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Abstract 

 

Nuclear pore complexes (NPCs) are large macromolecular structures embedded into the doubled-

membrane nuclear envelope that form a channel, mediating the bidirectional nucleocytoplasmic 

transport. NPCs are built from multiple copies of around 30 different nuclear pore proteins called 

nucleoporins (NUPs). Over the years, nucleoporins have been linked to a multitude of cancers through 

chromosomal translocations generating fusion proteins, single point mutations, and changes in protein 

expression levels. In particular, the nucleoporin NUP107 gene has been recently shown to be 

amplified and overexpressed in well- and dedifferentiated liposarcoma (WD/DDLPS) that carry 

neochromosomes. This project is in the continuity of a study initiated by Marie-Claude Geoffroy in the 

team of Dr. V. Doye, at Institut Jacques Monod, that aimed at understanding how Nup107 

overexpression could provide a growth advantage on cell proliferation in WD/DDLPS. In the context of 

this project, 3 WDLPS cell lines, 449, GOT3 and T1000 were characterized, and the SW872 

liposarcoma cell line, devoid of neochromosome, was used as control. While the amplification of 

NUP107 at the DNA and mRNA levels was well-established in the WDLPS cell, this project aimed at 

quantifying by western blot the level and stability of the Nup107 protein in these cell lines. Two other 

nucleoporins that belong to the same structural NPC subcomplex (Nup133 and Nup85, that belong to 

the Y-complex) and Nup98, a dynamic nucleoporin interacting with the Y-complex were also analyzed. 

We anticipated that this study could provide clues regarding nucleoporin homeostasis in cancer cells. 
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Resumo 

 

Os complexos do poro nuclear (NPCs) são grandes estruturas macromoleculares embutidas na 

membrana dupla do invólucro nuclear, formando um canal que media o transporte 

nucleocitoplasmático bidirecional. Os NPCs são constituídos a partir de múltiplas cópias de cerca de 

30 diferentes proteínas de poros nucleares chamadas nucleoporinas (NUPs). Ao longo dos anos, as 

nucleoporinas foram associadas a uma multiplicidade de cancros através de translocações 

cromossómicas, gerando proteínas de fusão, mutações pontuais e alterações nos níveis de 

expressão de proteínas. Em particular, o gene da nucleoporina NUP107 demonstrou recentemente 

ser amplificado e sobreexpressa em lipossarcomas bem e desdiferenciados (WD/DDLPS) que 

contêm neocromossomas. Este projeto é a continuidade de um estudo iniciado por Marie-Claude da 

equipa da Dr.ª V. Doye, no Institut Jacques Monod, que visa entender como a sobreexpressão de 

Nup107 poderia proporcionar uma vantagem de crescimento na proliferação celular em WD/DDLPS. 

No contexto deste projeto, foram caracterizadas 3 linhas celulares de WDLPS, 449, GOT3 e T1000, e 

a linha celular do lipossarcoma SW872, desprovida de neocromossomas, foi utilizada como controlo. 

Enquanto a amplificação de NUP107 nos níveis de DNA e mRNA foi bem estabelecida nas células 

WDLPS, este projeto teve como objetivo quantificar por western blot o nível e a estabilidade da 

proteína Nup107 nestas linhas celulares. Duas outras nucleoporinas que pertencem ao mesmo 

subcomplexo estrutural do NPC (Nup133 e Nup85, que pertencem ao complexo Y) e Nup98, uma 

nucleoporina dinâmica que interage com o complexo Y, também foram analisadas. Foi antecipado 

que este estudo poderia fornecer indicações sobre a homeostase das nucleoporinas nas células 

cancerígenas. 
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1. Introduction 

 

1.1. Nuclear Pore Complex (NPC) Structure 

 

Nuclear pore complexes (NPCs) are large macromolecular structures embedded into the doubled-

membrane nuclear envelope (NE) that fuse the outer and inner nuclear membranes to form a 

channel[4]. NPCs mediate the bidirectional nucleocytoplasmic transport[14] of small metabolites and 

macromolecules, such as RNAs, proteins and ribonucleoproteins, between the nucleus and the 

cytoplasm[24]. NPCs have an impressive size, with molecular masses of approximately 60 MDa in 

yeast and 120 MDa in humans[4], forming a core size of ~120 nm in width and ~85 nm in height[39]. 

They are built from multiple copies of around 30 different nuclear pore proteins called nucleoporins 

(NUPs)[4]. 

 

 

Figure 1: Nuclear pore complex (NPC) structure and composition. (A) Figure adapted from D’Angelo 

and Hetzer[12]. Schematic illustration of the NPC structure. (B) Figure based of Nofrini et al.[34], Hezwani and 

Fahrenkrog[24], and Beck and Hurt[4]. Diagram of the modular structure of the NPC composed of different 

biochemically characterized subcomplexes. Nucleoporins can be subdivided into different groups depending on 

their localization and structure: Y-complexes (green), Nup93 complex (blue), transmembrane nucleoporins (light 

blue), Nup62 complex (dark blue), cytoplasmic complexes (red), nuclear basket complexes (orange). Nup98 is 

present in cytoplasmic filaments with the Nup214 complex, but it is also symmetric with the Y-complex. 



2 

 

 The overall NPC structure, which integrates approximately ~500-1000 NUPs, is conserved[4]. 

In the plane of NE, it has an eightfold rotational symmetry[4, 12, 17, 40] and thus each nucleoporin is 

present in copies of eight or multiples of eight. It has several distinct substructures, which were initially 

characterized by electron microscopy and are now identified as biochemical entities. The principal 

structural elements of the NPC include: the inner pore ring, which resides at the fused inner and outer 

nuclear membranes; the nuclear and cytoplasmic rings, which are anchored by the inner pore ring; the 

nuclear basket; and the cytoplasmic filaments, which are peripheral elements emanating from the 

nuclear and cytoplasmic rings[4] (figure 1A). These three ring moieties, composing the central core or 

channel[2, 12] display a lattice-like arrangement and their connections between one another are less 

well delineated and appear as rather loose[40]. 

The structural elements of the NPC are formed by the assembly of nucleoporins, organized 

into complexes[4, 25, 40], which are primarily defined by the stability of protein interactions[40]. They are 

present in multiple copies each, most of which are also conserved across eukaryotes[4, 25] (figure 1B). 

Although the name of most nucleoporins is followed by a number that, in most cases, refers to their 

molecular mass, a uniform NUP nomenclature still does not exist since the molecular mass of each 

one varies between species[34]. Hereinafter the human NUP nomenclature will be used. 

 

1.1.1. NUP Complexes 

 

1.1.1.1. Scaffold NUP Complexes 

 

The best-studied module is the conserved Y-complex, also called the Nup107 complex[4] or the 

Nup107-160 complex[2]. In size and complexity, it is the largest NPC subunit[34], being one of the 

principal scaffold elements of the NPC that shares intriguing similarities with vesicle coats. The Y-

complex is now considered to be the main component of the nuclear and cytoplasmic rings [40]. It has 

seven conserved members, Nup96, Nup160, Nup133, Nup85, Nup107, Sec13 homologue 1 (Seh1) 

and Sec13, which assemble into an Yshaped arrangement. In vertebrates, Nup43, Nup37 and Elys 

further bind to it. It is isostoichiometric, except for Elys, which binds to only the nuclear face of the 

NPC. 

Fluorophore counting experiments suggested that, at least in human cells, 32 copies of the Y-

complex are assembled into a single NPC. In tomographic maps of the human NPC, 32 Y-shaped 

features were resolved, and these features were consistent with the shape of isolated human Y-

complexes. Based on this, a reticulated Y-complex ring model was proposed, in which the basic 

structural element is a dimer of two rotationally shifted Y-complexes referred to as the outer and inner 

Y-complex, according to their distances from the center. Eight such Y-complex doublets then form a 

concentric ring arrangement (separately, both at the cytoplasmic and nuclear side of the NPC), adding 

up to a total of 32 copies of the Y-complex. Consequently, there are four types of Y-complex in situ — 

from nucleoplasm to cytoplasm: the outer nuclear, inner nuclear, inner cytoplasmic and outer 

cytoplasmic Y-complexes (figure 2A). 
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Figure 2: Y-complex model. (A) An overview of the NPC scaffold is shown as a cross-section (left 

panel) and as seen from the cytoplasm (right panel). Subcomplexes are shown color-coded, and the fused inner 

nuclear membrane and outer nuclear membrane are shown in grey. The nuclear subcomplexes are shown in a 

darker shade than the equivalent cytoplasmic subcomplexes. The positions of the following structural elements 

are shown: outer nuclear Y‑complex and outer cytoplasmic Y‑complex (orange); inner nuclear Y‑complex and 

inner cytoplasmic Y‑complex (blue); nuclear connector and cytoplasmic connector (pale yellow); and the 

components of the inner ring —outer nuclear core module and outer cytoplasmic core module (yellow), inner 

nuclear core module (INCM) and inner cytoplasmic core module (green). This figure was adapted from Beck and 

Hurt[4]. (B) The structural model of the isolated Nup107 subcomplex is shown side by side with the inner and outer 

Nup107 subcomplex segmented from the tomographic map. This figure was adapted from Bui and colleagues[8]. 

 

The pairs of the inner and outer Y-complexes conformationally adapt to form two concentric 

rings of slightly different diameters because nucleoporin Nup133 adopts a more kinked conformation 

B 

A 
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within the inner than the outer Y-complex, facilitating the formation of a ring with a slightly smaller 

circumference (figure 2B). This indicates that NUPs can locally adapt their conformation depending on 

the exact region of the NPC they reside in and that different copies of the same NUP do not 

necessarily have the same conformation throughout the whole NPC. 

Five distinct contact points between individual Y-complexes were identified. Contact points 

between the inner and outer Y-complexes must be established through different interfaces in both 

instances; for example, Nup107 of the outer Y-complex is in contact with Sec13 of the inner Y-

complex, further under scoring a local adaptation of this complex. An important contact that seems to 

be common to all Y-complexes is the head-to-tail interaction between Nup133 and Nup160. However, 

because Y-complexes do not spontaneously oligomerize into rings in vitro, additional mechanisms, 

probably involving other NUPs or interaction with the underlying nuclear membrane, must exist that 

facilitate Y-complex interactions in situ. 

This model has been further supported by X-ray crystallography of the Y-complex, which 

revealed a conformation that matched the tomographic map. In fact, the Y-complex has been 

thoroughly analyzed by X-ray crystallography, such that its structure is almost entirely known at atomic 

resolution. β-propellers and α-helical domains are found in the Y-complex. Nup160 and Nup133 are 

unique within this complex, as they contain amphipathic motifs that enable their β-propellers to bind to 

membrane[4]. Additionally, Nup107 is the critical anchor for Nup133 to the NPC, positioning Nup133 at 

the periphery of the NPC[7]. 

The Nup93 complex is located within the inner ring, with its large structural nucleoporins 

Nup205, Nup188, Nup155, Nup93 and Nup35[4, 25] and it is the second major scaffold unit[40]. Like the 

Y-complex, the core of the inner ring complex is iso-stoichiometric in situ[4]. The Nup93 complex forms 

the central core and is sandwiched between the cytoplasmic and the nuclear cortical rings[24]. 

Most of the domain folds and several protein interfaces of scaffold NUPs have been analyzed 

by X-ray crystallography[4]. This scaffold is primarily composed of α-helical solenoid and β-propeller 

fold motifs that form an hour-glass shape structure[24]. Additionally, short linear motifs (SLMs) are 

present in the unstructured domains of the scaffold nucleoporin Nup93 and the linker Nup98 and 

Nup35 and are bound to others scaffold NUPs of the NPC, such as Nup205, Nup155 and the Nup62 

complex. It seems that organizing the NPC scaffold by SLMs and flexible linkers offers regulatory 

adaptability and flexibility, as compared with the more static protein interfaces observed, for example, 

within the Y-complex, which bury a much larger surface area and thus are energetically more 

demanding to establish and dismantle[4]. 

In turn, scaffold nucleoporins are tethered to the NE by the transmembrane nucleoporins 

such as the transmembrane nuclear division cycle 1 (Ncd1), glycoprotein 210 gp210, also named 

Nup210, and pore membrane protein 121 (Pom121)[4, 24] The transmembrane nucleoporins are 

thought to have a role in NPC assembly and anchoring to the NE[34]. 
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1.1.1.2. Peripheral NUP Complexes 

 

Peripheral nucleoporins interact with the NPC scaffold and some are constituted of phenylalanine-

glycine (FG) repeats[24] that carry intrinsically disorded domains[4]. The main function of peripheral 

nucleoporins is mediating the selectively and permeability of the NPC[24]. Some also reach, at least to 

some extent, into the nucleoplasm and cytoplasm and are also involved in scaffolding functions, as, 

apart from FGrepeats, they also contain structured domains and/or important interaction motifs, 

indicating again that this functional subdivision of NUPs may not be very rigorous[4]. 

The FG nucleoporins fill the central pore[24] and are thus impeding the entry of molecules 

greater than 30-40 kDa[4, 24], which require signal and energy dependent active transport[24]. FG 

nucleoporins include the Nup62 and the Nup214 complexes, Nup358 and Nup98[4, 24, 25]. 

The Nup62 complex is located within the central channel and it is broadly involved in 

import and export reactions[25]. It is composed of Nup62, Nup58 and Nup54[34]. It establishes a 

continuous contact with the inner ring[4], being anchored to it via Nup93[40]. The hetero-trimeric part of 

the central channel Nup62 complex was structurally analyzed, revealing coiled-coil domains and FG 

repeats. At their carboxyl termini, these serve for additional scaffolding functions[4]. 

The Nup214 complex is composed of Nup214, Nup88 and Nup62 and it is located at the 

cytoplasmic ring[25], together with Nup358, ALADIN, CG1. Nup98 and Rae1[34]. It provides low-affinity 

binding sites for different transport receptors and their cargo, providing key interaction sites for 

nucleocytoplasmic transport machinery[4, 34]. Parts of this complex were also structurally analyzed, 

revealing coiled-coils and β-propellers as folds. Tomographic and integrated structural analysis 

suggests that it projects into the central channel at the level of the cytoplasmic ring, where it is 

optimally positioned for its function in mRNA export[4]. 

Nup358, also known as RanBP2, is too an import nucleoprotein within the cytoplasmic 

filaments, as in it is the only NPC elements that has enzymatic activity. It possesses a small ubiquitin-

like modifier (SUMO) E3 ligase domain[4], which is known to localize the SUMOylated RanGAP1[24], 

and a peptidylprolyl isomerase domain[4].  

Nup98 is known to interact with the Nup107–160 complex, through direct binding to Nup96, 

and with the Nup214 complex. It anchors to the NPC center through its C-terminal domain and its N-

terminal glycine-leucine-phenylalanine-glycine (GLFG) repeats protrude throughout the NPC being 

found on both sides of the NPC. GLFG repeats, which are thought to function as a docking site during 

molecule trafficking, are intersected by a coiled-coil domain, the Gle2-binding sequence motif, which 

mediates binding to Rae1[34], by its β-propeller protein. Numerous FG‑repeats sequences of this 

GLFG type are known to bind karyopherin transport receptors, also known as importins and exportins. 

Other peripheral nucleoporins form asymmetrical filamentous structures that extend from the 

embedded NE-core to the nucleoplasm and they are involved in the import and export of cargo to and 

from the nucleus. Within the nucleus, peripheral nucleoporins, notably Tpr and Nup153, form a nuclear 

basket structure that ties the NPC with genome maintenance and RNA biogenesis [24]. The N-terminal 

coiled-coil domain of Tpr consists of multiple heptad repeat or leucine zipper motifs, while the acidic C-

terminus is mostly unstructured. The coiled-coil domains are proposed to mediate dimerization and 
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assembly of Tpr into the NPC, while the C-terminal domain contains a Nuclear Localization Sequence 

(NLS)[42]. The complex protein–protein interactions that form the NPC ensures the correct information 

flow in and out of the nucleus to allow normal nuclear function and transportation of cargo on either 

side of the NE without the potential for obstructions[24]. 

 

1.2. Functions of the NPC 

 

1.2.1. Nucleocytoplasmic Transport 

 

Several soluble factors are essential for active, energy-dependent transport. For the classical import 

pathway, the nuclear transport receptors (NTRs) importin-α and importin-β bind to the nuclear 

localization signal (NLS) of cargo proteins[4], either directly or indirectly, with the help of adaptor 

molecules[11], and facilitate their passage through the central channel of the NPC[4] (figure 3). 

 

 

Figure 3: Nuclear import and export through nuclear pore complexes. Figure adapted from 

Weberruss and Antonin[47]. An import complex consisting of an NLS-bearing cargo and a nuclear transport 

receptor (NTR) is formed in the cytoplasm. After translocation through the NPC, Ran-GTP displaces the cargo 

from the NTR, resulting in nuclear cargo release. This reaction occurs due to the chromatin localization of the Ran 

guanine nucleotide exchange factor (RanGEF), which is restricted to the nucleus. The NTR–Ran-GTP complex 

returns to the cytoplasm through the NPC where the Ran GTPase-activating protein (RanGAP1) stimulates GTP 

hydrolysis, releasing the NTR for another import cycle. Nuclear export cycles require the formation of a trimeric 

cargo–NTR–Ran-GTP complex in the nucleus. After NPC passage, this complex dissociates due to Ran·GTP 

hydrolysis, releasing the cargo into the cytoplasm. 
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Importin-β is thought to be responsible for the nuclear import of all proteins that contain a 

classical NLS. However, the interaction of importin-β with the aminoacid sequence of the NLS occurs 

indirectly and involves the participation of other proteins that are members of the importin-α family. 

The central region of importin-α contains 10 arginine-rich motif (ARM) repetitions in tandem that form 

an NLS-binding domain. Although importin-α directly recognizes the aminoacid sequence of the NLS, 

the formation of functional import complexes requires the additional interaction between importin-α 

and importin-β. The interaction between the two importins occurs through the importin beta binding 

(IBB) domain localized in the N-terminal region of importin-α. Finally, the import complexes cross the 

nuclear pore by a mechanism involving the interaction between importin-β and the FG domains of 

nucleoporins[19]. 

At the nuclear face of the NPC, binding of RanGTP to the import complex releases the cargo 

into the nucleoplasm. A trimeric RanGTP–CAS–importin-α complex and a dimeric RanGTP–importin-β 

complex are formed, and these complexes are both exported into the cytoplasm, where they 

disassemble following RAN·GTP hydrolysis. Finally, the nuclear transport factor 2 (NTF2) facilitates 

the re-import of RanGDP to the nucleoplasm. 

Similarly, exportin 1 Crm1 functions in the nuclear export pathway, during which nuclear 

export signal-containing cargos (NES) bind to Crm1 in a RanGTP dependent manner, travel to the 

cytoplasm and are released on GTP hydrolysis. The FG-repeat domains of FG-NUPs transiently bind 

to the NTRs by low-affinity interactions, thereby enabling them to pass through the NPC either alone 

or with bound cargo[4]. 

Although nucleocytoplasmic transport is governed by several types of protein–protein 

interactions, GTP hydrolysis by the RanGTPase is the only enzymatic reaction to occur[34]. The 

conversion of RanGDP into RanGTP requires the guanine nucleotide exchange factor (RanGEF). 

GTP hydrolysis by Ran is triggered by the RanGTPase activating protein-1 (RanGAP1) and is 

costimulated by the Ran-binding proteins 1 and 2 (RanBP1 and RanBP2/Nup358). RanBP1, 

RanBP2/Nup358 and RanGAP1 are predominantly cytoplasmic, whereas RanGEF is tightly bound to 

chromatin in the nucleus. Thus, Ran is thought to be present predominantly in the GTP-bound form in 

the nucleoplasm, whereas the cytoplasmic pool of Ran is in the GDP-bound form. Following transport 

of a cargo molecule in one direction, both adaptors and receptors must be recycled through the NPC 

to allow another round of transport to occur[11]. 

While classical export pathway relies on Ran and karyopherins, mRNA export does not, but it 

relies on specific export receptors. The two major export receptors are the Nxf1-Nxt1 heterodimer and 

Crm1/Xpo1[35]. Both Nxf1 and Crm1 utilize adaptor proteins to increase the affinity of Nxf1 for its RNA 

targets or in the case of Crm1, to associate with the target RNA. The correctly processed mRNAs are 

targeted for export in the form of large ribonucleoprotein complexes called mRNPs. 

Once the export mRNP reaches the nuclear pore complex, Nxf1 interacts with Tpr to dock 

mRNP to the nuclear basket, which will initiate the translocation through the nuclear channel. After the 

docking of the mRNP to the nuclear basket[13] with the involvement of Nup153[24], the translocation 

proceeds via interactions with FG-NUPs along the central channel[13] being critical to translocate 

through the NPC[13, 24]. The key FG nucleoporins involved are Nup62 and Nup98 with the aid of 
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Rae1[24]. Additionally, four large nucleoporins of the Y-complex, Nup96, Nup107, Nup133 and Nup160, 

have been identified to interact with these two nucleoporins both critical for the mRNA export, Nup98 

and Nup153, and, when fragments of the of Nup160 and Nup133 were overexpressed in HeLa cells, 

they caused strong intranuclear accumulation of poly[A]+ RNA, indicating that the Nup107-160 

complex also plays a functional role in mRNA export[45]. Interaction with the cytoplasmic fibrils of the 

NPC, such as Nup358, and key co-factors, such as Gle1 and DDX19 will release the mRNA into the 

cytoplasm, by assisting ATP helicase cycle, which provides the energy needed to facilitate 

directionality the mRNA export[13]. 

All of this highlights that nucleoporins can act as surveillance mechanism that allows the 

efficient export of mRNA for an effective gene expression from transcription and translation to maintain 

healthy cellular function[24]. 

 

1.2.2. Non-conventional functions of nucleoporins 

 

Furthermore, nucleoporins are also involved in other functions within the cell such as mitosis[24], spatial 

organization of other complexes that are closely associated with the nuclear periphery, such as the 

transcription export (TREX) complexes involved in the assembly and surveillance of messenger 

ribonucleoproteins (mRNPs) prior to export, the regulation of transcription[4], gene expression, 

differentiation, epigenetic regulation, chromatin organization[34] and DNA damage repair[42]. All of these 

are highly regulated processes and dysfunction has been linked to the development of human 

pathologies, such as cardiac disorders, hematopoietic malignancies and numerous types of 

cancers[34]. 

 

1.2.2.1. Roles of nucleoporins in mitosis 

 

1.2.2.1.1. Nucleoporin function at kinetochores 

 

When mitosis is initiated, the NE and NPCs are disassembled[24] to further establish the mitotic spindle 

apparatus[49] and their constituents are either detected alone or in distinct NPC subcomplexes. Some 

of these nucleoporins were shown to associate with the kinetochore and mitotic spindles and to 

contribute to kinetochore function, spindle formation and spindle assembly checkpoint[24]. 

During interphase, mitotic arrest deficiency protein (Mad) 1 and 2 associate with the NPC. 

Mad1 is tethered at NPCs by Tpr and Nup153, while Mad2 specifically interacts with Tpr. Knockdown 

of the basket component Tpr reduces Mad1 and Mad2 recruitment to the kinetochores, which resulted 

in affected spindle assembly. However, knockdown of Nup153 by RNAi leads to a reduction of Mad1 

at the NPC, which leads to a delayed detachment of Mad1 from the kinetochores in metaphase. In 

addition, Nup133 and Nup358 have direct roles in tethering the centrosomes to the NE via the 

interaction of the dynein/dynactin complex and Bicaudal D (BICD) respectively. These interactions 

contribute to the role of microtubules in NE breakdown and positioning of centrosomes to opposite 

side of the nucleus. If the interactions are disturbed, the centrosomes do not fully separate before NE 
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breakdown and subsequently increasing the likelihood of mis-segregated chromosomes[24]. 

Additionally, Nup107 and Nup133 are stably associated at interphase, remaining associated with each 

other during mitosis. The entire Nup107 complex is bound tightly to the NPC and is exchanged only 

once per cell cycle[5]. 

When prophase starts, the chromosomes initiate condensation[10] and stable outer kinetochore 

components, which include the Ndc80 complex, KNL/KBP proteins and the CENP-F, associate with 

the inner kinetochore. These remain nearly constant in level from prophase through late anaphase 

and are involved in the spindle checkpoint, the attachment of microtubules and regulation of their 

behavior. Together with the constitutive components (CENP-A, CENP-C, CENP-H and CENP-I), 

already bound to kinetochore-associated chromatin, appear to form the core kinetochore inner- and 

outer-plate structures[31]. 

At the end of prophase, nucleoporins are disassociated from the NPCs in a stepwise manner 

with Nup98 and Nup50 being one of the first proteins to be released. This is followed by the release of 

Nup96, Tpr and the first pool of Nup153. The associated Nup107-160 complex and then a second 

wave of Nup153 is then released[24]. Interestingly, SLMs within Nup98 are phosphorylated early during 

NPC disassembly and consequently disengage from the scaffold[4]. An increase in reversible 

phosphorylation is detected in Nup153, Nup214, Nup358 and gp210 as this regulates their function 

during mitosis[24]. 

After the disassembly and the dispersal of all the main components of the NE, microtubules of 

the mitotic spindle gain the access to the chromosomes, allowing the chromosomes to engage with 

the cytoplasmic spindle[9]. The Ran pathway proteins RanGAP1 and RanBP2 associate with 

kinetochores only when microtubules are attached[31] and persist on kinetochores until late anaphase 

in a microtubule-dependent fashion[26, 27].  

A fraction of the entire Nup107-160 complex also associates with the kinetochores as one 

entity, from prophase, even before nuclear envelope breakdown, to late anaphase, when NPCs are 

already reforming on chromatin surface[5, 29, 49]. The anchoring mainly depends on the Ndc80 complex, 

whereas CENP-F may provide a more dynamic and MT-dependent binding site. The efficient depletion 

of the entire complex from kinetochore led to a significant delay in mitosis, an increased spindle length 

in metaphase and impaired kinetochore localization of the Ran-GTP effector of Crm1, as well its 

binding partner, the RanGAP1-RanBP2 complex. The experiments indicate that the Nup107-160 

complex behaves as a downstream effector of the Ndc80 complex, required for the localization of 

Crm1 at kinetochores throughout mitosis[49]. 

As mitosis continues from metaphase to anaphase, Nup98 interacts with RNA export 1 

homologue Rae1, which then regulates the anaphase-promoting complex/cyclosome (APC/C). The 

APC/C functions as a E3 ubiquitin ligase composed of around 12 core subunits and cofactors. This 

complex catalyzes the ubiquitination of mitotic factors such as cyclins and separase to target them for 

degradation by the 26S proteasome and ultimately allowing the progression of the cell cycle The 

Nup98-Rae1 interaction is thought to bind and inhibit residual APC/C Cadherin 1 (CDH1) by blocking 

selective polyubiquitination of securin, and thus preserving it during the transition from metaphase to 

anaphase. 
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1.2.2.1.2. Post-mitotic NPC reassembly 

 

After chromosomal separation at the end of anaphase and the start of telophase, nucleoporins, lamins 

and essential membrane proteins are organized to form a new nucleus to re-establish nuclear and 

cytoplasmic environments[24] and here phosphatases serve the opposite role at the end of mitosis or 

meiosis to trigger NPC assembly[4]. The sequential recruitment is initiated by the interaction of 

chromatin and Elys mediated enrolment of the Nup107-160 complex. This in turn allows the 

localization of Nup153 and Pom121, which further allows the recruitment of the remaining 

nucleoporins to their ectopic sites and to direct the newly formed NPC to the NE[24]. Indeed, the partial 

depletion of Nup107 or Nup133 both in vivo and in vitro has indicated that the NPC assembly is 

impaired by the depletion of one of these nucleoporins[6, 46]. The partial depletion of Nup107 or Nup133 

resulted in a considerable in NE-associated immunofluorescence signal for the targeted nucleoporins 

and in a decrease NPC density within the NE[46]. 

Unexpectedly, in vivo dynamics of GFP3-Nup133 and GFP3-Nup107 in stably transfected 

mitotic cells from metaphase to G1 of the cell cycle, a diffuse recruitment of GFP3-Nup107 but not 

GFP3-Nup133 to the chromosome periphery was observed from early anaphase until late anaphase 

when it started to accumulate in a clear rim pattern concomitant with Nup133 recruitment to the 

chromosome periphery, which possibly indicated that the chromosome-recruited fraction of Nup107 

provides a template for the formation of additional Nup107-160 complex during anaphase[5]. 

Furthermore, Nup153 is crucial for incorporating Nup93, Nup98 and the interaction of the NPC 

with the nuclear lamina. Following Nup153 recruitment, the Nup62 complex and peripheral 

nucleoporins are finally brought to the NPC to finalize its structure within the NE. The assembly of the 

NPC is completed within a few minutes after the completion of mitosis[24]. 

 

1.2.2.2. Nucleoporins in gene expression and regulation 

 

In addition to cell cycle roles, there is an increasing body of evidence that implicates nucleoporins in 

gene expression and regulation via chromatin organization[24]. For instance, it has also been observed 

that the depletion of the Nup107 leads to programmed cell death in mammalian brain cells[3]. 

Additionally, Nup98 has been found within the nucleus, where it associates with a nuclear structure 

termed the GLFG bodies, because the GLFG domain of Nup98 is required for targeting to this 

structure[22]. Furthermore, Nup107-160 complex together with its partner Elys, has been found to 

colocalize with Nup98 in GLFG bodies, where the increased level of Nup98 is associated with the 

presence of bodies. 

The recruitment of the Y-complex and Elys into GLFG bodies requires the C-terminal domain 

of Nup98. During cell division, Y-Nup-containing GLFG bodies are disassembled in mitotic prophase, 

significantly ahead of nuclear pore disassembly. FRAP studies revealed that, unlike at nuclear pores, 

the Y-complex shuttles into and out of GLFG bodies, suggesting a potential, as-yet-uncharacterized 
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intranuclear function of these scaffold nucleoporins. Furthermore, within the nucleoplasm, a fraction of 

Nup107 displays reduced mobility, suggesting interaction with other nuclear components [33]. 

In mice embryos, for instance, neuronal differentiation relies on correct Nup133 expression, 

which die at E9.5 if Nup133 is silenced[30]. 

 

1.3. Nucleoporins and Cancer 

 

Over the years, nucleoporins have been linked to a multitude of cancers through chromosomal 

translocations generating fusion proteins, changes in protein expression levels, and single point 

mutations[42]. For instance, it has been shown that Nup88 is overexpressed in virtually all tumor 

tissue[21], although there might have been some cross-reactions and, thus, some incorrectly 

attributions[1]. Furthermore, the Nup88 overexpression is linked to a higher aggressiveness of 

colorectal carcinoma[16] and to enhanced meta-static potential of melanoma cells[48]. In fact, the 

interaction of Nup98-Rae1 with the APC/CCDH1 complex is inhibited by overexpressed Nup88, which 

triggers the inappropriate proteolysis of tumor suppressor polo-like kinase 1 PLK1. The premature 

degradation of PLK1 leads to mitotic spindle asymmetry, interruption of centrosome separation and 

incorrect microtubule-kinetochore attachments that ultimately leads to aneuploidy. Additionally, 

knockdown by RNAi of Rae1 leads to severe aneuploidy, defects in chromosomal segregation and 

susceptibility to carcinogen-induced tumor formation[24]. 

On the transcript side, mRNA of Nup88 overexpression, but not mRNA Nup107, confers, or is 

closely associated to, higher aggressiveness of breast cancer. mRNA Nup107 expression correlation 

is only when involved in cell proliferation, as could be expected since all nucleoporins are 

overexpressed to some degree during cell division[1]. Moreover, it has been shown that the expression 

of Nup107 mRNA is increased in cervical cancer, seminoma, and oligodendroglioma, as well as in 

rectal and colon cancer. It has also been shown that the simple depletion of Nup107 

in anaplastic oligodendroglioma cells leads to cell death, which was not observed in normal 

human diploid fibroblasts. These findings implicate that cancer cells might be more sensitive than 

normal cells in regulation of nucleocytoplasmic trafficking[28]. It has also been observed that the 

depletion of the Nup107 leads to programmed cell death in human astrocytoma cells[3]. Additionally, 

increased expression of the NUP107 was found in adenocarcinoma cell lines[23], in pancreatic cancer 

cell lines with a low potential and with a high potential of invasion-metastasis[44]. 

NUP107 has also been recently shown to be amplified and overexpressed in well- and 

dedifferentiated liposarcoma (WD/DDLPS). These liposarcoma are a subclass of soft and tissue and 

bone sarcoma characterized by the presence of giant neochromosomes with complex genomic 

rearrangements arising from chromothripsis. Whole-DNA sequencing of giant neochromosomes from 

primary tumoral cells and 4 WD/DDPLS cell lines (449/779, T1000, GOT3) revealed that all 

neochromosomes share 1.4 Mb of donor sequence from chromosome 12[20]. 449 and 778 cells are 

two parental retroperitoneal cell lines obtained from the same patient before treatment (449) or after 

relapse (778)[43], GOT3 cell line from a recurrence close to the kidney[37] and the T1000 cell line from a 

mixed WD/DDLPS from the tight[36]. 
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Among the shared regions, DNA copy number profile and transcriptome analysis revealed that 

49 coding units, most frequently located at 12q14-1-15, are recurrently amplified and overexpressed in 

both primary and WD/DDLPS cell lines. The NUP107 was found to be on the top ranked four genes of 

a list of 16 candidates driver genes, including other oncogenes like mdm2, CDK4 already reported to 

play an important role in dedifferentiation. In this study, the authors were suggesting that NUP107 

could act a potential oncogene as viability and cell growth of 4 WD/DDLPS were considerably reduced 

after depletion of Nup107 by siRNA (figure 4A). 

 

 

Figure 4: Figures adapted from Garsed and colleagues[20]. (A) Effect of Nup107 depletion using 

siRNA in NUP107 amplified cell lines (449, 778, T1000, and GOT3) and unamplified cells (SW872 and NHB). 

Non-silencing siRNAs (siNS) or pooled siRNAs were used as indicated, and viability was assessed by MTS assay 

3 to 5 days after transfection (B) Cell-cycle distributions of cells treated with siRNAs targeting NUP107. Data 

represent the mean of two independent experiments. 

 

The effect on cell growth was measured by MTS assay after 3 to 5 days and the percentage 

viability was calculated as average absorbance relative to non-silencing siRNAs (siNS). The 

WD/DDLPS cells were more sensitive to Nup107 knockdown, suffering 33.7% to 71.8% decrease in 

cell viability, than cells lacking NUP107 amplification like the liposarcoma fibroblast SW872, which 

suffered only a 16.7% decreased in cell viability (figure 4A). Figure 3A also shows the validation 

siRNA experiments, which confirmed the effect of NUP107 depletion in WD/DDLPS cells. 

Furthermore, Nup107 depletion induced cell cycle arrest in 449 cells, whereas SW872 cells were 

relatively unaffected (figure 4B)[20]. 

Interestingly, the western blot of Nup107 results presented in figure 4A seem to suggest that, 

at protein level, Nup107 is only overexpressed in GOT3, whereas in 449 is under expressed. 

  

A B 
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2. Context of the Project 

 

2.1. Differential expression of Nup107 in WD/DDLPS liposarcoma cell lines 

 

To better understand the role of Nup107 and how could Nup107 overexpression provide a growth 

advantage on cell proliferation in WD/DDLPS, Geoffroy and coworkers (at V. Doye’s laboratory, before 

my arrival) performed quantitative analysis of Nup107 at DNA, RNA and protein levels in 449/778, 

GOT3 and T1000 cell lines, using as control SW872 and HeLa-K cells, both devoid of any 

neochromosome. 

 

 

Figure 5: Differential expression analysis of Nup107 in WD/DDLPS liposarcoma cell lines. These 

results were obtained and assembled by Marie-Claude Geoffroy in the team of Valérie Doye. (A) Schematic 

representation Nup107-encoding exons (1-28) in variant 1. (B) Quantification of genomic DNA encoding Nup107, 

and Nup98 by Q-PCR. Values were normalized to GAPDH. (C) mRNA quantification of Nup107 and Nup98 by Q-

RT-PCR. Values were normalized to TBP. (D) Western blot analysis on whole cell extracts by using either anti-N 

terminal Nup107 or anti-C terminal Nup107 antibodies. 
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To quantify Nup107 at genomic and mRNA level, Geoffroy and coworkers designed sets of 

primers along Nup107 gene located on chr12q15 and hybridizing either at the junction of exon-intron 

or within exons to amplify genomic DNA and mRNA, respectively (figure 5 A-C). They also monitored 

the expression of another nucleoporin, Nup98, located in the locus Chr11q14 that was not found to be 

amplified within any neochromosome. As expected, and quantified by the team, Nup107 DNA copy 

number was 20-fold to 60-fold more abundant in al WDLPS cell lines as opposed to SW872 or HeLa-K 

cell lines. Also, Nup98 DNA was equally detected in all type of cell lines and independently of the 

number of neochromosmes. Accordingly, 6-12-fold increase of Nup107 mRNA was observed by the 

team in all WDLPS cells lines. However, increase of Nup107 was solely observed in 449 and 778 cell 

lines with primers pair located in exon 7-8, strongly suggesting, according to Geoffroy and coworkers, 

that only the first 1-8 exons of Nup107 are properly expressed from the neochromosome in these two 

cell lines. 

The team then performed western blot analysis to compare the expression of Nup107 in 

WDLPS cell lines with SW872 and HeLa-K cells. Nup107 protein level was higher in T1000 and 

GOT3, respectively, whereas 448 and 779 cell lines did now show such increase (figure 4D). 

The increase of Nup107 DNA and mRNA levels in 449 did not correlate with Nup107 protein 

level detected by western blot. Interestingly, they detected a truncated form of Nup107 of 35 kDa in 

449 and 778 cell lines. The team concluded that this could explain the apparent discrepancy between 

DNA, RNA and protein level. 

 

2.2. Detection of a truncated form of Nup107 in 449 and 778 cell lines 

 

To further characterize the two shorter forms of Nup107 detected below 35 kDa in 449 and 778 cell 

lines, Geoffroy and coworkers performed Rapid Amplification of cDNA Ends (3’RACE) in WDLPS cell 

lines. DNA sequencing of RACE product amplified in 448 and 778 cell lines revealed a chimeric 

Nup107 transcript containing the first 8 exons of Nup107 fused to a non-coding sequence in 12q14.3 

locus (figure 4 A-B). Presence of a stop codon 119 bp after Nup107 exon 8 leads to a fusion protein of 

270 aa (30 kDa). 

Quantification of Nup107-Chr12q14.3 at DNA and mRNA levels revealed that these transcripts 

are only present in 449 and 778 cell lines (figure 6 C-D). Chimeric transcript was then fused to GFP to 

monitor its subcellular localization and localization by western blot and immunofluorescence (figure 6 

E-F). Expression of chimeric Nup107-Chr12q14.3 in fusion with GFP in HeLa-K cells revealed that 

Nup107-Chr.12q.14.3 is not properly localized at NPCs. 

Altogether, quantitative analysis of DNA, RNA and protein levels of Nup107 in 4 WDLPS cell 

lines revealed the presence of chimeric Nup107-Chr12q14.4 fusion protein in 448 and 779 cell lines. 
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Figure 6: Detection of chimeric Nup107 variant in 449 and 778 cell lines. These results were 

obtained and assembled by Marie-Claude Geoffroy in the team of Valérie Doye. (A) Detection of short 

Nup107 transcript by RACE in 449 and 778 cell lines. (B) Schematics showing the fusion of the N terminal part of 

Nup107 with a non-coding region Chr12.11.4. (C) mRNA quantification of Nup107 by Q-RT-PCR. Values were 

normalized to TBP (D) Quantification of Nup107-Chr12q14.3 at mRNA levels. (E) Analysis of GFP-Nup107 

expression and location by immunofluorescence. (F) Analysis of GFP-Nup107 by western blot. 

  

2.3. Analysis of Nup107 protein stability in WDLPS cell lines 

 

To determine whether increase in protein degradation in 449, 778, GOT3 or T1000 cell lines might 

explain the discrepancy between mRNA label and protein level, Geoffroy and coworkers measured the 

half-life of Nup107 by inhibition of elongation with cycloheximide (CHX) (50 µg/mL) for 4 h. The team 
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found out that half-life if Nup107 is similar in all cell lines independently of Nup107 DNA amplification, 

but it is increased for the small chimeric variants (figure 7). Inhibition of proteasome activity with 20 µM 

MG132 for 4h revealed that turnover of Nup107-Chr12q14.3 chimera is inferior to 4h (figure 7). 

Furthermore, a smear that stretches upward towards the top of the gel is detected in the GOT3 and 

T1000 cell lines when the proteasome activity is inhibited. This smear is probably due to the 

polyubiquitin chains, that were covalently conjugated to this nucleoporin, that would then be target to 

the proteasome for rapid degradation[15]. When the proteasome was inhibited, this smear was 

detected, suggesting that there is proteasome-mediated degradation of Nup107 in these cell lines, 

being higher in the GOT3. 

 The results presented in figure 7 were only primarily quantified. 

 

 

Figure 7: Measurement of Nup107 half-life with CHX and protein stability after inhibition of 

proteasome. These results were obtained and assembled by Marie-Claude Geoffroy in the team of Valérie 

Doye. 

 

2.4. Aim of the master thesis 

 

This project is in the continuity of this study initiated by Marie-Claude Geoffroy, in the team of Dr. V. 

Doye, at Institut Jacques Monod, to understand how Nup107 overexpression could provide a growth 
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advantage on cell proliferation in WD/DDLPS. This project aims to reproduce the results presented in 

figure 7, quantify the obtained results and the stability of the Nup107 protein in the WDLPS cell lines. 

Furthermore, this project aims to quantify by western blot the level and stability of the two other 

nucleoporins that belong to the same structural NPC subcomplex, (Nup133 and Nup85, that belong to 

the Y-complex) and Nup98, a dynamic nucleoporin interacting with the Y-complex. We anticipated that 

this study could provide clues regarding nucleoporin homeostasis in cancer cells.  
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3. Materials and Methods 

 

3.1. Cell Culture 

 

3.1.1. Cell Lines 

 

HeLa-E is a subclone of HeLa cells initially received from F. Perez (Institut Curie, Paris, France); 

SW872 was received from the American Type Culture Collection (Manassas, Virginia, USA); GOT3 

from the Laboratory for Cancer Research, Department of Pathology, The Sahlgrenska Academy at 

Göteborg University (Göteborg, Sweden); 449 and T1000 from the Institute for Research on Cancer 

and Aging, University of Nice-Sophia-Antipolis (Nice, France). 

  

3.1.2. Cell Thawing 

 

Cryovials (Simport) containing the desired cells were removed from the liquid nitrogen and partially 

thawed in a water bath at 37 °C. Afterwards, in the laminar flow hood, the cryoval content was 

transferred to a Falcon tube previously prepared with 10 mL of the corresponded culture medium 

(culture medium details are presented in the section 3.1.3), and then centrifuged for 5 min at 1200 rpm 

(Centrifuge 5702, Eppendorf). The pellet was then resuspended with the adequate volume of medium 

culture, which was then transferred into the adequate Tissue Culture Flask (TPP, Switzerland) and 

then incubated at 37.0 °C and at 5.0% CO2 in the Heracell™ 150 (ThermoFisher Scientific). The 

adequate volume of culture medium and, consequently, the appropriate Tissue Culture Flaks 

depended on the number of cells that were in the cryoval, as it is detailed in the table 1. The culture 

medium was changed the next day. 

 

Table 1: Specifications for cell growth and detachment of each Tissue Culture Flask. 

Tissue Culture 

Flask 
Growth Area Number of cells Medium Trypsin 

T25 25 cm2 5 x 105 cells 5 mL 1 mL 

T75 75 cm2 1 x 106 cells 10 mL 2 mL 

T150 150 cm2 5 x 106 cells 15 mL 3 mL 

 

3.1.3. Cell Growth 

 

The WD/DDLPS cell lines were cultured in RPMI 1640 Medium, GlutaMAX™ Supplement (Gibco), 

supplemented with 15% fetal bovine serum (Gibco), 1% L-glutamine (200 mM Gibco), and 1% 

Penicillin-Streptomycin (10000 U/mL Gibco) at 37.0 °C and at 5.0% CO2. The amount of medium 

depended on which Tissue Culture Flask they were growing in (table 1). 
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 The HeLa-E cell line was cultured in Dulbecco’s modified Eagle medium (Gibco), 

supplemented with 10% fetal bovine serum 1% L-glutamine, and 1% Penicillin-Streptomycin at 37.0 

°C and at 5.0% CO2. Again, the amount of medium depended on which Tissue Culture Flask they 

were growing in (table 1). 

 

3.1.4. Cell Passaging 

 

The cells were periodically observed under the optical microscope (Nikon Eclipse T5100) and, when 

reaching an observable confluence, they were passed to with a 1/2 dilution for the WD/DDLPS cell 

lines or with a 1/20 dilution for the HeLa-E cell line. Figure 8 and 9 show the HeLa-E and the 

WD/DDLPS cell lines, respectively, where they present a reasonable amount of confluence for their 

passage.  

 For this, in the laminar flow hood, the medium was first aspirated by a vacuum gas pump 

(VWR) with Pasteur pipettes. Cells were then washed with PBS and then detached with 0.05% 

Trypsin-EDTA (Gibco) (volumes according to table 2.1), in the incubator at 37 °C for 2 to 5 minutes. 

After cells were detached, they were passed to another flask, with the wanted dilution, that was then 

filled with the medium up to the corresponded volume and placed again in the incubator. 

 

 

Figure 8: Morphology of the HeLa-E cell line. Cells were observed under Nikon Eclipse T5100 using 

the 10x/0.25 objective. 

 

3.1.5. Cell Counting 

 

The cells were first detached, by following the same procedure mentioned in the section 3.1.4. In the 

laminar flow hood, 10 µL of the medium containing the detached cells was mixed with 10 µL of Trypan 

Blue stain 0.4% (Invitrogen, Thermo Fisher Scientific). 10 µL of this solution was placed a cell counting 



21 

 

chamber slide (CountessTM, Invitrogen®), that was then inserted into the Automated Cell Counter 

(CountessTM, Invitrogen®), which, in turn, indicated the number of total and live cells per mL. 

 

 

Figure 9: Morphology of the cell lines. Cells were observed under Nikon Eclipse T5100 using the 

10x/0.25 objective. SW872, 449, GOT3, T1000 are the passage 17, 41, 34 and 28, respectively. The name of the 

cell lines is indicated on the images. 

 

3.1.6. Cell Freezing 

 

The cells were frozen as to store them for a possible future usage. For this, they were first detached, 

following the same protocol mentioned in the section 3.1.4. They were counted, following the 

procedure described in the section 3.1.5 and then centrifuged (Centrifuge 5702, Eppendorf) for 3 min 
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at 1200 rpm. In the laminar flow hood, the pellet was resuspended with the adequate volume of the 

congelation medium (60% fetal bovine serum, 10% DMSO, 30% culture medium, (specifications of the 

culture medium are detailed in the section 3.1.3)), achieving a final concentration of 5 x 106 cells/mL. 

 The final solution was immediately transferred to the cryovials, containing in the end 0.5 or 1 

mL each, which were then transferred to a NALGENE® Cryo 1 °C Freezing Container and placed in 

the freezer at -80 ºC. The cryovials were transferred to liquid nitrogen the next day. 

 

3.2. Treatment with MG132 

 

After the cells were counted, following the procedure detailed in the section 3.1.5, 5 x 105 cells of each 

cell line were placed in one or two different wells of a Tissue Culture Testplate 6 (TPP, Switzerland).  

 The next day, the proteasome of the WD/DDLPS cell lines present in each well was inhibited, 

or not, with 1 mL of MG132 25 µM, for 6 hours, making it a total of 8 different samples: the 4 different 

WD/DDLPS cell lines in the two different conditions each. The MG132 25 mM had been previously 

prepared, by diluting MG132 10 mM in the adequate culture medium. 

 This was done three separate times in, so in the end there was three set of batches of the 8 

different samples. 

 

3.3. Protein Extraction and Quantification 

 

3.3.1. Protein Extraction 

 

After treatment, the proteins of each WD/DDLPS cell line in each condition plus the proteins of HeLa-E 

(which received no treatment) were extracted. For this, the cells in each well were first lysed in 100 µL 

2X Laemmli lysis buffer (150 mM Tris-HCl (pH 6.8), 5% (w/v) SDS, 25% (v/v) glycerol and 0.01% (w/v) 

bromophenol blue). The lysates were boiled at 95 °C for 5 min (Termomixar Comfort, Eppendorf), 

centrifuged (Dominique Dutscher) and then clarified by sonication (3 cycles of 30 seconds on/off at 

high power using BioruptorTM UCD-200, Diagenode). The clarified lysates were centrifuged and again 

boiled and centrifuged. 

 

3.3.2. Protein Quantification 

 

The concentration of the extracted proteins was quantified using the PierceTM BCA Protein Assay Kit 

from Thermo Scientific. A series of dilutions of known concentration from a solution of 10 mg/mL 

purified bovine serum albumin (purified BSA, New England, BioLabs®
Inc) had been previously 

prepared as presented in the table 2. Three more standard solutions were made: 1.5 mg/mL BSA by 

diluting 1/4 of 6 mg/mL BSA, 0.75 BSA mg/mL and 0.25 mg/mL BSA by diluting 1/2 of 1.5 mg/mL BSA 

and 0.5 mg/mL BSA, respectively. The zero of this set was considered either laemmli buffer or water. 
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Table 2: Specifications of the preparation of the standard BSA solutions. 

BSA concentration (mg/mL) 10 mg/mL BSA (μL) Laemmli Sample Buffer (μL) 

8 80 20 

6 60 40 

4 40 60 

2 20 80 

1 10 90 

0.5 5 95 

 

 A new set of standard solutions was prepared by diluting another solution of 10 mg/mL BSA 

(table 3). This one was made by dissolving the powder (Bovine Serum Albumin, pH 7, ≥ 98%, Sigma, 

Life Science) in water. 

 

Table 3: Specifications of the preparation of the new set of standard BSA solutions. 

BSA concentration 

(mg/mL) 
10 mg/mL BSA (μL) 

Laemmli Sample 

Buffer (μL) 
H2O (μL) 

8 80 20 0 

6 60 20 20 

4 40 20 40 

2 20 20 60 

1.5 15 20 65 

1 10 20 70 

0.75 7.5 20 72.5 

0.5 5 20 75 

0.25 2.5 20 77.5 

0 0 20 80 

 

 The BCA buffer was prepared, by mixing Reagent A and Reagent B of the PierceTM BCA 

Protein Assay Kit (Thermo Scientific) in a 50:1 ratio. 98 μL of the BCA buffer plus 2 μL of each sample 

or plus 2 μL of each standard BSA solution were added into each well of a Tissue Culture Testplate 

96F (TPP, Switzerland). Each point was done in duplicate and the plate was placed at 37 °C 

(Memmert, Germany) during 30 min. 

 The optical density of the solutions present in each well was measured at 562 nm with the 

MRX-II Microplate Reader from Thermo Labsystems. The concentration of the BSA standard solutions 

was plotted against the correspondent optical density. A linear trendline was adjusted to the plot and 

the concentration of the samples were calculated based on the linear equation that described the 

trendline, given the measured correspondent optical density. 
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3.4. Western Blot 

 

3.4.1. Western Blot Analysis 

 

For the western blot analysis, two distinct kinds of gels were used: NuPAGETM 4-12% Bis-Tris Gel, 12 

or 15 wells (Invitrogen, Life Technologies) and Mini-PROTEAN® 4-20% TGX (Tris-Glycine Extended) 

Stain-FreeTM Gel, 15 wells (BioRad). 

 In both situations, the total protein extracts were supplemented with β-mercapoethanol 

(Sigma, Life Science), achieving a final concentration 750 mM of it, and then were pipetted into the 

wells of the gel. The amount of extract that was pipetted in each well was calculated based on the 

protein quantification mentioned in the section 3.3.2, and so that the 8 middle lanes of the gel, 

corresponding to each different sample of the WD/DDLPS cell lines, would have the same amount of 

protein, and that the 3 or 5 peripheral ones, if it was in a 12 or 15 well gel, respectively, would have a 

diluted or a concentrated amount, so that there was at least one sample that presented a range on the 

amount of protein loaded in a 1.5 : 1 : 0.5 : 0.25 proportion. The first and last wells, if in a 15 wells gel, 

or the first well, if in a 12 wells gel, were always loaded with the Thermo Scientific PageRuler Plus 

Prestained Protein Ladder. 

The proteins were separated on the gel by electrophoresis in a MOPS SDS Running Buffer 

1X, that had been previously prepared by diluting 20 times NuPAGE® MOPS SDS Running Buffer 20X 

(Novex®, Life Technologies), if the gel was the NuPAGETM Bis-Tris gel, or in a tris/glycine running 

buffer (384 mM Glycine, 50 mM of Tris, 0.1% (w/v) SDS), if it was the TGX Stain-FreeTM gel, at a 

constant voltage of 200 V or at 160 V, during one hour, respectively, which was provided by using 

PowerPac HC power supply (BioRad). 

After the electrophoresis, the separated proteins became fluorescent directly and only in the 

stain-free gel by their activation with UV radiation for 45 seconds, using the ChemiDocTM MP Imaging 

System (BioRad). According to the information on the manufacturer’s website, these gels include 

unique trihalo compounds that allow rapid fluorescent detection of proteins with stain free-enabled 

imaging systems. The trihalo compounds in the gels react with tryptophan residues in a UV-induced 

reaction to produce fluorescence, which can be easily detected by stain free-enabled imagers within 

gels. Activation of the trihalo compounds in the gels adds 58 Da moieties to available tryptophan 

residues and is required for protein visualization. Proteins that do not contain tryptophan residues 

cannot be detected using this system. 

The fluorescent signal was then visualized using the same system. In both cases, the gel was 

transferred to a nitrocellulose membrane (AmershamTM ProtranTM 0.2 μm NC, GE Healthcare, Life 

Sciences) within a sandwich of two on top and two on bottom of WhatmanTM papers (GE Healthcare, 

Life Sciences), previously soaked in the transfer buffer (25 mM Tris, 250 mM Glycine) in the Transfer-

Blot SD Semi-Dry Transfer Cell (Biorad). The transfer was set at a constant voltage of 15 V during one 

hour by using the PowerPac HC (BioRad). 

 After the transfer, the fluorescent signal of the stain-free gel was again visualized in the 

Imaging System, while, in both cases, the nitrocellulose membrane was immersed in Ponceau Red 
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(50% (w/v) Ponceau Red S powder, 0.3% (v/v) trichloroacetate) for 5 minutes, whose excess was then 

washed with 7% acetic acid. After the staining results were digitally saved, they were washed with 

TBS-T (0.1% Tween 20, 10 mM Tris pH 7.4, 150 mM NaCl, 0.02% NaN3). The fluorescent proteins 

were again visualized but this time on the membrane, using again the same imaging system. 

 In both cases, the membrane was saturated by incubation with filtered 5% dry milk powder in 

TBS-T at room temperature with agitation for 30 min to prevent non-specific binding of the antibodies. 

The milk had been filtered using a 55 mm filter paper from Whatman®. Afterwards, the nitrocellulose 

membrane was incubated overnight with the desired primary antibody, with its desired dilution in 5% 

dry milk powder in TBS-T, at 4 °C, with agitation. The primary antibodies used, and their specifications 

are presented in the table 4. 

 

Table 4: Specifications of the primary antibodies for the Western Blot. 

Primary 

Antibody 

Name 

Antigen 
Antibody 

Species 

Antibody 

Type 

Received 

from 
References Dilution 

Anti-

Nup107 

N terminal 

Nup107 
Rabbit 

Affinity-

purified 

antibodies 

Homemade 
Serum 

#243.96 
1/2000 

Anti-

Nup133 

Human 

serum 

Nup133 

Rabbit 

Affinity-

purified 

antibodies 

Homemade 
Serum 

#759.110 
1/1000 

Anti-Nup85 

Human 

purified 

fraction of 

Nup85 

Rabbit 

Affinity-

purified 

antibodies 

Homemade Fraction 28 1/3000 

Anti-Nup98 

rat 

monoclonal 

(2H10) 

aa 1-466 of 

human 

Nup98 

Rat IgG2C ABCAM 
ab50610 

lot 88157 
1/2000 

Anti-

gamma 

tubulin 

mouse 

monoclonal 

(GTU-88) 

N-terminal 

aa 38-53 

human 

gamma 

tubulin 

Mouse IgG1 ABCAM 

ab11316 

batch 

GR2955801 

1/10000 

 

The next day the membrane was washed five times 5 minutes each with TBS-T and then 

incubated during one hour with the desired secondary antibody, with its desired dilution, again in 5% 

dry milk powder in TBS-T, at room temperature, with agitation. The secondary antibodies used, and 

their specifications are presented in the table 5. 
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After incubation, the membrane was again washed five times 5 minutes each with TBS-T. The 

peroxidase from the secondary antibody was revealed using an enhanced chemiluminescence (ECL) 

substrate: SuperSignalTM West Pico PLUS Chemiluminescent Substrate or SuperSignalTM West Femto 

Maximum Sentitivity Substrate, both from Thermo Scientific. For this, the membrane was covered with 

either substrate for 5 minutes and the chemiluminescence signal was detected using the Imaging 

System from BioRad or the Image Reader LAS-4000 (FujiFilm). 

 

Table 5: Specifications of the secondary antibodies for the Western Blot. 

Secondary 

Antibody 

Name 

Antigen 

Species 

Antibody 

Species 

Antibody 

Type 

Antibody 

Modification 

Received 

from 
References Dilution 

HRP 

donkey 

anti-rabbit 

Rabbit Donkey IgG (H+L) HRP 

Jackson 

Immuno 

Research 

711-035-

152 

lot 93600 

1/5000 

HRP goat 

anti-rat 
Rat Goat IgG (H+L) HRP 

Labo 

Boermens 

Jackson 

Immuno 

Research 

112-035-

167  

1/5000 

HRP goat 

anti-

mouse 

Mouse Goat 
IgG + IgM 

(H+L) 
HRP 

Jackson 

Immuno 

Reseach 

115-035-

068 

lot 50232 

1/10000 

 

3.4.2. Western Blot Quantification 

 

The gels and the membranes were quantified with the ImageJ software. 

For the Stain-Free gel, rectangular forms in the image of gel obtained were delineated. 13 

rectangles corresponded to the same section of each lane and 2 rectangles for what it was perceived 

to be the background. The average intensity of each delineated area was measured, and the intensity 

corresponded to the section of each lane was subtracted to the intensity of the background. These 

values allowed the adjustment of the amount of protein extract that was loaded in each well (the 

explanation of this is detailed in the section 4.1) in a new gel, by comparing them. 

For the western blot, the bands of each lane and what was perceived to be the background 

were delineated with rectangular forms. Again, the average intensity of each delineated area was 

measured, and the intensity that corresponded to each band was subtracted to the intensity of the 

background. The amount of loaded protein in the range was plotted against the correspondent 

intensity values. The best trendline was adjusted to the plot and the amount of protein that was 

detected on the western blot was calculated based on the equation that described the trendline, for 

each band. The values were first normalized either by dividing to the values provided by either the 

western blot of γ-tubulin or the proteins on the stain-free gel. The first normalized values were also 
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normalized to the control cell line SW in the control condition. The average of each sample was 

calculated based on the three values that corresponded to the biological replicates of the three sets 

together with the standard deviation. The final values were presented in a bar chart. 
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4. Results 

 

4.1. Technical Improvements 

 

4.1.1. For Protein Quantification 

  

When the two zeros of the first set of BSA standard solutions, prepared as described in the table 2 of 

the section 3.3.2, were compared, it was noted that there was a difference on the optical density, 

being higher when the zero corresponded to the laemmli buffer compared when the zero 

corresponded water. The optical density values measured at 523 nm were 0.094 and 0.068, 

respectively. This suggested that the buffer interfered with the BCA Protein Assay. For this reason, the 

method of preparation of these solutions was changed, as described in the table 3 of the section 3.3.2, 

and the concentration of the laemmli buffer was the same in each standard solution, 20% (v/v) laemmli 

buffer. Here, the optical density value measured at 523 nm of the correspondent zero, also composed 

of 20% (v/v) laemmli buffer, was 0.082. As expected, this value was in between the previous ones. 

Figures 10 and shows the plot of the first set of BSA standard solutions when the zero was considered 

the water (top) and the laemmli buffer (bottom) and the respective linear trendlines. 

 

 

Figure 10: Plot of the first BSA standard solutions. Top: Water is the correspondent zero. Equation: 

Concentration (µg/µL) = 19.3DO - 1.50; R2 = 0.989. Bottom: Buffer is the correspondent zero. Equation: 

Concentration (µg/µL) = 20.5DO - 1.72; R2 = 0.989. 
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 Figure 11 shows the plot of the second set of BSA standard solutions. The methods of the 

obtaining graphics present in figures 10 and 11 are described in section 3.3.2. Comparing the plots in 

figure 9, even though the two zeros were different, the alteration of values is minor. Comparing the 

plots between figures 10 and 11, it is possible to conclude that the new set of BSA standard solutions 

was appropriate and that the alteration of values was also minor, since the protein samples used were 

normally in the range of 0.60 and 2.00 µg/µL. 

 

 

Figure 11: Plot of the second BSA standard solutions. Equation: Concentration (µg/µL) = 18.2DO - 

1.75; R2 = 0.983 

 

4.1.2. For Western Blot Analysis 

 

Figure 12 shows the western blot results of a nitrocellulose membrane after some incubations with 

several western blot antibodies together with Ponceau Red stanning. As it occurred with the results 

from Geoffroy and coworkers, the main site of the Nup107 on the blot is between the 80 and the 115 

markers and it is distinctively present in all the cell lines and in each condition. A lot of additional 

bands from the anti-Nup107 are present, however some distinctions are noticeable, as also noted by 

Geoffroy and coworkers. For instance, another form of Nup107 is detected between the 25 and 30 

markers in the 449 cell line. As mentioned in the section 2.2, this corresponds to a truncated form of 

Nup107 containing the first 8 exons of Nup107 fused to a non-coding sequence. Additionally, a smear 

from the top of the membrane to the main Nup107 site is observed, in the GOT3 and T1000 cell lines 

in the treated condition, as shown in the results of Geoffroy and coworkers. 

 Figure 12E shows the results of the Ponceau Red staining of the membrane. As observed, the 

amount of loaded protein was not the same in the 8 middle lanes, although it was the intended, as 

mentioned in the section 3.4.1. For this reason, it was not possible to compare qualitatively or 

quantitively the amount of detected Nup107 between the samples without a normalization to the total 

protein or to a protein that serves as a loading control. Unfortunately, the staining by the Ponceau Red 

is not sensible enough for a proper normalization and γ-tubulin was the protein chosen for the loading 

control. 
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Figure 12: Expression of Nup107, Nup133 and γ-tubulin in WD/DDLPS liposarcoma cell lines. Gel: 

NuPAGETM 4-12% Bis-Tris Gel, 12 wells. The condition and the cell lines of which the proteins of each lane 

correspond to is indicated in the figure, where + corresponds to the samples treated with MG132 for 6 hours and - 

to the control. The numbers displayed on the top picture correspond to the ratio of the amount of protein when 

compared to the same sample in middle and the numbers displayed on the left of the picture correspond to the 

weight of the markers of the Prestained Protein Ladder. All the western blot signals were detected on the Image 

Reader LAS-4000. The contrast on the western blot images was increased for better visualization. (A) Western 

blot with anti-Nup107. (B) Western blot with anti-Nup133 and with anti-Nup107 (previous signal). (C) Western blot 

with anti-gamma tubulin and with anti-Nup107 (previous signal). (D) Western blot with anti-gamma tubulin after 

treatment with H2O2. (E) Ponceau red stanning. 
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 Figure 12C shows the signal of the detected HRP on the bottom of the same membrane after 

its re-incubation with the anti-gamma tubulin. However, the HRP signal that corresponded to the anti-

Nup107 was still detected and there is a great amount of overlapping between the γ-tubulin and the 

Nup107 signals, making it very difficult to distinctively analyze and quantify the γ-tubulin results. For 

this reason, the HRP activity linked to the secondary antibody on the bottom of this membrane was 

irreversibly inhibited, following the protocol of Sennepin and coworkers[41]. 

For this, the membrane was covered with of H2O2 (30% (w/v), Sigma, Life Science) and 

incubated for 30 min at 37 °C (Memmert, Germany). Afterwards, the membrane was re-blocked with 

the filtered 5% dry milk powder in TBS-T, at room temperature, with agitation for 30 min. Then, the 

membrane was re-incubated with the primary antibody anti-gamma tubulin and the procedure for its 

revelation was repeated. Figure 12D shows the results obtained. As expected, the signal from the 

previous Nup107 disappeared, however there was no signal from the lanes with lower amount of 

proteins, perhaps because there was a loss of the amount of blotted proteins, due to the incubation of 

the membrane with H2O2.[41] The amount of blotted proteins on the lanes with lower amount of it were 

then possibly below the detection levels. This made it impossible to determine the actual amount of γ-

tubulin in the other lanes. 

Lastly, figure 12B shows the signal of the revealed HRP on the top of the same membrane 

after re-incubation with the primary antibody anti-Nup133. As expected, the main site of the of the 

Nup133 on the blot is between the 115 and the 185 markers[5] and it is present in all the cell lines and 

in each condition. The HRP signal that corresponded to the anti-Nup107 was still detected, where the 

bands observed below the 115 marker correspond to it. Additionally, there is also a significantly 

amount of overlapping between the signal these two nucleoporins, mostly due to the smears from the 

Nup107 signal, which made it difficult to distinctively analyze the Nup133 results. Unfortunately, the 

same procedure described for γ-tubulin was not possible here, since the antibody species for anti-

Nup107 and anti-Nup133 is the same, unlike the antibody species for anti-Nup107 and anti-gamma 

tubulin, which are different (table 4). 

Figure 13 shows the western blot results together with the Ponceau Red of another 

nitrocellulose membrane that contained the protein extracts of the same set of samples present in 

figure 11. However, the amount of protein extract that was loaded in each well was adjusted, so that 

the amount of protein in the 8 middle lanes were similar. 

Indeed, the amount of γ-tubulin between the treated and the control samples in the SW, 449 

and GOT3 is qualitatively the same, making it possible to compare possible to compare the amount 

Nup107 of these samples without having to normalize to the quantity of γ-tubulin. 

The western blot with anti-Nup133, besides of the previous signal from anti-Nup107, has an 

extra band between the 80 and 115 markers, which has been previously observed with Walther and 

coworkers[46] when using the same antibody. Again, there is also a significantly amount of overlapping 

between the signal of Nup107 and Nup133, mostly due to the smears from the Nup107 signal, which 

made it difficult to distinctively analyze the Nup133 results. Unfortunately, and again, there was no γ-

tubulin signal on the lanes with lower amount of proteins. 
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Figure 13: Expression of Nup107, Nup133 and γ-tubulin in WS/DDLPS liposarcoma cell lines. Gel: 

NuPAGETM 4-12% Bis-Tris Gel, 15 wells. The condition and the cell lines of which the proteins of each lane 

correspond to is indicated in the figure, where + corresponds to the samples treated with MG132 for 6 hours and - 

to the control. The numbers displayed on the top picture correspond to the ratio of the amount of protein when 

compared to the same sample in middle and the numbers displayed on the left of the picture correspond to the 

weight of the markers of the Prestained Protein Ladder. All the western blot signals were detected on the Image 

Reader LAS-4000. The contrast on the western blot images was increased for better visualization. (A) Western 

blot with anti-Nup107. (B) Western blot with anti-Nup133 and with anti-Nup107 (previous signal). (C) Western blot 

with anti-gamma tubulin after treatment with H2O2. (D) Ponceau red stanning. 
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Having still no ways of normalizing the amount of the detected blotted nucleoporins, the 

protein extracts were migrated instead in another gel type: Mini-PROTEAN® TGX Stain-FreeTM Gel, 

which would allow western blot normalization, by quantifying the fluorescence signal detected by the 

imaging system, eliminating the necessity of having a loading control, such as γ-tubulin. 

But first, it was necessary to test if the antibodies that were going to be used worked on this 

new gel. Figure 14 shows the results of the testing. For this, the protein extracts of the HeLa-E cell 

lines were supplemented with β-mercapoethanol (750 mM final), and then migrated in a NuPAGETM 4-

12% Bis-Tris Gel or in 4-20% gradient TGX Stain-FreeTM Precast Gel at a constant voltage of 200 V 

for one hour or 30 minutes, respectively. The procedure mentioned in the section 3.4.1 was repeated. 

On both gels, the first and the last three lanes that contained the protein extracts presented a range on 

the amount of protein loaded in a 1: 0.5: 0.25 ratio, whereas the rest contained the same amount of it. 

Before the protein UV activation on the Stain-Free Gel, the last part of the gel containing the 

protein range was cut out of the rest of the gel and the correspondent proteins were not activated. 

After membranes were saturated, they were cut in into five parts each, where two of them 

corresponded to the protein range and the rest three to the one lane containing the same amount of it 

each. The three parts of both membranes were each incubated with the primary antibodies anti-

Nup133, anti-Nup98 and anti-gamma tubulin, whereas the rest with the anti-Nup107. 

The next day, the protocol mentioned in the section 3.4.1 continued to be followed, where 

each membrane was incubated with the respective and proper secondary antibody: the membranes 

incubated with anti-Nup98 with the HRP goat anti-rat, the membrane incubated with anti-gamma 

tubulin with the HRP goat anti-mouse and the rest with the HRP donkey anti-rabbit. 

The procedure for the western blot analysis continued to be followed and the HRP was 

revealed using SuperSignal West Pico, except the HRP from the goat anti-mouse, which was revealed 

using SuperSignalTM West Femto. The chemiluminescence signal was detected using the Imaging 

System from BioRad, except for one membrane. This one corresponded to one of the protein ranges 

that were migrated on the NuPAGE Gel, whose chemiluminescence signal was detected on the Image 

Reader LAS-4000. 

All the membranes were re-incubated with anti-gamma-tubulin and the procedure for its 

revelation was repeated, although this time all chemiluminescence signal was detected on the 

ChemiDocTM MP Imaging System. 

All the tested antibodies worked in the new gel. If the amount of protein loaded in each gel 

was the intended, the results suggest that the signal is stronger when using the Stain-Free Gel and 

when using the new detection machine, the Imaging System from BioRad. Additionally, the results 

suggest that there is no significant different between the signal intensity if the proteins of the Stain-

Free gel were activated or not by the UV-induced reaction. As expected, the main site in the western 

blot for Nup98 is below the 115 marker[33]. 

Figure 15 shows the visualization of the proteins of one set of samples on one Stain-Free Gel 

after the UV-induced reaction and on the nitrocellulose membrane after the transfer, showing that the 

transfer was effective. 
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Figure 14: Antibody testing on the NuPAGE Bis-Tris Gel (Invitrogen) versus TGX Stain-Free Gel 

(BioRad). ChemiDoc Imaging System versus Image Reader LAS-4000; proteins UV activated versus not 

activated in the Stain-Free Gel. The testing condition is indicated next to the corresponded results. The numbers 

displayed on the left of the picture correspond to the weight of the markers of the Prestained Protein Ladder. 
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Figure 15: Visualization of the proteins of one set of samples on the Stain-Free gel and the 

nitrocellulose membrane. Times of exposure: stain-free gel: 17 seconds; membrane: 8 seconds. The condition 

and the cell lines in which the proteins of each lane correspond to is indicated in the figure, where + corresponds 

to the samples treated with MG132 for 6 hours and - to the control. The numbers correspond to the ratio of the 

amount of protein compared to the same sample in middle. Voltage and duration of the electrophoresis: 200 V for 

30 min. 

 

Again, although the 8 middle lanes were set to have the same amount of protein, qualitatively, 

the detected fluorescence signal from the proteins of 449 + and GOT3 - is weaker, while in the T1000 

+ is stronger. The gel was then quantified as mentioned in the section 3.3.2 and the amount of protein 

extract that was loaded in each well was adjusted, so that the amount of protein in those 8 middle 

lanes was more similar. 

Figure 16 shows the total proteins in the stain-free gel that resulted from that adjustment, plus 

the results of the detected nucleoporins Nup107, Nup133, Nup85 and Nup98 and the loading control 

protein γ-tubulin. The set of samples presented in this figure is different from the ones that are 

presented in figures 12 and 13. 

Since it was previously shown that there is a significantly amount of overlapping between the 

signal of Nup107 and Nup133, the incubation of the respective antibodies was on two different 

identical membranes. Additionally, the same was also expected for the rest of the nucleoporins. For 

this reason, to achieve the results that are presented in the figure 16, four different equivalent stain-

free gels were run. 

Stain-Free 

Gel 

Membrane 



37 

 

 

Figure 16: Expression of the proteins, Nup107, γ-tubulin, Nup133, Nup85 and Nup98 in WDLPS 

cell lines. Times of exposure: stain-free gel: 21 seconds; Nup107 western blot: 26 seconds; γ-tubulin after H2O2 

treatment western blot: 21 seconds; Nup133 western blot: 21 seconds; Nup85 western blot: 36 seconds; Nup98 

western blot: 92 seconds; γ-tubulin on Nup85 western blot:  The proteins correspond of the same set of samples. 

The condition and the cell lines in which the proteins of each lane correspond to is indicated in the figure, where + 

corresponds to the samples treated with MG132 for 6 hours and - to the control. The numbers correspond to the 

ratio of the amount of protein compared to the same sample in middle. Voltage and duration of the 

electrophoresis: 160 V for 1 hour. 
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The stain-free gel presented corresponds to the first one that was done right after the 

adjustments. The γ-tubulin presented on the top of the figure 16 corresponds to the one detected in 

first membrane, while the one presented on the bottom corresponds to the one detected in the third 

membrane. The membrane in which Nup107 and γ-tubulin was revealed is the same, corresponding 

as well to the membrane whose stain-free gel that is presented was transferred to. The other 

nucleoporins were revealed in a different but equivalent membrane each. 

Qualitatively, the quantity of proteins detected in the stain-free gel in the 8 middle samples are 

nearly identical, except for the sample 449 +, which is slightly higher. Similarly, the amount of γ-tubulin 

detected in the top membrane in the 8 middle samples are as well nearly identical, except for the 

sample 449 + being slightly higher, as well, thus allowing to compare these samples. 

As observed in figure 16, γ-tubulin gives different results in the two different blots they were 

detected. However, there is no such difference in protein in the gel. Thus, the difference observed is 

assumed to be because the results are superimposed with those corresponding to those of Nup85. It 

might have been better to treat the membrane with H2O2 prior to incubation with anti-gamma tubulin. 

For this reason, when normalizing the obtained results to the loading control tubulin, it was normalized 

to the tubulin corresponding to the first blot. 

 

4.2. Analysis of the Nucleoporin’s. Expression and their Stability in WDLPS cell 

Lines 

 

As mentioned above in the section 2.4, it is necessary to check if the results are reproducible. For this 

reason, two additional sets of gels and membranes were run and hybridized as the set displayed in 

figure 15, but with the two different set of samples. Figure 17 shows those results, where the results 

on the left represent one set of samples and on the right another. Figures 18, 19, 20 and 21 show the 

graphics of bars, whose methods of achievement are described in the section 3.4.2. 

 

4.2.1. Nup107 protein levels 

 

The graphics for Nup107 are present in figure 17. Overall, the results displayed in this figure show that 

Nup107 is only overexpressed in GOT3 cells, as primarily suggested by Geoffroy and team, by 1.5 to 

2.5 fold. Results present in figures 16 and 17 show indeed that. It is important to note that it is not 

possible to qualitatively conclude that in figure 17 on the right, since the amount of protein on the gel 

and the loading control γ-tubulin on the blot is higher. It is also possible to observe in the graphs of 

figure 18 that the results evidenced by the purple bar of the GOT3 - sample are significantly higher 

than the average, especially when the values are normalized using the proteins in the gel. This may 

have been because the value corresponding to this sample was higher than the range and it was not 

possible to validate it, since there was no less amount of this sample in another land. It also might be 

because that the lane in this sample was wider, which may affect the interpretation, as the same can 

also be evidenced by the red bar of T1000 -, where the lane in this sample was thinner, and by the red 

bar of 449 +, where the lane in this sample was also wider. 
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Figure 17: Expression of the proteins, Nup107, γ-Tubulin, Nup133, Nup85 and Nup98 in WDLPS 

cell lines.  Times of exposure: stain-free gel 23 seconds (left), 16 seconds (right); Nup107: 59 seconds (left), 3 

seconds (right); γ-Tubulin 51 seconds (left), 21 seconds (right); Nup133 14 seconds (left), 7 seconds (right); 

Nup85: 59 seconds (left), 24 seconds (right); Nup98: 8 seconds (left), 29 seconds (right). The proteins correspond 

at two different set of samples (left and right). The condition and the cell lines in which the proteins of each lane 

correspond to is indicated in the figure, where + corresponds to the samples treated with MG132 for 6 hours and - 

to the control. The numbers correspond to the ratio of the amount of protein compared to the same sample in 

middle. Voltage and duration of the electrophoresis: 160 V for 1 hour. 

 

As quantify by M-C. Geoffroy in the team of V. Doye, the expression of Nup107 mRNA 

increases 6 fold in GOT3 cells, while the protein only increased by a 1.5 to 2.5 fold. The discrepancy 

between mRNA and protein level in GOT3 might be due to protein degradation. The results present in 

the graphs of figure 18 and the blots displayed in figure 16 and 17 indicate that there is no major 

increase of level of this nucleoprotein when the proteasome is inhibited. However, a smear that 
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stretches upward towards the top of the gel is detected in the western blot when the proteasome is 

inhibited. As explained in the section 2.3, this suggests that there is indeed proteasome-mediated 

degradation of Nup107 in GOT3, which could explain the discrepancy. We could not quantify this 

smear in a precise manner since the signal over background was rather low. So, it remains unclear if 

there is another mechanism that targets protein degradation. 

In contrast, the expression of full-length Nup107 is lower in 449 cells as compared to control 

cells, which is also suggested by figures 16 and 17. This further increases the discrepancy between 

the mRNA Nup107 levels, which are overexpressed by 12 fold, and the protein levels, which are 2 fold 

lower, compared to SW cells, as indicated in figure 18. As hypothesized in the section 2.1, this 

discrepancy could be due to the expression of a truncated form of Nup107 in this cell line, as there is 

no increase of the full length nucleoporin when the proteasome is inhibited, indicating that there is no 

proteasome-mediated degradation of the full length Nup107 in this cell line. 

 

 

Figure 18: Bar graphics on the change of Nup107 expression in the WDLPS cell lines. Both 

conditions are present and are normalized to the control cell line in the control condition. The results are also 

either normalized to the results obtain by the western blot with γ-tubulin (bottom) or to results of the protein 

detected in the Stain-Free Gel (top). + corresponds to the samples treated with MG132 for 6 hours and - to the 

control. Blue bars correspond to the average of the obtained values; red bars correspond to the values obtained 

from figure 15; green bars to the values obtained in figure 16, left; purple bars to the values obtained in figure 16, 

right. FL = full length; TF = truncated form. 
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The truncated form of Nup107 levels are also 2 fold lower, when comparing to SW cells. 

Interestingly, if one considers the total amount of full-length plus the shorter form of Nup107, then an 

amount comparable to the SW cell line is obtained. Furthermore, when the proteasome is inhibited, 

the truncated form of Nup107 increases around 4.5 fold, indicating that this truncated form is highly 

unstable and that its degradation is proteasome-mediated. 

The expression of Nup107 neither increases nor decreases in T1000, according to the 

graphics presented in figure 18. This result is also suggested in figures 16 and 17. When the 

proteasome is inhibited, an increase (2.5 or 1.8 fold, depending on the normalization), along with the 

appearance of a smear, was mainly observed in the first experiment (red bars), but was not convincing 

in the second experiment, and not detected in the last experiment. This suggests that other 

mechanisms may explain the discrepancy between the mRNA and protein levels in this cell line. 

 

4.2.2. Nup133 protein levels 

 

As previously hypothesized by Geoffroy and team, the higher expression of Nup107 protein in GOT3 

cells might be linked to the overexpression of Nup133, its direct binding partner within the Y-complex. 

The results in figure 16 indicate that there is an increase of the Nup133 expression when comparing to 

the control SW, however the results displayed in figure 17 on the left indicate that this expression 

neither increases nor decreases. It is not possible to qualitatively analyze the results presented in 

figure 17 on the right, because the amount loaded of the non-treated GOT3 sample was higher. The 

quantification results shown in figure 19 suggest that the expression of this nucleoporin is comparable 

to the control cell line, except the result presented by the red bar but only when normalizing to the 

protein gel. 

As mentioned in the section 4.1, the obtained results were normalized to the loading control γ-

tubulin that corresponded to the first blot where Nup107 was revealed. The results might thus have 

been different if γ-tubulin would have been revealed in the Nup133 blot as well. However, qualitatively 

and quantitatively the results given by the detected protein that corresponds to the blot of Nup107 and 

Nup133 are quite similar, except in the T1000 samples, which is slightly lower in the gel correspondent 

of the Nup133 blot. This suggests that the γ-tubulin results would be quite similar as well, except in the 

T1000 samples. Additionally, the results given by the protein in the blot after transfer suggest that the 

transfer was comparable in both situations. Alternatively, and again, it also might be because that the 

lane in this sample was wider, which may affect the interpretation, thus the obtained value when 

normalizing to γ-tubulin is more likely to be the correct one. So, my quantification data suggest that the 

Nup133 protein level in this cell line is comparable to the one in the control cell line, meaning that, 

unlike what was observed by M-C. Geoffroy, this nucleoporin would not be overexpressed in GOT3 

cells. However, this is not what one can observe by looking at the gels themselves, raising some 

doubts regarding the quantification method, suggesting that the quantification of this experiment might 

not be reliable and that should be reproduced. In addition, the obtained value of this sample indicated 

by the purple bar is higher than the range. Additionally, it was not possible to validate it, since there 

was no less amount of this sample in another land. 
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The results present in the graphs of figure 19 and the blots displayed in figure 16 and 17 

suggest that there is no major increase of level of Nup133 when the proteasome is inhibited, indicating 

that there is no proteasome-mediated degradation of Nup133 in this cell line. 

 

 

Figure 19: Bar graphics on the change of Nup133 expression in the WDLPS cell lines. Both 

conditions are present and are normalized to the control cell line in the control condition. The results are also 

either normalized to the results obtain by the western blot with γ-tubulin (bottom) or to results of the protein 

detected in the Stain-Free Gel (top). + corresponds to the samples treated with MG132 for 6 hours and - to the 

control. Blue bars correspond to the average of the obtained values; red bars correspond to the values obtained 

from figure 15; green bars to the values obtained in figure 16, left; purple bars to the values obtained in figure 16, 

right. 

 

Regarding the 449 cell line, figures 16 and 17 imply that the amount of Nup133 is under 

expressed. Additionally, the graphics presented in the figure 19 show that this nucleoporin levels are 

lower by 2 fold, when compared to the SW cell, being here the same value as for the Nup107. 

Furthermore, there is no proteasome-mediated degradation of Nup133, as suggested by the graphics 

in figure 19 and the blots in figures 16 and 17. 

Regarding the T1000 cell line, results present in figure 16 suggest that there is no change in 

the expression of this nucleoporin in T1000 cells compared to the control. However, the quantification 

results present in figure 19 indicate that there is an increase of its expression when the results are 

normalized to the protein in the gel, but this nucleoporin decreases when the results are normalized to 

0,0
0,2
0,4
0,6
0,8
1,0
1,2
1,4
1,6
1,8

sw - 1 sw + 1 449 - 1 449 +
1

got3 -
1

got3 +
1

t1000 -
1

t1000
+ 1

N
u

p
1

3
3

 n
o

rm
a

li
z
e

d
 t

o
 g

e
l 

p
ro

te
in

Samples

0,0
0,2
0,4
0,6
0,8
1,0
1,2
1,4
1,6
1,8

sw - 1 sw + 1 449 - 1 449 +
1

got3 -
1

got3 +
1

t1000 -
1

t1000
+ 1

N
u

p
1

3
3

 n
o

rm
a

li
z
e

d
 t

o
 

tu
b

u
li

n

Samples



43 

 

γ-tubulin. This difference might be because, as mentioned previously, γ-tubulin expression results in 

the Nup133 blot would be lower in the T1000 samples. Therefore, the normalized results by the 

protein in the gel should be more correct, where the expression increases 1.4 fold. The results that 

correspond to the green and purple bar indicate the opposite. This is further suggested by the blot in 

figure 17 on the left but not on the right, where the result is rather not clear. All of this suggests that 

the quantification of this experiment is not reliable and should be reproduced. Nevertheless, the 

results seem to suggest that there is not increase of this nucleoporin when the proteasome is 

inhibited, indicating that there is no proteasome-mediated degradation in T1000 cells. 

 

4.2.3. Nup85 protein levels 

 

Regarding Nup85, figure 20 indicates that there is not much difference between when the values of 

Nup85 expression are normalized by the gel in protein or by γ-tubulin. 

  

 

Figure 20: Bar graphics on the change of Nup85 expression in the WDLPS cell lines. Both 

conditions are present and are normalized to the control cell line in the control condition. The results are also 

either normalized to the results obtain by the western blot with γ-tubulin (bottom) or to results of the protein 

detected in the Stain-Free Gel (top). + corresponds to the samples treated with MG132 for 6 hours and - to the 

control. Blue bars correspond to the average of the obtained values; red bars correspond to the values obtained 

from figure 15; green bars to the values obtained in figure 16, left; purple bars to the values obtained in figure 16, 

right. 
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However, the value given by the purple bar in GOT3 + when normalizing by the latter, which is 

around 1.2 fold, while the obtained value is around 0.9 in the former. Again, this might be because the 

lane in that sample is wider, which again can affect the interpretation. Indeed, in the same gel, the 

lane that corresponds for the GOT3 - sample is also wider and there is also an increase of the 

quantified expression from 0.5 to 0.7 of Nup85 when normalizing to the protein in the gel. Thus, 

discarding the obtained values for these two samples, when normalizing, to the gel is likely 

reasonable. The rest of the obtained data suggest that the expression of Nup85 is lower by 1.5 to 2 

fold in WDLPS cell lines when comparing to the control. Furthermore, when the proteasome is 

inhibited, Nup85 expression decreases in 449 cells by 1.2 fold, whereas it increases in T1000 cells by 

around 1.2 fold. 

 

4.2.4. Nup98 protein levels 

 

Figure 16 shows that the expression of Nup98 is similar between the four cell lines and that 

the expression increases where the proteasome is inhibited in all the cell lines. The obtained results 

then suggest that this nucleoporin has proteasome-mediated degradation and that this nucleoporin is 

instable, and it is not unique for the WDLPS cell lines. Figure 21 indicates that this increase by around 

1.5 to 2.0 fold. However, the results displayed in figure 17 on the left indicate that there is an under 

expression of this nucleoporin in the WDLPS cell lines when comparing to the control. Furthermore, 

this western blot indicates that Nup98 is only proteasome-mediated degradation in these WDLPS cell 

lines. Additionally, this is further supported by the results given by the green bars in figure 21. One 

may wonder if there was a mistake in this experiment like MG132 was added in the control condition in 

the control cell line, by mistake. This would explain this difference. However, it is not possible to 

conclude this, given the obtained data. 

Furthermore, the blot results for Nup98 displayed on figure 17 on the right indicate that this 

nucleoporin only increases when the proteasome is inhibited in 449 cells. This is further indicated by 

the purple bars in figure 21. Again, it might be wondered if there was a mistake in this experiment as 

well that would give these different results, such as mixed cell lines or solution. All of this indicated that 

these results will need to be reproduced and further testing is required. 
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Figure 21: Bar graphics on the change of Nup98 top expression in the WDLPS cell lines. Both 

conditions are present and are normalized to the control cell line in the control condition. The results are also 

either normalized to the results obtain by the western blot with γ-tubulin (bottom) or to results of the protein 

detected in the Stain-Free Gel (top). + corresponds to the samples treated with MG132 for 6 hours and - to the 

control. Blue bars correspond to the average of the obtained values; red bars correspond to the values obtained 

from figure 15; green bars to the values obtained in figure 16, left; purple bars to the values obtained in figure 16, 

right. 
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5. Discussion 

 

While the amplification of NUP107 at the DNA and mRNA levels is well-established in the WDLPS 

cells, like the 449, GOT3  and T1000 cell lines, quantified results of Nup107 protein by western blot in 

these cell lines show that this protein is only overexpressed in GOT3 cells (by 1.5 to 2.5 fold), whereas 

the expression of this nucleoporin actually under expressed (by 2 fold) in 449 cells and it is the same 

in T1000 cells, when comparing to the control liposarcoma SW, devoid of NUP107 amplification. As 

anticipated, this study shows that there is nucleoporin homeostasis in these cancer cell lines. In fact, 

as previously mentioned in the section 1.3, the Nup107 western blot results by Garsed and colleagues 

had already suggested precisely that (figure 4A). This highly suggested that that there is nucleoporin 

homeostasis in these cancer cell lines, allowing the level of Nup107 to be reduced or even to remain 

the same, as cells line devoid of any neochromosomes However, as previously mentioned as well, the 

authors suggested that NUP107 could act a potential oncogene as viability and cell growth of the 

WDLPS were considerably reduced after depletion of Nup107 by siRNA, as compared to the control 

liposarcoma SW. Still, the authors only provided the percentage viability calculated as the average 

assessed by MTS assay 3 to 5 days after transfection, and not the growth curve of these cells after 

the transfection. 

Results show that Nup107 is only overexpressed in GOT3 cells, as primarily suggested by 

Geoffroy and team, by 1.5 to 2.5 fold. As mentioned in the section 4.2.2, the higher expression of 

Nup107 protein in GOT3 cells might be linked to the overexpression of Nup133, its direct binding 

partner within the Y-complex. Additionally, GOT3 cell line was reported to have an amplification of 

Nup133 at the genomic level. The quantification results seem to suggest that there is no 

overexpression of this nucleoporin in these cells. However, this is not what one can observe by 

looking at the gels themselves, raising some doubts regarding the quantification method, suggesting 

that the quantification of this experiment might not be reliable and that it should be reproduced. 

It then remains to determine whether excess of Nup107 is properly localized to NPC or 

accumulated within nucleoplasm to deregulate expression of specific genes. Immunofluorescence 

analysis using Nup107 as target could answer this question. This was done within the team, by 

fixating the desired cells with 3% paraformaldehyde, then permeabilizing them with 0.5% Triton 100 in 

PBS and finally incubating them with proper primary and secondary antibodies that would target 

Nup107. Even though that, using this procedure, the observed results were specific enough for HeLa-

E cells, the same did not happen for the liposarcomas cells. Therefore, other techniques, whether 

using other method of cell permeabilization or other type of antibody, to determine where the excess 

of Nup107 is in the GOT3 cell line, will further be investigated. 

The results obtained for the 449 cell line indicate that truncated form of Nup107 increases 

around 4.5 fold when the proteasome is inhibited. Although this value does not fully match to the 

overexpression of the full length Nu’107 mRNA, the results indicate that there is a rapid turnover, of 

the truncated form. In addition, the chimeric mRNA may have properties distinct from the full length 

Nup107 mRNA. 
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The results obtained for the T1000 cell line seem to suggest that there might be another 

mechanism which targets protein degradation or that the mRNAs may not be properly exported from 

the nucleus, or not properly translated. In order to determine whether Nup107 mRNAs are properly 

exported from the nucleus, the subcellular localization of Nup107 mRNA will be analyzed by using 

RNA FISH analysis. The methods of this procedure as, for instance, based off the works of Femino 

and colleagues and Raj and colleagues[18, 38]. 

Furthermore, in order to determine whether mRNAs were properly translated, the team is 

currently performing polysome profiles to analyze the association of mRNA with ribosomes in WDLPS 

cell lines. 

Moreover, it has been shown that Nup107 is less stable in the first hours of life and it 

stabilized with age when it is associated in complex. Recently, measurement of degradation profile of 

thousand proteins by using metabolic pulse-chase labeling and quantitative mass spectrometry 

revealed that 10% of proteins including Nup107 are early unstable, where they suffer a mechanism of 

non-exponential degradation. This suggests that higher expression of Nup107 mRNA could lead to a 

quick degradation of this nucleoporin and not be visible in western blot[32], which could further explain 

the discrepancy between Nup107 mRNA and protein levels. 

The mechanism of non-exponential degradation has been reported for Nup107 but not for 

Nup133, which revealed to be exponentially degraded. It has been shown that Nup133 is almost 

equally stable in the first hours of life and that Nup133 does not suffer as quick degradation as 

Nup107 does.  
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6. Conclusions 

 

In the context of this project, 3 WDLPS cell lines, 449, GOT3 and T1000 were characterized, and the 

SW872 liposarcoma cell line, devoid of neochromosome, was used as control. While the amplification 

of NUP107 at the DNA and mRNA levels was well-established in the WDLPS cell, this project aimed 

at quantifying by western blot the level and stability of the Nup107 protein in these cell lines, together 

with two other nucleoporins that belong to the same structural NPC subcomplex (Nup133 and Nup85, 

that belong to the Y-complex) and Nup98, a dynamic nucleoporin interacting with the Y-complex. 

Western blot results of Nup107 were successfully quantified, showing this protein is only 

overexpressed in GOT3 cells (by 1.5 to 2.5 fold), whereas the expression of this nucleoporin is under 

expressed (by 2 fold) in 449 cells and it is the same in T1000 cells, when comparing to the control 

liposarcoma SW. The truncated form of Nup107, only present in 449 cells, was shown to be also 2 fold 

lower. The stability of the Nup107 protein in these cell lines were studied by inhibition of the 

proteasome during 4 h. Results showed he truncated form of Nup107 increases around 4.5 fold, 

indicating that this truncated form is highly unstable and that its degradation is proteasome-mediated. 

In addition, GOT3 and T1000 appear to have a mild proteasome-mediated degradation of full-length 

Nup107, revealed by the appearance of the smear that would however not be precisely quantified. 

Other nucleoporins of these cell lines were also analyzed and quantified, namely Nup133, 

Nup85 and Nup98. Western blot quantification results of Nup133 suggested, unlike observed 

previously by the team, that there is no change in expression of this nucleoporin in these cell lines, 

notably in the GOT3 cells. However, some doubts regarding the quantification method were raised, 

indicating that the quantification of this experiment might not be reliable and that it should be 

reproduced. The results for the T1000 cells also raised some doubts, therefore the experiment should 

be reproduced as well. 

Western blot results of Nup85 showed that Nup85 is lower by 1.5 to 2 fold in WDLPS cell lines 

when comparing to the control. Furthermore, when the proteasome is inhibited, Nup85 expression 

decreases in 449 cells by 1.2 fold, whereas it increases in T1000 cells by around 1.2 fold. Finally, the 

western blot results of Nup98 were inconclusive, so further analyses will have to be performed 

Although the stain-free gel allowed a rapid protein loading quantification, there was the issue 

that the lanes in the middle were wider than the rest, while some were thinner. This should be 

considered in further experiments. 
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