.019, 
n=10), Nup210-GFP (t1/2=108.5±12.61s, MFR=0.476±0.027, n=25) and Sec61β-
GFP (t1/2=44.8±2.48s, MFR=0.706±0.011, n=16). Error bars represent standard 
deviation from the mean 
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