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Genome function and organization in relation to the nuclear 
envelope: marginal or leading edge?

The genome of many organisms has been sequenced during the last decades. On the 

one hand, these sequences have led to a great increase in knowledge and tools, but 

on the other hand we have now realized that the genomic code in itself is one of many 

factors determining the functioning of the genome. One of the other factors playing a role 

in genome function and organization seems to be the spatial positioning of the genome 

within the cell nucleus. In the previous chapters, we have examined the relation between 

the function and the spatial positioning of the genome within the cell nucleus. We did this 

by relating the genome to the only fixed viewpoint of the nucleus: the nuclear envelope. We 

have also investigated the role of specific components of the nuclear envelope in genome 

function and organization, both at the nuclear periphery and in the interior of the nucleus. I 

will now take all new insights together with the current literature and discuss the importance 

of the nuclear envelope for genome function and organization. Is the nuclear envelope 

just ‘marginal’, assembling genomic regions that have been pushed away from the more 

important center of the nucleus, or is it ‘leading edge’, with specific and important functions?

The importance of chromatin position
Chromosomes in human cells barely intermingle, but all occupy their own distinct space 

(chromosome territory) within the cell nucleus. They all have a preferential localization, 

either at the nuclear periphery or in the nuclear interior (1-3). Interestingly, gene-poor 

chromosomes 18 and Y localize more at the periphery, while gene-rich chromosomes 17, 

19 and 20 localize more within the nuclear interior (2). This suggests that it is not trivial 

where a chromosome is positioned in the nucleus and that processes linked to genome 

organization and gene regulation may take place in different ways or to a different extent 

within the nuclear interior and at the nuclear envelope. Interestingly, the nuclear periphery 

has been related to both inactive chromatin (4-6) and active chromatin (7-12), suggesting 

that peripheral chromatin is not one uniform compartment, but may consist of two or more 

different types of chromatin.

We have studied chromatin interaction with two major components of the nuclear envelope: 

the nuclear lamina and the nuclear pore complexes (NPCs). The nuclear lamina is a layer 

of filamentous proteins called lamins, which lines the inner nuclear membrane in animal 

cells. We have identified hundreds of genes that interact with the nuclear lamina (Chapter 

3). Nuclear pore complexes (NPCs) are large structures, consisting of approximately 30 

different proteins (nucleoporins), and function as selective transport channels between the 

cytoplasm and nucleoplasm by crossing the nuclear membranes (13). We have shown 
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that chromatin interacting with the nuclear pore complexes is different than chromatin 

interacting with the nuclear lamina, indicating that peripheral chromatin indeed consists 

of (at least) two different types of chromatin with different characteristics and interaction 

partners (Chapter 4). 

We have also distinguished between interactions of chromatin with nuclear pore proteins 

(nucleoporins) at the NPC and nucleoplasmic nucleoporins. Interestingly, nucleoporins 

interact with very different chromatin at the NPC than when they are away from the 

periphery in the nucleoplasm (Chapter 4). This indicates that the characteristics of the 

chromatin interacting with proteins is not only due to the interaction with the protein per se, 

but is also dependent on the localization at which the interaction takes place.

The role of the nuclear lamina in genome function and organization
Coding regions in genes make up only about 1-2% of the human genome. A long standing 

question is what the function is of the other 98-99%: the intergenic regions, introns and 

pseudogenes. Together these regions have been named ‘junk’ DNA, as if they would have 

no function at all (14). However, it has also been hypothesized for a long time that this ‘junk’ 

DNA contributes significantly to the threedimensional structure of the genome and that 

the nuclear lamina could serve as a sort of anchoring site helping in this threedimensional 

organization by interacting with intergenic regions (15). Until recently, there was no detailed 

experimental data about the genomic regions that interact with the nuclear lamina. We have 

now shown that the nuclear lamina indeed preferentially interacts with silent chromatin 

containing large intergenic regions in Drosophila (Chapter 3). The same now also has been 

shown in human cells (16). 

What could be the function of silent chromatin localizing at the nuclear periphery? One idea 

is the ‘bodyguard hypothesis’, which had been proposed long before it was reported that the 

nuclear lamina interacts with silent and intergenic chromatin (17). This hypothesis poses 

that the silent peripheral chromatin functions in protecting the more interior chromatin from 

damaging influences like mutagens and viruses. However, there is not much experimental 

evidence for this hypothesis. One could also argue that silent chromatin just has to 

be somewhere and that it is pushed away from the centre of the nucleus, where more 

important processes like transcription are taking place. A third possibility is that the nuclear 

lamina has an active role in gene silencing and in this way function in the regulation of gene 

expression. A possible mechanism by which nuclear lamina interacting chromatin might be 

silenced is via the histone deacytelase HDAC3, which interacts with the lamin-associated 

LAP2b (18). However, artificial tethering to the nuclear envelope in human cells leads to 

silencing in some cases, but not always (19, 20). A recent study in Drosophila reports 

that Lamin B depletion leads to detachment from the nuclear envelope and transcriptional 
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upregulation of testis-specific gene clusters in somatic cells (21). Taking this together, it is 

very plausible that the nuclear lamina has a role in gene silencing, but probably not in such 

a black-and-white manner that all peripheral genes are switched off immediately.

The role of nuclear pore complexes in genome function and organization
Besides the nuclear lamina, NPCs are also candidates for affecting genome organization 

and function at the nuclear periphery. Many functions other than transport have been 

assigned to NPCs, such as facilitating mRNA export by attracting active genes (the gene 

gating hypothesis), stimulating gene expression, activation of the male X chromosome and 

acting as a chromatin insulator (reviewed by 22). However, many studies only focused on 

the NPC itself and did not take into account that many nucleoporins are not only building 

blocks of the NPC, but are also partly present in the nucleoplasm and dynamically move 

between these two locations (23). In Chapter 4 and 5 of this thesis, we investigated the 

genomic interactions and the function of nucleoporins, for the first time making a distinction 

between interactions at the NPC and within the nucleoplasm. In the following sections we 

will discuss how this may shed new light on previously published literature and leads to 

new models of the role of nucleoporins in genome function and organization.

Two different pools of chromatin - nucleoporin interactions
We have calculated that 80% of the interactions between nucleoporins and chromatin in 

Drosophila takes place inside the nucleoplasm, and only about 20% is actually at the NPC 

(Chapter 4). It is important to keep this in mind when interpreting data from studies in 

which the interactions of nucleoporins and chromatin were studied without separating them 

into NPC interactions and nucleoplasmic nucleoporin interactions. Functions could have 

been assigned to the NPC, while instead the function is partly, mostly or completely due to 

nucleoplasmic nucleoporins. 

One could object that the nucleoplasmic/NPC ratio of 80%/20% for chromatin-nucleoporin 

interactions may apply specifically to Drosophila Nup98. There may be differences in this 

nucleoplasmic/NPC ratio of genomic nucleoporin interactions depending on the organism 

and on the specific nucleoporin studied. Results may depend on specific properties of 

the nucleoporin, on the ratio in which the nucleoporin is present at the NPC versus in 

the nucleoplasm – which has not been investigated by anyone yet – and on the shuttling 

rate of the nucleoporin between the NPC and the nucleoplasm. In our study, we obtained 

some insight in the variation between genomic interactions of different nucleoporins by 

investigating three different nucleoporins: Nup50, Nup98 and Nup62. The residence times 

at the NPC of the human or mouse equivalents of these nucleoporins are 20 seconds 

(89%) / 3.3 minutes (11%) for Nup50, 2.9 hours for Nup98 and 13 hours for Nup62 (23). 
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The genomic interactions of these nucleoporins are similar, but not completely the same 

(Chapter 4). So, thus far it seems that some variation exists between genomic interactions 

of different nucleoporins, but even between nucleoporins with very different dynamics, 

there is a lot of similarity. We suggest that, except the ‘structural scaffold’ nucleoporins 

that have a residence time of more than 30 hours at the NPC and probably only relocalize 

during mitosis, most nucleoporins are present in a nucleoplasmic and an NPC fraction and 

that their genomic interactions take place mostly within the nucleoplasm.

The gene gating hypothesis revisited
The most widespread theory about the function of chromatin at the NPC is the gene gating 

hypothesis. This hypothesis is a theoretical model launched by Günther Blobel in 1985, 

based on the unequal distribution of chromatin within the nucleus as it had been observed 

by electron microscopy. He proposed that domains of active genes are gated to the NPC, 

where transcription and posttranscriptional processing take place, facilitating the export of 

mRNA to the cytoplasm (15). However, our results show that genes interacting with the NPC 

are not enriched in mRNA transcription (Chapter 4). We do observe an interaction between 

nucleoporins and active genes, but these interactions take place within the nucleoplasm 

and not at the NPC. Logically thinking, this is more plausible than the gene gating 

hypothesis, since the consequences of this hypothesis are that most of the transcriptional 

and posttranscriptional processes would take place in the limited space around the NPCs, 

which is just too small a region. The gene gating hypothesis does also not take into account 

that also the interior of the nucleus has been shown to contain transcriptionally active 

genes (24, 25). Furthermore, the statement that genes would have to move to the NPC to 

become activated is not compatible with the restriction of chromatin movement within the 

nucleus (26, 27). Finally, if there would be very much transcriptional and posttranscriptional 

activity at the NPC, there would be so many proteins present there that the NPC might be 

rather blocked than being an efficient mRNA exporter.

Transcription at the NPC?
But what about all the previous studies which report that active genes reside at the NPC? 

To answer this question it is important to distinguish between the results that really have 

been shown in literature and the often simplified statements based on them in review 

articles and introduction or discussion sections. Studies that are usually referred to when 

stating or suggesting that active genes localize at the NPC are those from Brickner & 

Walter (2004), Casolari et al. (2004), Casolari et al. (2005), Cabal et al. (2006), Dieppois 

et al. (2006), Taddei et al. (2006) and Brown et al. (2008). Brickner & Walter show in yeast 

that activation of the INO1 locus takes place at the nuclear envelope. They report that this 
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requires the integral membrane protein Scs2, but show nothing about the NPC in this article 

(9). Casolari et al. (2004) do show an interaction between active genes and nucleoporins, 

but only examine one locus (GAL) by fluorescent in situ hybridization to check whether 

the interactions take place at the NPC or in the nuclear interior (7). Besides, among the 

nucleoporins they find interacting with active genes are for instance nucleoporins Nup2, 

Mlp1 and Mlp2, which are not exclusively localized at the NPC (28, 29), and also mainly 

nucleoplasmically localizing nuclear transport factors. Thus, it is very well possible that 

the interactions found do not take place at the NPC. A follow up from the same laboratory 

shows that a-factor induced genes associate with Mlp1 (8). Again, only one locus (FIG2) 

was examined by fluorescent in situ hybridization and again we should note that Mlp1 

interaction does not automatically imply NPC interaction. Also Cabal et al. study only one 

locus, the GAL locus, which is the same as used by Casolari et al. (2004). They report 

that upon activation the dynamic motility of this locus decreases and 62-71% of the locus 

localizes at the nuclear periphery versus 43% before activation (30). Note that though 

there is an increase in peripheral localization upon activation, still 29-38% of the loci stays 

in the nuclear interior. Depletion of Nup1 interferes with the localization at the periphery, 

but levels of mRNA transcription remain unaffected. Depletion of Nup2 or Nup52 has no 

effect at all (30). Dieppois et al. show that Mlp1 and the mobile mRNA export receptor 

Mex67p contribute to the localization of the GAL10 and HSP104 genes at the nuclear 

periphery, but that this does not depend on mRNA production (31). Taddei et al. show that 

the active HXK1 locus colocalizes with nucleopores that they forced to cluster on one side 

of the nuclear envelope (32). They report that transcriptional activity on itself however is not 

enough to relocalize a locus to the periphery. Finally, the study of Brown et al. shows that 

genes interacting with human Nup93 are not more active than average (33).

Taking this literature together, we can draw the following conclusions: 1) All studies 

reporting active genes at the periphery and/or NPC have been performed in yeast. The only 

study in higher eukaryotes reports that genes at the NPC are not active. The observations 

may therefore be yeast specific, while the situation in higher eukaryotes may be different. 

2) All yeast studies investigate only one or two genomic loci or only use one genomic 

locus as a control for their genome-wide study. Several studies use the same locus (GAL). 

These loci may not be representative for the complete genome and may therefore only 

reveal specific information about a subset of genes, but not for the genome in general. 3) 

Several studies investigate mobile nucleoporins and/or nuclear transport factors and may 

therefore not examine the situation at the NPC, but instead the genomic interactions of 

nucleoplasmic nucleoporins. Thus, gene activity at the NPC may be more ambiguous than 

is often suggested in literature.

On the other hand, whereas general high transcription at the NPC is not compatible with our 
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results, we found that chromatin in the vicinity of the NPC is also not completely silenced 

and we cannot rule out that the NPC plays a role in the transcription that does take place 

in its neighbourhood. There could be a specific subset of genes that is activated at the 

NPC, or localizes to the NPC upon activation. It could also be possible that activation by 

the NPC might compensate for a repressive environment of the nuclear lamina, together 

resulting in average gene expression around the NPC. Indeed we found a slight but 

significant enrichment of NPC interaction at the genes that are downregulated upon Nup98 

knockdown, suggesting that to some small extent gene activation by Nup98 could take 

place at the NPC (Chapter 4). However, the enrichment of nucleoplasmic Nup98 interaction 

at the genes that were downregulated upon Nup98 knockdown was much higher, showing 

that the activating role of Nup98 rather takes place in the nucleoplasm than at the NPC. We 

should note though that the possibility still remains that another nucleoporin than Nup98 is 

responsible for gene activation at the NPC, but taking all together it is not likely that very 

much transcription would take place there. 

NPC and dosage compensation?
The NPC has also been reported to have a role in dosage compensation in Drosophila (34). 

Dosage compensation involves hypertranscription of the male X chromosome and depends 

on MSL proteins (35). It has been reported that MSL interacts with the nucleoporins Mtor/

TPR and Nup153 and that knockdown of these nucleoporins result in the loss of MSL 

interaction at male X chromosomes and a loss of dosage compensation in male cells (34). 

When we investigated the interaction of the NPC and nucleoplasmic nucleoporins with the 

male X chromosome we were not sure what to expect. Would the male X preferentially 

interact with the NPC, as it was suggested by the study of Mendjan et al., though we 

had already found that NPC interacting genes in female cells were not more active than 

average? Or would the male X preferentially interact with nucleoplasmic nucleoporins, 

which we had found to stimulate gene expression? It turned out that the male X interacted 

with neither NPCs nor nucleoplasmic nucleoporins in our experiments, which included both 

polytene chromosome stainings and mapping the interactions of full length, NPC-tethered 

and nucleoplasmic nucleoporins with the male genome (Chapter 4). One way to explain 

this is that specifically Mtor/TPR and Nup153 have a role in male X dosage compensation 

and not the nucleoporins that we studied. However, a recent study reported that Mtor and 

Nup153 do not directly affect male X dosage compensation and that the effects from the 

study of Mendjan et al. are probably due to harsh knockdown conditions causing cell death 

(36). Together with our results, this suggests that nucleoporins do not have a role in male 

X dosage compensation.
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A new model for chromatin at the NPC
What could be the role of NPC in genome function and/or organization, if it is not facilitating 

mRNA export by attracting active genes, general stimulation of gene expression or male 

X dosage compensation? One option is that the NPC does not have any role at all in 

genome function and organization. However, we identified specific regions in the genome 

interacting with the NPC (Chapter 4), indicating that chromatin-NPC interactions are not 

just random and that it is likely that they have a specific function. To gain more insight 

in possible functions of the NPC, we investigated the characteristics of NPC interacting 

chromatin. We found that the NPC interacts with small genomic domains of about 2 kb, in 

intergenic regions and at very large genes, preferentially at their 3´ side (Chapter 4). These 

genes are often involved in development and have average gene expression. Although 

NPC interacting chromatin is not particularly active, it is highly accessible and enriched in 

su(Hw) insulator protein interaction, but devoid of lamin interaction (Chapter 5).

In a new model based on these results, chromatin at the NPC may rather have a structural 

role in genome organization than a functional role in gene expression. This model is 

mainly based on the very high accessibility of chromatin near the NPC. The association 

of accessible chromatin to the NPC may support the transport of big cargoes, such as 

snRNPs, preribosomal subunits and mRNPs, to and from the cytoplasm. The presence 

of su(Hw), which has a loop forming ability, may affect chromatin structure  in a way that 

favors chromatin accessibility and/or keeps more condensed chromatin away from the 

NPC. Several connections have been made previously between the NPC and insulator 

function, in yeast as well as Drosophila, but it has always been suggested that this would 

have a functional role in transcriptional regulation instead of the structural role that we 

propose (37-39). I must note that although a structural role fits best with the presence of 

highly accessible chromatin with average expression levels, it is very well possible that 

the NPC has multiple roles and that the NPC and/or insulator proteins in its vicinity also 

have a functional role in the regulation of gene expression. More functional studies will be 

neccessary to discriminate between these possibilities.

Nuclear envelope components within the nucleoplasm
The nuclear envelope is often depicted as a stable structure, except when it is being broken 

down and assembled again at respectively the start and end of mitosis. This view is not 

correct, because in fact, the NPCs in the nuclear envelope are behaving very dynamically. 

Many nucleoporins are present both at the NPC and in the nucleoplasm and constantly 

move between these pools at rates of seconds, minutes or hours (23). It is striking how 

many people have put their effort in finding additional functions of nucleoporins at the 

NPCs, while neglecting the presence of nucleoplasmic nucleoporins, for which no function 
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at all was known for a long time. Actually, as I mentioned earlier, in many studies both 

NPC and nucleoplasmic pools of nucleoporins were studied together, without knowing 

whether the results were mostly due to nucleoporins at the NPC or within the nucleoplasm. 

Since we made use of the DamID technique (40), we had the advantage of being able to 

study nucleoplasmic nucleoporins and NPC-tethered nucleoporins separately by making 

mutants and fusion proteins that exclusively localize at the NPC or wihtin the nucleoplasm. 

Interestingly, NPC-tethered nucleoporins and nucleoplasmic nucleoporins showed very 

different genomic interactions (Chapter 4). We found that unlike NPC-tethered nucleoporins, 

nucleoplasmic nucleoporins are specifically interacting with actively transcribing genes and 

that they stimulate gene expression (Chapter 4).

How do nucleoplasmic nucleoporins stimulate gene expression?
An interesting next question is how nucleoplasmic nucleoporins stimulate gene expression. 

Currently, I can only speculate about this, but the thoughts below may give some clues in 

which direction to look for the mechanism.

First, is the positive effect of nucleoporins on gene expression that we found by depleting 

nucleoporins a direct effect or can it be caused indirectly due to NPC transport defects? One 

should always be careful with interpretations of experiments in which a nucleoporin was 

depleted, because a negative effect on gene transcription could just occur by a NPC defect 

leading to a block of mRNA transport through the pore. Therefore, besides nucleoporin 

knockdowns we also overexpressed nucleoplasmic nucleoporins, which would not likely 

lead to a defect of the NPC. We observed that genes that are downregulated upon Nup98 

knockdown are upregulated upon nucleoplasmic Nup98 overexpression, indicating that 

the effect of nucleoplasmic Nup98 overexpression cannot be due to a dominant negative 

effect causing NPC defects (Chapter 4). The genes that are downregulated upon Nup98 

knockdown and upregulated upon nucleoplasmic Nup98 overexpression are enriched 

in nucleoplasmic and full-length Nup98 interaction. This all points to a direct effect of 

nucleoplasmic nucleoporins on gene transcription.

Second, is the stimulation of gene expression something general that several nucleoplasmic 

nucleoporins do, or is it something that only one specific nucleoporin does? Our data 

suggest that several nucleoplasmic nucleoporins may have a similar function in gene 

expression, as several nucleoporins (Nup50, Nup62 and Nup98) interact with a similar set 

of genes and genes that respond to Nup50 knockdown also show high Nup98 interactions 

and vice versa (Chapter 4). However, differences in how nucleoporins act in stimulating 

gene expression may also exist, as we found that Nup50 interaction is (partially) dependent 

on Nup98, but not the other way around (Chapter 4).

Third, can we point to specific regions in nucleoporins that are candidates for the 
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positive effect on gene expression, and what does this mean for possible mechanisms? 

It is tempting to speculate that the phenylalanine-glycine (FG) regions in nucleoplasmic 

nucleoporins are important for nucleoplasmic nucleoporins in gene expression, as 

Nup50, Nup62 and Nup98 are all FG region containing nucleoporins. In the NPC, the 

FG region of many different nucleoporins together form a meshwork which can interact 

with specific transportreceptors and lead them through the pore (41). As FG regions 

are very unstructured, this rather suggests a general mechanism than a very specific 

mechanism. We have shown that nucleoplasmic nucleoporins, and nucleoporins at the 

NPC as well, interact with very accessible chromatin (Chapter 4). It could be possible that 

the unstructured and hydrophobic nature of the FG regions prevents the chromatin that it 

is interacting with from being densely compacted. In this way nucleoplasmic nucleoporins 

might stimulate gene expression by keeping chromatin open. 

Fourth, could it be possible that nucleoporins attract other proteins that activate genes? 

Both in yeast and in Drosophila nucleoporins have been found associated to the SAGA 

complex, a transcriptional coactivator that activates genes by acetylating histones in the 

promoters of target genes (42-45). However, we did not find nucleoporins enriched at the 

promoters of their target genes (Chapter 4). 

Fifth, a clue for the mechanism of gene regulation by nucleoplasmic nucleoporins may also 

be given by the role of nucleoporins in cancer. 

Nucleoporins and cancer
Some nucleoporins, especially Nup98, play a causative role in human leukemia in some 

patients (discussed in Chapter 2). In these leukemia patients chromosomal translocation or 

inversion has led to the creation of fusion proteins that contain the FG region part of Nup98 

coupled to a part of another protein, which is often a homeobox transcription factor such 

as HoxA9 (46, 47). The transforming ability of these proteins has been shown to depend 

both on the Nup98 FG and the homeobox parts of the fusion protein (48-50). The Nup98 

part has the ability to recruit CBP/p300 acetyltransferase and HDAC1 histone deacetylase 

through part of its FG region (48, 51, 52). Interestingly, we found in our experiments that 

genes associating with nucleoplasmic nucleoporins are particularly high in acetylated 

histones (Chapter 4). This suggests that both physiological gene activation by wild type 

nucleoplasmic nucleoporins and oncogenic gene activation by nucleoporin fusion proteins 

are accomplished via the same mechanism: acetylation by histone modifiers. Interestingly, 

in the case of Nup98-HoxA9, the Nup98 FG region can be functionally replaced by those 

of Nup153 and Nup214 (48). This suggests that recruitment of CBP/p300 or other histone 

modifiers is not restricted to Nup98, but an intrinsic property of nucleoporin FG regions.

The question remains whether, in for example the case of the Nup98-HoxA9 fusion, Nup98 



Chapter 6  

134

causes an overstimulation of HoxA9 target genes, or HoxA9 causes an overstimulation of 

nucleoplasmic Nup98 target genes, or both. It has been shown that the fusion proteins are 

able to activate Hox target genes (reviewed in 53). This suggests that the fusion proteins 

localize to the Hox target genes and that the extra activation of these genes by Nup98 

causes leukemia. This would mean that in the fusion proteins the Nup98 part fulfils its 

natural nucleoplasmic role, but at the wrong position in the genome. On the other hand, 

extra activation of nucleoplasmic Nup98 target genes by Hox proteins is also conceivable, 

as we have found that genes that interact with and respond to nucleoplasmic Nup98 

or Nup50 are highly enriched in genes that are directly linked to the cell cycle (Chapter 

4). Several of these cell cylcle genes, including Cyclin B, Bub1, Plk4 and Mad2, have 

been implicated in human cancer. For example, overexpression of Mad2 leads to tumors 

in transgenic mice (54) and the human homologues of Cyclin B, Bub1, Plk4 and Mad2 

are included in ‘death-from-cancer’ gene signatures (55, 56). High expression of this 

signature set of genes correlates with an unfavourable outcome in several types of cancer. 

Therefore it is also very well possible that nucleoporin-hox fusion proteins in part localize 

to the nucleoporin target sites, amongst which these cell cycle genes, and may increase 

their expression to levels favourable to continued cell cycle progression, required for the 

leukemogenesis. Investigating which of these possibilities is true and further investigation 

on the mechanism of gene activation by nucleoplasmic nucleoporins may lead to more 

insight in both fundamental research on gene regulation by nucleoporins and applied 

cancer research on the mechanism of leukemia.

Future directions
The work that I described here contains many interesting starting points for further 

research. I think that especially the discovery of a function of nucleoplasmic nucleoporins 

and their possible connection with oncogenic fusion proteins in leukemia opens a wide 

range of opportunities. A first step may be to investigate chromatin-nucleoporin interactions 

in human cells, to see whether nucleoplasmic nucleoporins also activate genes in humans. 

Next, it would be interesting to investigate the genomic interactions of oncogenic fusion 

proteins containing FG regions of nucleoporins and to elucidate the mechanisms via which 

wild type nucleoporins and oncogenic fusion proteins activate their target genes. As a 

second line of research I would suggest to investigate further the function and mechanism 

of the NPC interacting chromatin. By performing more functional assays it may be possible 

to move beyond hypotheses and find out whether the NPC is involved in transcription, acts 

as an insulator and/or attracts highly accessible chromatin to stay accessible for transport 

of big cargoes. These functional assays would be greatly helped by detailed understanding 

of the mechanism of NPC targeting, which would therefore also be a research priority.
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Conclusions
I started this chapter with the question whether genome function and organization 

in relation to the nuclear envelope are important. Is the nuclear envelope ‘marginal’ or 

‘leading edge’? I have discussed the nuclear lamina interaction with specific chromatin, 

which seems to have a role in gene silencing. The NPC also retains specific chromatin, 

but possibly not in the way that has been suggested in literature. Our results have lead 

to a new model of accessible NPC chromatin supporting nucleocytoplasmic transport of 

big cargoes. Interestingly, nuclear envelope proteins do not only have a role when at the 

nuclear envelope. Nucleoporins dynamically move between the NPC and the nucleoplasm 

and have a role in stimulating gene expression within the nucleoplasm. The mechanism 

via which this takes place may be the same as oncogenic gene activation by nucleoporin 

fusion proteins in leukemia patients. Thus, the nuclear envelope is a significant factor in 

the function and organization of the genome, but in a different and more dynamic way than 

has been thought previously.



Chapter 6  

136

References

1. Croft JA, et al. (1999) Differences in the localization and morphology of chromosomes in the 
human nucleus. J Cell Biol 145(6):1119-1131.

2. Cremer M, et al. (2001) Non-random radial higher-order chromatin arrangements in nuclei of 
diploid human cells. Chromosome Res 9(7):541-567.

3. Bolzer A, et al. (2005) Three-dimensional maps of all chromosomes in human male fibroblast 
nuclei and prometaphase rosettes. PLoS Biol 3(5):e157.

4. Andrulis ED, Neiman AM, Zappulla DC, & Sternglanz R (1998) Perinuclear localization of chromatin 
facilitates transcriptional silencing. Nature 394(6693):592-595.

5. Kosak ST, et al. (2002) Subnuclear compartmentalization of immunoglobulin loci during lymphocyte 
development. Science 296(5565):158-162.

6. Zink D, et al. (2004) Transcription-dependent spatial arrangements of CFTR and adjacent genes 
in human cell nuclei. J Cell Biol 166(6):815-825.

7. Casolari JM, et al. (2004) Genome-wide localization of the nuclear transport machinery couples 
transcriptional status and nuclear organization. Cell 117(4):427-439.

8. Casolari JM, Brown CR, Drubin DA, Rando OJ, & Silver PA (2005) Developmentally induced 
changes in transcriptional program alter spatial organization across chromosomes. Genes Dev 
19(10):1188-1198.

9. Brickner JH & Walter P (2004) Gene recruitment of the activated INO1 locus to the nuclear 
membrane. PLoS Biol 2(11):e342.

10. Brickner DG, et al. (2007) H2A.Z-mediated localization of genes at the nuclear periphery confers 
epigenetic memory of previous transcriptional state. PLoS Biol 5(4):e81.

11. Menon BB, et al. (2005) Reverse recruitment: the Nup84 nuclear pore subcomplex mediates 
Rap1/Gcr1/Gcr2 transcriptional activation. Proc Natl Acad Sci U S A 102(16):5749-5754.

12. Ragoczy T, Bender MA, Telling A, Byron R, & Groudine M (2006) The locus control region is 
required for association of the murine beta-globin locus with engaged transcription factories during 
erythroid maturation. Genes Dev 20(11):1447-1457.

13. Tran EJ & Wente SR (2006) Dynamic nuclear pore complexes: life on the edge. Cell 125(6):1041-
1053.

14. Ohno S (1972) So much "junk" DNA in our genome. Brookhaven Symp Biol 23:366-370.
15. Blobel G (1985) Gene gating: a hypothesis. Proc Natl Acad Sci U S A 82(24):8527-8529.
16. Guelen L, et al. (2008) Domain organization of human chromosomes revealed by mapping of 

nuclear lamina interactions. Nature 453(7197):948-951.
17. Hsu TC (1975) A possible function of constitutive heterochromatin: the bodyguard hypothesis. 

Genetics 79 Suppl:137-150.
18. Somech R, et al. (2005) The nuclear-envelope protein and transcriptional repressor LAP2beta 

interacts with HDAC3 at the nuclear periphery, and induces histone H4 deacetylation. J Cell Sci 
118(Pt 17):4017-4025.

19. Reddy KL, Zullo JM, Bertolino E, & Singh H (2008) Transcriptional repression mediated by 
repositioning of genes to the nuclear lamina. Nature 452(7184):243-247.

20. Kumaran RI & Spector DL (2008) A genetic locus targeted to the nuclear periphery in living cells 
maintains its transcriptional competence. J Cell Biol 180(1):51-65.

21. Shevelyov YY, et al. (2009) The B-type lamin is required for somatic repression of testis-specific 
gene clusters. Proc Natl Acad Sci U S A 106(9):3282-3287.

22. Akhtar A & Gasser SM (2007) The nuclear envelope and transcriptional control. Nat Rev Genet 



General discussion

137

8(7):507-517.
23. Rabut G, Doye V, & Ellenberg J (2004) Mapping the dynamic organization of the nuclear pore 

complex inside single living cells. Nat Cell Biol 6(11):1114-1121.
24. Iborra FJ, Pombo A, Jackson DA, & Cook PR (1996) Active RNA polymerases are localized within 

discrete transcription "factories' in human nuclei. J Cell Sci 109 ( Pt 6):1427-1436.
25. Fay FS, Taneja KL, Shenoy S, Lifshitz L, & Singer RH (1997) Quantitative digital analysis of diffuse 

and concentrated nuclear distributions of nascent transcripts, SC35 and poly(A). Exp Cell Res 
231(1):27-37.

26. Chubb JR, Boyle S, Perry P, & Bickmore WA (2002) Chromatin motion is constrained by association 
with nuclear compartments in human cells. Curr Biol 12(6):439-445.

27. Marshall WF, et al. (1997) Interphase chromosomes undergo constrained diffusional motion in 
living cells. Curr Biol 7(12):930-939.

28. Marelli M, Dilworth DJ, Wozniak RW, & Aitchison JD (2001) The dynamics of karyopherin-mediated 
nuclear transport. Biochem Cell Biol 79(5):603-612.

29. Strambio-de-Castillia C, Blobel G, & Rout MP (1999) Proteins connecting the nuclear pore complex 
with the nuclear interior. J Cell Biol 144(5):839-855.

30. Cabal GG, et al. (2006) SAGA interacting factors confine sub-diffusion of transcribed genes to the 
nuclear envelope. Nature 441(7094):770-773.

31. Dieppois G, Iglesias N, & Stutz F (2006) Cotranscriptional recruitment to the mRNA export receptor 
Mex67p contributes to nuclear pore anchoring of activated genes. Mol Cell Biol 26(21):7858-7870.

32. Taddei A, et al. (2006) Nuclear pore association confers optimal expression levels for an inducible 
yeast gene. Nature 441(7094):774-778.

33. Brown CR, Kennedy CJ, Delmar VA, Forbes DJ, & Silver PA (2008) Global histone acetylation 
induces functional genomic reorganization at mammalian nuclear pore complexes. Genes Dev. 
22:627-639.

34. Mendjan S, et al. (2006) Nuclear pore components are involved in the transcriptional regulation of 
dosage compensation in Drosophila. Mol Cell 21(6):811-823.

35. Lucchesi JC, Kelly WG, & Panning B (2005) Chromatin remodeling in dosage compensation. 
Annual Review of Genetics 39:615-651 %U http://www.ncbi.nlm.nih.gov/pubmed/16285873.

36. Grimaud C & Becker PB (2009) The dosage compensation complex shapes the conformation of 
the X chromosome in Drosophila. Genes Dev 23(21):2490-2495.

37. Ishii K, Arib G, Lin C, Van Houwe G, & Laemmli UK (2002) Chromatin boundaries in budding yeast: 
the nuclear pore connection. Cell 109(5):551-562.

38. Gerasimova TI, Byrd K, & Corces VG (2000) A chromatin insulator determines the nuclear 
localization of DNA. Mol Cell 6(5):1025-1035.

39. Kurshakova M, et al. (2007) Evolutionarily conserved E(y)2/Sus1 protein is essential for the barrier 
activity of Su(Hw)-dependent insulators in Drosophila. Mol Cell 27(2):332-338.

40. van Steensel B, Delrow J, & Henikoff S (2001) Chromatin profiling using targeted DNA adenine 
methyltransferase. Nat Genet 27(3):304-308.

41. Stewart M, et al. (2001) Molecular mechanism of translocation through nuclear pore complexes 
during nuclear protein import. FEBS Lett 498(2-3):145-149.

42. Grant PA, et al. (1997) Yeast Gcn5 functions in two multisubunit complexes to acetylate 
nucleosomal histones: characterization of an Ada complex and the SAGA (Spt/Ada) complex. 
Genes Dev 11(13):1640-1650.

43. Rodriguez-Navarro S, et al. (2004) Sus1, a functional component of the SAGA histone acetylase 
complex and the nuclear pore-associated mRNA export machinery. Cell 116(1):75-86.



Chapter 6  

138

44. Luthra R, et al. (2007) Actively transcribed GAL genes can be physically linked to the nuclear pore 
by the SAGA chromatin modifying complex. J Biol Chem 282(5):3042-3049.

45. Kurshakova MM, et al. (2007) SAGA and a novel Drosophila export complex anchor efficient 
transcription and mRNA export to NPC. EMBO J 26(24):4956-4965.

46. Romana SP, et al. (2006) NUP98 rearrangements in hematopoietic malignancies: a study of 
the Groupe Francophone de Cytogénétique Hématologique. Leukemia: Official Journal of the 
Leukemia Society of America, Leukemia Research Fund, U.K 20(4):696-706 %U http://www.ncbi.
nlm.nih.gov/pubmed/16467868.

47. Lam DH & Aplan PD (2001) NUP98 gene fusions in hematologic malignancies. Leukemia 
15(11):1689-1695.

48. Kasper LH, et al. (1999) CREB binding protein interacts with nucleoporin-specific FG repeats that 
activate transcription and mediate NUP98-HOXA9 oncogenicity. Mol Cell Biol 19(1):764-776.

49. Thorsteinsdottir U, Kroon E, Jerome L, Blasi F, & Sauvageau G (2001) Defining roles for HOX and 
MEIS1 genes in induction of acute myeloid leukemia. Mol Cell Biol 21(1):224-234.

50. Pineault N, et al. (2003) Induction of acute myeloid leukemia in mice by the human leukemia-
specific fusion gene NUP98-HOXD13 in concert with Meis1. Blood 101(11):4529-4538.

51. Bai XT, et al. (2006) Trans-repressive effect of NUP98-PMX1 on PMX1-regulated c-FOS gene 
through recruitment of histone deacetylase 1 by FG repeats. Cancer Res 66(9):4584-4590.

52. Wang GG, Cai L, Pasillas MP, & Kamps MP (2007) NUP98-NSD1 links H3K36 methylation to 
Hox-A gene activation and leukaemogenesis. Nat Cell Biol 9(7):804-812.

53. Argiropoulos B & Humphries RK (2007) Hox genes in hematopoiesis and leukemogenesis. 
Oncogene 26(47):6766-6776.

54. Sotillo R, et al. (2007) Mad2 overexpression promotes aneuploidy and tumorigenesis in mice. 
Cancer Cell 11(1):9-23.

55. Glinsky GV, Berezovska O, & Glinskii AB (2005) Microarray analysis identifies a death-from-
cancer signature predicting therapy failure in patients with multiple types of cancer. J Clin Invest 
115(6):1503-1521.

56. Glinsky GV (2006) Genomic models of metastatic cancer: functional analysis of death-from-cancer 
signature genes reveals aneuploid, anoikis-resistant, metastasis-enabling phenotype with altered 
cell cycle control and activated Polycomb Group (PcG) protein chromatin silencing pathway. Cell 
Cycle 5(11):1208-1216.




