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ABSTRACT 
 
           

           The Hutchinson-Gilford Progeria Syndrome(HGPS) is a premature aging 

syndrome in children that is caused by the disruption of the nuclear lamina owing to the 

expression of Progerin, a mutant form of the Lamin A protein. This leads to altered 

physical properties of the lamina causing changes in nuclear morphology. Additionally 

there are structural alterations in chromatin along with global changes in gene 

expression patterns. However the intermediate mechanisms linking lamina perturbation 

to the above phenotypes have been a subject of investigation. The Ran protein gradient 

and nuclear SUMOylation are two fundamentally important mediators of normal nuclear 

function and both are disrupted in HGPS. In the first part of this dissertation, I show that 

the mislocalization of SUMO E2 Ubc9 in HGPS drives the loss of nuclear SUMOylation, 

which in turn disrupts the Ran gradient. In the second part of this dissertation I 

demonstrate that a loss of the Ran gradient can also cause defective nuclear import of 

Ubc9, thus pointing to a mutually regulatory mode of function between the Ran and 

SUMOylation systems. In addition to causing defective Ubc9 import, disruption of the 

Ran gradient induces oxidative stress, the latter being a part of a newly emerging 

concept in HGPS. The resultant increase in ROS could in principle feed back into the 

Ran gradient generating machinery and worsen the Ran gradient. This study identifies 

the Ran gradient disruption as an early event in HGPS, which by affecting two diverse 

pathways namely redox balance and nuclear SUMOylation, serves the role of an 

important mediator of the progressive cellular changes in HGPS. 
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Chapter 1   GENERAL INTRODUCTION 

 
 
The nuclear lamina and Nuclear Pore Complexes. 
 
 
       The nuclear lamina is a meshwork of proteins that lines the inner surface of the 

nuclear envelope (Dechat et al., 2008). Traditionally it has been attributed with the role 

of providing a structural and supporting framework to the nuclear membrane. However 

more recently the nuclear lamina has also been implicated in the regulation of gene 

expression by maintaining the structure and positioning of chromatin (Croft et al., 1999; 

Sullivan et al., 1999). More specifically the lamina serves as attachment sites for 

peripheral heterochromatin (Sullivan et al., 1999). It has also been shown to regulate 

DNA replication, apoptosis and other important physiological processes of the cell 

(Gruenbaum et al., 2005). The lamina consists of Type V intermediate filament proteins 

called Lamins along with various other scaffolding proteins that bridge the lamina to 

chromatin (Gruenbaum et al., 2003). Lamins are subdivided into two types, namely A 

and B, that are distinguished based on their biochemical properties and their membrane 

association during Mitosis. Lamin B is essential, ubiquitously expressed and is 

farnesylated during its maturation, by virtue of which it remains attached to the 

Endoplasmic Reticulum (ER) and the remnants of the nuclear membrane upon nuclear 

envelope disassembly during mitosis (Gerace and Blobel, 1980; Gruenbaum et al., 

2005). Lamin A on the other hand is only expressed in differentiated cells in a tissue 

specific manner. It is also farnesylated but the farnesylated portion is subsequently 

cleaved off, thereby rendering Lamin A soluble during mitosis (Gerace and Blobel, 

1980; Gruenbaum et al., 2003). Lamin C arises from alternative splicing of the Lamin A 
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gene and is not farnesylated (Gruenbaum et al., 2005). The importance of the nuclear 

lamina and the degree to which its integrity is required for normal cellular functions, is 

underscored by the fact that mutations in LMNA, the gene that codes for Lamin A, have 

been causal to about 12 different diseases termed Laminopathies. These include Emery 

Dreyfuss Muscular dystrophy (EDMD), dilated cardiomyopathy, atypical Werner’s 

syndrome and Hutchinson Gilford Progeria Syndrome (HGPS) (Mounkes et al., 2003). 

          Neither the nuclear envelope nor the lamina has a continuous structure. They are 

studded with giant multimeric complexes of proteins which are arranged in the form of a 

channel through which the bidirectional process of transport between the nucleus and 

the cytoplasm can occur (Tran and Wente, 2006). These channels are termed Nuclear 

Pore Complexes (NPCs) through which molecules up to 40 KDa in size can diffuse 

passively, while larger molecules undergo the active process of nuclear-cytoplasmic 

transport (Tran and Wente, 2006). The NPC comprises about 30 proteins called 

Nucleoporins (Nups) that are arranged in an 8 fold symmetry along the channel 

(Fahrenkrog and Aebi, 2003). One of the Nups that is localized specifically on the 

nuclear side of the NPC is TPR, a large protein that assembles to form a basket shaped 

structure on the nuclear side of the pore (Cordes et al., 1997; Ris, 1989). The nuclear 

basket has various important functions that include binding of Importin β and facilitating 

the nuclear import of Importin β bound cargoes (Ben-Efraim et al., 2009), regulating 

CRM1 mediated nuclear export (Frosst et al., 2002) and also acting as a scaffold for the 

localization of key enzymes of the SUMOylation machinery (Hang and Dasso, 2002; 

Panté et al., 1994; Zhang et al., 2002). 
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Nuclear import and export: the role of Ran 

             

           The process of nuclear import begins in the cytosol where an import complex is 

formed between the cargo and the import receptor(s) by binding of the receptor to 

stretches of basic amino acid residues on the cargo called Nuclear Localization Signals 

(NLSs) (Pemberton and Paschal, 2005; Stewart, 2007). NLSs may be monopartite, for 

example the SV40 Large T antigen NLS (PKKKRKV), bipartite as exemplified by the 

Nucleoplasmin NLS (KRPAATKKAGQAKKKKL) (Gorlich and Kutay, 1999; Stewart, 

2007) as well as various unusual NLSs not conforming to the classical description, 

many of which are undefined (Pemberton and Paschal, 2005). The classical nuclear 

import pathway is exemplified by the one involving the Importin α/β heterodimer 

(Stewart, 2007). Typically the NLS binds to ARM repeats on Importin α and the N 

terminus of Importin α binds to Importin β through what is called the Importin β binding 

domain (IBB), thus forming a trimeric cargo-receptor complex. The complex translocates 

through the central channel of the NPC by virtue of weak hydrophobic interactions 

between the import receptor and the Phenylalanine Glycine rich motifs (FG motifs) on 

the Nups that line the inner surface of the NPC (Stewart, 2007). Once the complex 

reaches the nuclear side of the NPC, the GTP bound form of Ran, a Ras related nuclear 

protein, binds to Importin β and induces a conformational change that dissociates the 

IBB of Importin α, thereby releasing Importin β from the complex. The IBB now loops 

back in an auto-inhibitory fashion and dissociates the NLS from Importin α thereby 

releasing the cargo (Pemberton and Paschal, 2005). Since the affinity of Importin α for 

NLSs is high, the off rate is too low to match the rate of transport through the NPC 
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(Stewart, 2007). This reaction is favored by certain Nups located on the nucleoplasmic 

side of the pore. Nup50 for example, a nuclear basket associated Nup, displaces both 

monopartite and Bipartite NLSs from Importin α by competing with the NLS for Importin 

α ,since it has a high affinity for Importin α (Matsuura and Stewart, 2005). Nup153 on 

the other hand assists the release of Importin β cargoes by acting as a local reservoir of 

RanGTP which can dissociate the complex (Schrader et al., 2008). A high concentration 

of RanGTP is maintained in the nucleus by the activity of RCC1, a chromatin bound 

enzyme that catalyzes GDP-GTP exchange on Ran (Bischoff and Ponstingl, 1991; 

Ohtsubo et al., 1989). RCC1’s catalytic cycle is closely coupled to its on and off rate on 

chromatin and is stimulated by binding to histones H2A and H2B (Li et al., 2003; 

Nemergut et al., 2001). Following dissociation of the import complex and the release of 

the cargo, the import receptor(s) can either translocate back to the cytosol in a complex 

with RanGTP (eg. Importin β) or can be exported as a complex between RanGTP and 

an export factor CAS (Cellular Apoptosis Susceptibility protein) (eg. Importin α) 

(Stewart, 2007). Typically protein export cargo complexes are formed between 

RanGTP, Leucine rich stretches on the cargo termed the Nuclear Export Signal (NES) 

and export receptor CRM1 (Fornerod et al., 1997; Fukuda et al., 1997; Pemberton and 

Paschal, 2005). After translocation of the export complex through the NPC to the 

cytosol, the NPC bound RanGTPase activating protein (RanGAP) along with the 

assistance of Nup358 and Ran Binding Protein 1 (RanBP1), catalyzes the hydrolysis of 

RanGTP to RanGDP. The conformational change driven by this event, is sufficient to 

dissociate the export complex and release the cargo in the cytoplasm, following which 

CRM1 can shuttle back into the nucleus (Bischoff et al., 1995; Bischoff et al., 1994b).  
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         Nup358 has very important roles to play in the coupling of nuclear import and 

export (Melchior, 1995; Yaseen and Blobel, 1999). It was discovered as a large 358 KD 

protein with a putative RanGTP binding domain and FG repeats characteristic of 

nucleoporins (Wu et al., 1995). By immunogold electron microscopy, it is localized onto 

filaments of the NPC emanating on the cytosolic side (Wu et al., 1995). Nup358 was 

shown to bind Ran GTP and serve as a docking site where Ran GTP hydrolysis can 

allow Ran GDP to bind with the Importin-cargo complex (Melchior, 1995; Yaseen and 

Blobel, 1999). Whether Nup358 is necessary for Importin α/β dependent Import, is 

disputed (Hutten et al., 2008; Walther et al., 2002). However its role in CRM1 mediated 

export is well documented. It serves as a platform for disassembly of export complexes 

once translocated through the pore to the cytosol and a binding site for the recycling of 

empty CRM1 into the nucleus (Bernad et al., 2004; Engelsma et al., 2004). 

           Since in an import-export cycle, Ran does not enter the nucleus, but can exit in 

multiple ways (in complex with the import receptors as well as with the export cargo), 

there is a deficit of Ran in the nucleus after one cycle. This deficit is fulfilled by Nuclear 

Transport Factor 2 (NTF2) (Paschal and Gerace, 1995), a shuttling receptor for Ran 

that binds only to the GDP bound form of Ran and carries it to the nucleus through the 

NPC (Ribbeck et al., 1998; Smith et al., 1998b). Inside the nucleus the conversion of 

RanGDP to Ran GTP by RCC1 allows the dissociation of Ran from NTF2, following 

which NTF2 can shuttle back to the cytoplasm (Ribbeck et al., 1998; Smith et al., 

1998b). The NTF2 mediated enrichment of Ran in the nucleus coupled with the 

activities of chromatin bound RCC1 and the cytoplasm localized RanGAP, lead to the 

generation of two nuclear to cytoplasmic gradients of Ran: the extremely steep RanGTP 
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gradient (500:1) and the Ran protein gradient (3:1) under steady state conditions 

(Gorlich et al., 2003; Kelley and Paschal, 2007). By default there is no directional 

selectivity to the translocation of import or export complexes through the NPC. Import 

and export cargo can move in either direction (Stewart, 2007). However the dissociation 

of the import complex in the nucleus by RanGTP, and of the export complex by 

RanGAP in the cytosolic side of the NPC allows the release of import cargo in the 

nucleus and the export cargo in the cytoplasm. Thus during interphase, the role of the 

Ran gradient is to provide directionality to the process of import and export (Stewart, 

2007). Ran has other roles during Mitosis, namely the nucleation of microtubules and 

reformation of the nuclear envelope (Hetzer et al., 2002). It does so by releasing 

nucleation factors from their inactive complexes with Importin β and by regulating the 

first steps of membrane fusion during nuclear envelope re-assembly, respectively 

(Hetzer et al., 2002). 

 

The SUMOylation machinery 

            

          Biochemical analysis of RanGAP revealed that it is covalently modified by SUMO, 

a Small Ubiquitin related Modifier that shares structural but not a significant degree of 

sequence homology with Ubiquitin (Bayer et al., 1998; Geiss-Friedlander and Melchior, 

2007; Mahajan et al., 1997; Matunis et al., 1996).  There are four paralogs of SUMO 

namely SUMO1, SUMO2, SUMO3 and SUMO4. SUMO 1 has ~50 % identity to SUMO2 

and SUMO2 and 3 share ~ 97% identity with each other and hence grouped together 

(Geiss-Friedlander and Melchior, 2007). SUMO 1, 2 and 3 are ubiquitously expressed 



18 

 

while SUMO4 is only found in the Kidney, lymph node and spleen (Guo et al., 2004). 

Biochemical analyses of differences between the behavior of SUMO1 and SUMO2/3 

revealed that SUMO2/3 is more abundant in its free form in resting cells, but under 

various stress conditions, SUMO2/3 conjugation can increase dramatically. On the other 

hand SUMO1 is mostly conjugated to RanGAP and is less dynamic compared to 

SUMO2/3 upon the induction of various cellular stresses (Saitoh and Hinchey, 2000). 

SUMO modification of proteins can have a multitude of effects. It can alter the 

subcellular localization of proteins, as in the case of Bovine Papillomavirus E1 helicase, 

a protein responsible for the replication of Bovine Papillomavirus. This protein is 

SUMOylated at a single lysine residue, and point mutations that abolish SUMOylation 

also inhibit its nuclear import (Rangasamy et al., 2000). A second prominent example 

would be that of RanGAP which is soluble in the cytosol when unmodified, but targets to 

the NPC only when modified by SUMO1 (Matunis et al., 1996). SUMOylation can alter 

the interaction patterns of proteins. Ubc9 the SUMO E2 when auto-SUMOylated on 

Lys14, has altered activity towards different substrates based on its differential binding 

interactions with the substrate (Knipscheer et al., 2008). Another classic example is that 

of chromatin binding proteins. P300 is a transcriptional coactivator when unmodified 

whereas upon SUMOylation, it acts as a co-repressor by recruiting Histone 

Deacetylases (HDACs), leading to a local compaction of chromatin (Girdwood et al., 

2003). SUMOylation also regulates the stability of proteins as exemplified by IκBα, an 

inhibitor of NFκB. Upon phosphorylation of IκBα, it is ubiquitinated and degraded, 

allowing the release of NFκB (Brown et al., 1995). Interestingly SUMO1 modification of 

IκBα at the same residue that is ubiquitinated, antagonizes ubiquitination and prevents 
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its degradation (Desterro et al., 1998).  Likewise many other functions can be attributed 

to SUMO modifications and the list is rapidly growing.  

          The SUMO modification cycle begins with the processing of the SUMO peptide at 

its C terminal end by SUMO proteases or SENPs (Mukhopadhyay and Dasso, 2007). 

SENPs are classified into various types (1 through 7) based on their subcellular 

localization and paralog specific activity (Mukhopadhyay and Dasso, 2007; Shen et al., 

2009) (Table1). Following their processing by SENPs, the SUMO peptide is activated by 

an ATP dependent reaction, leading to a thioester formation with the SUMO E1 

complex, a heterodimer of AOS1 and Uba2. The thioester is formed between a catalytic 

cysteine on Uba2 and the C terminal glycine on SUMO (Geiss-Friedlander and 

Melchior, 2007). The SUMO E1 complex then transfers the SUMO peptide to the active 

site of the SUMO E2 Ubc9, the only known E2 ligase, where a thioester is formed 

between SUMO and C93 on Ubc9. In a final catalytic step, Ubc9 carries out the 

covalent attachment of SUMO to target Lysines on the substrate. More specifically, an 

isopeptide bond is formed between the C terminal Glycine residue of SUMO and an ϵ 

Lysine residue of the target. The consensus target sequence is ψKxE, where ψ is a 

branched aliphatic amino acid and x is any amino acid (Geiss-Friedlander and Melchior, 

2007). The final catalytic step by Ubc9 is assisted by a family of SUMO E3 ligases that 

confer target specificity by serving as a scaffold for the favorable orientation of Ubc9 

and the target being modified (Geiss-Friedlander and Melchior, 2007). Some of the 

common E3 ligases include the PIAS family, the polycomb protein pc2 and also the 

NPC associated nucleoporin Nup358 or RanBP2, although recently it has been shown 

that the whole multimer of SUMO1 modified RanGAP, Nup358 and Ubc9 serves as a  
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Table 1 

 

 

SENP classification and properties 

 

 

 

Enzyme Subcellular localization Paralog specificity 

SENP1 Nuclear Pore, 

Nucleoplasmic speckles 

SUMO-1 and SUMO-2/3 

SENP2 Nuclear Pore SUMO-1 and SUMO-2/3 

SENP3 Nucleolus SUMO-2/3 

SENP5 Nucleolus SUMO-2/3 

SENP6 Nucleoplasm SUMO-2/3 

SENP7 Nucleoplasm SUMO-2/3 
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composite E3 ligase rather than RanBP2 alone being the E3 (Johnson and Gupta, 

2001; Kagey et al., 2003; Pichler et al., 2002; Werner et al., 2012).  SUMO modification 

is a reversible process. The same family of SUMO proteases called SENPs that 

process SUMO, can reverse a SUMO modification and this activity is also paralog 

specific (Geiss-Friedlander and Melchior, 2007). The existence of separate 

SUMOylating and de-SUMOylating enzymes allows the SUMOylation process to be 

dynamically regulated. This comes in handy in situations where the SUMOylated vs de-

SUMOylated state of a protein has different affinities for the same binding site and 

hence may contribute towards the binding and dissociation kinetics. This is exemplified 

by Thymidine DNA Glycosylase (TDG) that executes Nucleotide Excision Repair 

(Hardeland et al., 2001). TDG when unmodified has a high affinity for DNA and binds 

stably to chromatin. Upon SUMOylation, its affinity for chromatin decreases and it 

comes off, only to be de-SUMOylated by SENPs and bind to chromatin again 

(Hardeland et al., 2002). Thus the catalytic cycle of enzymes can be dynamically 

regulated by SUMOylation and de-SUMOylation. 

           The SUMO E2 Ubc9 was discovered in Xenopus extracts during a screen for 

Ran binding proteins (Saitoh et al., 1997). It was found to coimmunoprecipitate with a 

complex of Nup358/RanBP2 and RanGAP and was designated p18. Based on its 

sequence homology to Ubiquitin ligases, it was initially believed to be a Ubiquitin 

conjugating enzyme (Saitoh et al., 1997). Later on its activity was demonstrated to be 

specific to SUMO and not Ubiquitin (Lee et al., 1998). By immunofluorescence 

microscopy, Ubc9 localizes to the nucleoplasm, cytoplasm and also at the NPC, in 

association with SUMO1 modified RanGAP and Nup358 (Lee et al., 1998; Zhang et al., 
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2002). The crystal structure of this complex shows Ubc9 to be centrally located, with 

Nup358 and SUMOylated RanGAP on either side (Reverter and Lima, 2005). The Ubc9 

binding domain on Nup358 is called the IR domain which consists of IR1, M and IR2 

domains (Pichler et al., 2002). Overexpression of IR 1+2 domains is sufficient to 

mislocalize nucleoplasmic Ubc9 into the cytosol without affecting the NPC associated 

Ubc9 (Saitoh et al., 2002). This suggests that the Nup358 associated pool of Ubc9 and 

the nucleoplasmic pool could be independent of each other for their subcellular 

localization.  By immunogold electron microscopy, Ubc9 was also shown to reside on 

the nuclear side of the NPC, however the significance of this particular pool of Ubc9 has 

not been documented (Zhang et al., 2002). Ubc9 is imported into the nucleus by an 

Importin β family member Importin13 (Mingot et al., 2001a). Upon translocating through 

the NPC, the Ubc9-Importin13 complex is dissociated by RanGTP by virtue of 

competition between RanGTP and Ubc9 for the overlapping binding sites on Importin13 

(Grunwald and Bono).  

            Although most targets of Ubc9 are nuclear, SUMOylation occurs in the 

cytoplasm as well (Geiss-Friedlander and Melchior, 2007). Various plasma membrane 

localized ion channels have been shown to be SUMO modified and this has been linked 

to their activities or internalization patterns (Geiss-Friedlander and Melchior, 2007). 

SUMOylation has also been shown to regulate mitochondrial dynamics or the activities 

of proteins that are tethered to the ER membrane facing the cytosol (Geiss-Friedlander 

and Melchior, 2007). These SUMOylation events could be attributed to the cytosolic 

pool of Ubc9 although further evidence is required.  Particularly interesting is the 

localization of Ubc9 to the Cytosolic side of the NPC coupled with the fact that SENP2 
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docks on to Nup153 on the nuclear side of the pore (Lee et al., 1998; Zhang et al., 

2002). The presence of a SUMO modifying-demodifying pair on either side of the NPC, 

hints towards the possibility that for certain cargoes, the process of nuclear transport 

could be closely coupled to their SUMOylation state. SUMOylation by Ubc9 on the 

cytosolic side of the pore could commit them for nuclear transport and their chances of 

diffusing back out of the nucleus could be reduced by de-SUMOylation on the nuclear 

side. In fact, the nuclear distribution of various proteins have been shown to be 

regulated by their SUMOylation on specific Lysine residues and SUMOylation defective 

mutants fail to undergo nuclear import (Pichler and Melchior, 2002; Rangasamy et al., 

2000).  

           A relatively recent contribution to the SUMOylation field has been that of non-

covalent SUMO interactions (Geiss-Friedlander and Melchior, 2007). Proteins 

recognizing and binding to SUMO non-covalently, do so with SUMO Interaction motifs 

(SIMs). These are stretches of hydrophobic residues (V/I-x-V/I-V/I) or (V/I-V/I-x-V/I), 

where x can be any amino acid. These are arranged in the form of a hydrophobic core, 

flanked by acidic residues (Song et al., 2005). The interaction between a SIM and 

SUMO is mediated by the second β sheet and the first α helix of SUMO. The binding is 

stabilized by an interaction between the acidic residues flanking the SIM and basic 

residues on SUMO (Song et al., 2005). SIMs are present on many SUMO substrates 

and are believed to have a role in the recognition and recruitment of SUMO loaded 

Ubc9 to the target by virtue of non-covalent interactions, thereby facilitating 

SUMOylation of the target (Lin et al., 2006; Zhu et al., 2008). SIM-SUMO interactions 

have also been shown to regulate the formation of multimeric complexes as is the case 
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with PML nuclear bodies (Dellaire and Bazett‐Jones, 2004). PML is SUMOylated and 

other PML molecules that recognize and bind to the SUMO moiety through interactions 

with their SIMs, are recruited to the complex and this forms the basis of the nucleation 

step that allows the formation of PML nuclear bodies (Shen et al., 2006). Thus the 

induction of conformational changes in proteins by SUMO modification and the non 

covalent recognition of these SUMO moieties by other proteins containing SIMs, forms 

the basis of how SUMOylation can lead to altered protein-protein interactions and 

contribute significantly towards a large variety of fundamental processes within the cell. 

This, coupled with the fact that the SUMO modification is reversible, brings SUMO to 

the forefront of modifications that can dynamically regulate protein function. 

 

The Hutchinson Gilford Progeria Syndrome 

              

           The Hutchinson Gilford Progeria syndrome (HGPS) is a premature aging 

syndrome in children that is caused by a mutation in the Lamin A gene (De Sandre-

Giovannoli et al., 2003; Eriksson et al., 2003a). The children appear normal at birth but 

within a year, they show increased signs of aging that include loss of body fat, muscle 

wasting, stiffening of joints, loss of body hair and various cardiovascular complications 

(Hennekam, 2006). The average lifespan of a Progeria patient is 13 years and death 

usually occurs by heart attack or stroke (Capell et al., 2007). The molecular basis of the 

disease appears to be an extremely rare C1824T mutation near the C terminus of 

Lamin A which leads to a silent mutation G608G at the protein level. This point mutation 

however leads to the activation of a cryptic splice site within exon 11 of Lamin A, due to 
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which 50 amino acids are absent from Lamin A (De Sandre-Giovannoli et al., 2003; 

Eriksson et al., 2003a). During the normal maturation of Lamin A, a precursor of Lamin 

A is synthesized, which is designated prelamin A (Gerace and Benson, 1984). Prelamin 

A undergoes a series of modification steps. First it is Farnesylated at its C terminal 

CaaX motif by the activity of Farnesyl transferases. This attaches a lipid anchor to 

prelamin A by virtue of which it can insert into the nuclear membrane following its import 

into the nucleus (Holtz et al., 1989). Following farnesylation and targeting to the nuclear 

membrane, the aaX motif is cleaved off by a Zinc Metalloprotease related to Ste24p 

(Zmpste24) and RCE1 and the terminal cysteine is carboxymethylated by the 

methyltransferase ICMT (Dechat et al., 2008). The final maturation step constitutes a 

second cleavage by Zmpste24 such that the short C terminal segment containing the 

farnesylation, is cleaved off and mature Lamin A that is without any lipid anchor, is 

released (Corrigan et al., 2005; Weber et al., 1989). These maturation steps were 

originally believed to occur in the cytoplasm and the Lamin A processing enzymes were 

shown to reside in the ER membrane with their active sites facing the cytosol (Dai et al., 

1998; Schmidt et al., 1998). However recently, this concept was revised as the same 

Lamin A processing enzymes were also shown to reside in the inner nuclear membrane 

with their catalytic sites facing the nucleoplasm (Barrowman et al., 2008). In HGPS, as a 

result of the 50 amino acid deletion, the second Zmpste24 cleavage site is lost. 

Therefore mature Progerin still retains the farnesyl group, remains attached to the 

nuclear membrane and drives its pathogenic phenotypes (De Sandre-Giovannoli et al., 

2003; Eriksson et al., 2003a).   



26 

 

           The cellular phenotyes associated with HGPS are many and these are mostly 

manifested at late passage cells in culture when the expression of Progerin is maximal 

(McClintock et al., 2006; Rodriguez et al., 2009). The most characteristic of the 

phenotypes, is the distortion of the nuclei, a term called ‘Blebbing’ (Eriksson et al., 

2003a; Goldman et al., 2004). This is likely caused by the insertion of Progerin into the 

lamina and a defective polymerization of the lamin network via a dominant negative 

effect of Progerin (Dahl et al., 2006). Indeed Fluorescence Recovery After 

Photobleaching (FRAP) studies of nuclei containing WT Lamin and Progerin revealed 

that Progerin reduces the mobility of the lamins drastically. Upon overexpression, 

Progerin has much slower recovery kinetics upon photobleaching, compared to wild 

type Lamin A (Dahl et al., 2006; Goldman et al., 2004). Even WT Lamin A when 

overexpressed in HGPS cells displays reduced mobility by FRAP analysis, indicating 

the dominant negative effect of Progerin (Dahl et al., 2006; Scaffidi and Misteli, 2005a). 

The reduced mobility of Progerin compared to WT Lamin A was also verified by salt 

extraction studies (Dahl et al., 2006). The biomechanical properties of Progerin 

containing nuclei are very different from normal nuclei, in that the former are more rigid 

and less potent for recovery to their original structure after deformation (Dahl et al., 

2006). This is due to a more ordered microdomain structure of the lamina in Progerin 

containing nuclei as opposed to a completely disordered form in normal nuclei. In other 

words, Progerin containing nuclei are less resistant to mechanical stress (Dahl et al., 

2006). SUN1, a component of the LINC complex that bridges the lamina to the Actin 

cytoskeleton, has been shown to increase its association at the lamina in HGPS cells 

(Haque et al., 2009). This is hypothesized as being the result of increased association 
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of SUN1 with prelamin A in comparison to Lamin A. Since Progerin is similar to prelamin 

A in terms of its membrane association properties, it could be directly responsible for 

the enhanced recruitment of SUN1 to the nuclear envelope. Since the coupling between 

the lamina and the cytoskeleton has a role in regulating the mechanical properties of the 

nucleus, this could be an additional means for the increased mechanical stiffness of 

HGPS nuclei (Haque et al., 2009).  Interestingly, SUN1 has been implicated in the 

pathogenicity of HGPS because knockdown of SUN1 in mouse models of HGPS, 

alleviates many of the nuclear defects, increases longevity and reduces cellular 

senescence in HGPS mice (Chen et al., 2012). Lamin B is mislocalized in HGPS 

fibroblasts and both Lamina Associated Polypeptide 2 (LAP2) and ING1, proteins that 

bridge the lamina with chromatin, no longer associate with the lamina (Han et al., 2008; 

Scaffidi and Misteli, 2005a, 2006).  This provides further evidence that the general 

structure of the lamina is perturbed by the dominant negative effects of Progerin.  

           The mislocalization of proteins bridging the lamina-chromatin interface is 

expected to perturb the structure of chromatin. Indeed there are gross changes in the 

chromatin structure. Peripheral heterochromatin that associates with the lamina, is lost 

in HGPS nuclei (Goldman et al., 2004). This is backed by the observation that both 

H3K9 and H3K27 trimethylation (repressive modifications) are reduced and H4K20 

trimethylation (activating modification) is increased in fibroblasts from HGPS patients 

(Scaffidi and Misteli, 2006; Shumaker et al., 2006b). Thus on a global level, the 

chromatin from HGPS patient cells is in a more open conformation. As a result, there is 

an alteration in the global patterns of gene expression. Moreover since a lot of genes 

are silenced by physical association with the nuclear lamina (Reddy et al., 2008), the 
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disruption of the lamina by Progerin expression is likely to produce an aberrant profile of 

gene expression. The gene expression changes associated with HGPS are summarized 

in (Prokocimer et al., 2013). The results of one such study show that the expression of 

various transcription factors responsible for regulating embryonic development and 

tissue differentiation is markedly repressed in HGPS (Csoka et al., 2004). Some of the 

dysregulated gene groups are also implicated in atheroschlerosis, indicating that this 

may be involved in producing the cardiovascular abnormalities in HGPS. This study also 

reveals striking differences in the expression levels of genes encoding Extra Cellular 

Matrix (ECM) components and the genes that regulate the differentiation of Mesodermal 

and Mesenchymal stem cells (Csoka et al., 2004). The results of the gene expression 

profiling analysis with respect to ECM components and Mesenchymal stem cell 

differentiation factors, were also corroborated in cellular and organismal level studies. 

Postnatal fibroblasts from mice homozygous for LmnaΔ9, that mimic many of the 

pathological developments of HGPS, are defective for synthesis and secretion of ECM 

components and this is caused by an inhibition of the canonical Wnt signaling pathway 

(Hernandez et al., 2010). Furthermore Progerin expression was shown to inhibit the 

differentiation potential of mesenchymal stem cells and this was shown to be 

transduced through aberrant constitutively active Notch signaling (Scaffidi and Misteli, 

2008). The Notch activator Ski interacting protein (SKIP) is normally repressed via its 

attachment to the lamina (Scaffidi and Misteli, 2008). Upon Progerin expression, SKIP is 

freed from the lamina, diffuses into the nucleus and aberrantly turns on the expression 

of Notch target genes. As a result, the normal differentiation program of mesenchymal 

stem cells is disrupted, leading to increased Osteogenesis at the cost of adipogenesis 
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(Scaffidi and Misteli, 2008). In another study Zmpste24 -/- mice, which mimic the HGPS 

mutation were shown to have defects in both the self-renewal as well as differentiation 

potential of Hair follicle stem cells and this was attributed to a disrupted Wnt signaling 

pathway (Espada et al., 2008). An incredibly powerful approach was the somatic 

reprogramming of HGPS dermal fibroblasts to form inducible pluripotent stem cells 

(iPSCs) (Liu et al., 2011). Smooth muscle cells derived from these iPSCs suffered from 

premature senescence, nuclear morphology defects and loss of H3K9me3 levels (Liu et 

al., 2011). iPSCs derived from HGPS dermal fibroblasts, when differentiated into 

mesenchymal stem cells and vascular smooth muscle cells, also showed defects in the 

viability and oxidative stress resistance of the resultant stem cells (Zhang et al., 2011). 

Interestingly skin biopsies from HGPS patients show maximal Progerin expression in 

vascular smooth muscle and endothelial cells (McClintock et al., 2006). The same 

iPSCs when differentiated into adipocytes revealed a defective adipogenic gene 

expression program vis-à-vis commitment to later adipogenic lineages (Xiong et al., 

2013). The above observations subscribe to a stem cell defect model of HGPS, wherein 

the defective function of stem cells within the tissues of HGPS patients, leads to an 

inability to replenish damaged tissue, thereby culminating in massive net tissue 

destruction in HGPS (Meshorer and Gruenbaum, 2008). Interestingly adult stem cells 

derived from HGPS patients have been shown to express low levels of Progerin in vivo 

(Wenzel et al., 2012). 

           The signaling defects in HGPS are not just restricted to the Wnt and Notch 

pathways. A major signaling defect has also been demonstrated to occur in the DNA 

damage response pathways in HGPS (Liu et al., 2005; Scaffidi and Misteli, 2006); (Liu 
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et al., 2006); (Liu et al., 2008). The DNA damage response is initiated by the activation 

of the kinases Ataxia-Telengiectasia Mutated (ATM) and ATM and Rad3 related (ATR) 

that phosphorylate and activate their targets Chk2 and Chk1 respectively. Chk1 and 

Chk2 phosphorylates and activates p53. As a result a DNA damage specific 

transcription program is initiated by p53, that drives cell cycle arrest (Zhou and Elledge, 

2000). The repair pathway comprises the activation of the kinase DNA-PK, which along 

with ATM and ATR, phosphorylates histone H2AX at the sites of DNA damage, thereby 

marking the sites where the repair machinery needs to be targeted. This appears in the 

form of ɣH2AX foci in the nuclei (Kinner et al., 2008). Following this initial marking of the 

damage sites, p53 binding protein 1 (53BP1) is recruited to the H2AX phosphorylation 

sites (Schultz et al., 2000). In a series of subsequent recruitment steps, DNA repair 

proteins are recruited and engaged in repairing the damaged ends of DNA (Petrini and 

Stracker, 2003). After a successful repair of the damaged DNA, the ɣH2AX foci slowly 

disappear, the rate of disappearance being directly proportional to the efficacy of the 

repair process (Rogakou et al., 1999). Fibroblasts from HGPS patients have increased 

accumulation of damaged DNA as demonstrated by the increased persistence of 

ɣH2AX foci and these do not co-localize with 53BP foci, indicating that the repair 

pathways are not functional (Liu et al., 2005; Scaffidi and Misteli, 2006). There is an 

increased activation of ATM and ATR kinases and both Chk1 and Chk2 are 

phosphorylated in cells from HGPS patients (Liu et al., 2006). Upon the infliction of DNA 

damage by UV irradiation, HGPS cells have a much slower recovery rate compared to 

normal cells, indicative of defective DNA damage repair mechanisms (Liu et al., 2005). 

In fact the recruitment of the DNA repair proteins Rad50 and Rad51 to the DNA damage 
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sites is also impaired in HGPS cells (Liu et al., 2008). In agreement with the fact that 

activated p53 signaling pathways during DNA damage induces cell cycle arrest, HGPS 

cells have an extremely slow rate of proliferation in culture (Bridger and Kill, 2004). This 

replicative senescence effect in culture is accompanied by shortening of Telomeres in 

HGPS fibroblasts (Allsopp et al., 1992; Benson et al., 2010; Cao et al., 2011a; Huang et 

al., 2008). In the event of failed or insufficient DNA damage repair, p53 activates an 

apoptotic program that aims to eliminate cells containing damaged DNA from the 

population (Zhou and Elledge, 2000). Indeed this is applicable to HGPS fibroblasts in 

culture wherein they have a larger population of actively dividing cells compared to 

normal fibroblasts during early passages (Bridger and Kill, 2004). However, compared 

to the gradual decline in actively dividing cells, as is the case with normal fibroblasts, 

HGPS fibroblasts have a rapid decline in their actively dividing population, and this is 

attributed to the presence of a large percentage of apoptotic cells (Bridger and Kill, 

2004).  

          In addition to cell cycle defects, HGPS cells have abnormalities in chromosome 

segregation and cytokinesis which shown to be a consequence of the membrane 

association of Progerin throughout the duration of Mitosis (Cao et al., 2007; Dechat et 

al., 2007; Goldman et al., 2004). Normally by late prophase, after the breakdown of the 

nuclear envelope into vesicles, Lamin A has a completely diffuse distribution in the cell 

although Lamin B should still be associated with the nuclear membrane vesicles 

(Gerace and Blobel, 1980; Moir et al., 2000). Interestingly in the case of HGPS, 

Progerin was shown to form discrete foci throughout the duration of Metaphase to 

Telophase, even during cytokinesis when WT Lamin A had assembled into the lamina 
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(Cao et al., 2007; Dechat et al., 2007; Goldman et al., 2004). These foci were shown to 

be Progerin aggregating at the nuclear membrane vesicles, which interfered with the 

recruitment of Lamin A, Lamin B and Emerin to the nuclear membrane and the re-

assembly of the lamina (Cao et al., 2007; Dechat et al., 2007). As a consequence, 

HGPS cells have delays in Mitosis and lead to the formation of binucleate cells (Cao et 

al., 2007; Dechat et al., 2007).  

           Therapeutic strategies for the reversal of the cellular defects in HGPS are 

already under way. Using a morpholino oligonucleotide that specifically targets the 

cryptic splice site activated in HGPS, the aberrant expression of Progerin was blocked 

and this was sufficient to reverse some of the cellular phenotypes of HGPS including 

the mislocalization of LAP2 and Lamin B, loss of heterochromatin, as well as restore the 

expression patterns of a few chosen genes that are misregulated in HGPS (Scaffidi and 

Misteli, 2005b). A similar oligo also increased body weight, thickened the layer of 

subcutaneous fat, reduced senescence markers and significantly increased lifespan in a 

mouse model of HGPS (Osorio et al., 2011). Using shRNA targeted against Progerin, 

another group successfully reduced Progerin levels in HGPS fibroblasts and achieved 

an improvement in nuclear morphology, cell viability and a reduction in the number of 

senescent cells (Huang et al., 2005).  

          Another successful strategy involved the use of Farnesyl Transferase Inhibitors 

(FTIs) that block the farnesylation of Progerin and prevent its association with the 

nuclear membrane. This was sufficient to reverse the nuclear morphology defects in 

cultured cells as well as improve bone density, body weight and survival in mouse 

models (Capell et al., 2005; Fong et al., 2006; Glynn and Glover, 2005; Mallampalli et 
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al., 2005; Toth et al., 2005; Yang et al., 2006). A recent contribution to the plethora of 

cellular defects in HGPS, was the finding that the Ran protein gradient is disrupted in 

fibroblasts from HGPS patients, with a concomitant loss of nuclear SUMOylation (Kelley 

et al., 2011). The loss of the Ran gradient also leads to defective import of nucleoporin 

TPR into the nucleus, and all of these defects are reversed by FTI treatment (Kelley et 

al., 2011). The possibility of alternative prenylation of Lamin A in the absence of 

farnesylation led to the combined usage of Statins and aminobisphosphonates. These 

drugs block geranylgeranylation of Lamin A and they significantly improved growth, 

increased body fat and extended lifespan in Zmpste24 -/- mouse models of HGPS 

(Varela et al., 2008). Based on the success obtained in mouse models with FTIs and 

Statins-bisphosphonates, clinical trials were conducted in HGPS patients, a summary of 

which is shown in Table 2 (Gordon et al., 2012) (Varela et al., 2008) (Clinical trials.gov).  

          Four other recent discoveries also hold promise in the design of a possible 

therapeutic intervention. Firstly treating Zmpste24-/- mice with Insulin like growth factor 1 

(IGF-1) increased body weight and significantly increased life span in addition to 

ameliorating other Progeria phenotypes (Mariño et al., 2010). The second is the finding 

that the SUN proteins, specifically SUN1 have a pathogenic role in the propagation of 

HGPS. SUN1 mislocalizes to the golgi in LMNA -/- and LMNA Δ9 mice and causes 

nuclear herniations similar to those observed in HGPS, along with various progeroid 

symptoms at the tissue level (Chen et al., 2012). SUN1 is also mislocalized in HGPS 

fibroblasts and this correlates with nuclear H3K9me3 reduction as well as the incidence 

of dysmorphic nuclei. Mice lacking SUN1 have an alleviation of many of these 

phenotypes. Knocking down SUN1 in HGPS cells also reversed some of the cellular  
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Table 2 

 

 

 

Clinical trials against HGPS 

 

 

 

Drug Class Study 
phase 

Dose Date No. of 
children 

Results 

Lonafarnib Farnesyl 
transferase 
inhibitors 

 

     II 

150 
mg/
m2 

May 
2007– 
Oct 
2009 

 

25 

Weight gain, improved 
hearing, improved 
bone density in a 
subset of patients. 

Pravastatin, 
Zoledronic 
acid 

Geranylger
anyl 
transferase 
inhibitors 

 
II 

10 
mg, 
12.5 
µg/kg 

Oct 
2008 - 

      
      - 

Not available 
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defects (Chen et al., 2012). Thirdly Rapamycin, an inhibitor of MTOR, a component of 

the TOR signling pathway, was shown to increase the solubility of Progerin and thereby 

prevent its membrane association (Cao et al., 2011b). It triggered the clearance of 

Progerin by autophagic mechanisms and successfully reversed nuclear blebbing, the 

loss of heterochromatin marks. It also reduced the amount of DNA damage and delayed 

senescence of HGPS fibroblasts (Cao et al., 2011b). The fourth is the very recent 

finding that targeting isoprenylcysteine methylation in a Zmpste24 -/- mouse model of 

HGPS by making a hypomorphic allele of Isoprenylcysteine carboxyl methyltransferase 

(ICMT), prevents the full processing of Lamin A and generates prelamin A that is 

defective in its targeting to the nuclear envelope (Ibrahim et al., 2013). This 

manipulation improved weight gain and grip strength, reduced bone fractures and 

ameliorated many of the other physiological symptoms of premature aging. It also 

delayed premature senescence in Zmpste24-/- as well as HGPS fibroblasts (Ibrahim et 

al., 2013). 

          A fairly current addition to the list of defects in HGPS is the increased 

accumulation of Reactive Oxygen Species (ROS). Oxidative stress is one of the 

hallmarks of aging, and being a premature aging syndrome, HGPS is likely to involve 

the same. Fibroblasts from HGPS patients not only have increased basal levels of ROS 

compared to normal fibroblasts, but also have much higher levels of ROS induced by 

H2O2 treatment (Pekovic et al., 2011; Richards et al., 2011; Viteri et al., 2010). Oxidative 

stress in HGPS is responsible at least in part, for the accumulation of damaged DNA 

because the degree of DNA damage can be moderated by the use of redox scavengers 

like N-Acetyl Cysteine(NAC) (Richards et al., 2011).   
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Oxidative stress 

            

           ROS are byproducts of normal metabolism and constitute a diverse family of 

chemical species including H2O2, Superoxide anions (O2
--), Hydroxyl radicals, etc. 

These are highly reactive entities that cause oxidative damage to proteins and lipids by 

irreversibly modifying them (Finkel and Holbrook, 2000). This is the basis of the free 

radical theory of aging according to which the degree of cumulative cellular damage by 

oxidative stress, negatively correlates with the overall longevity of the organism (Finkel 

and Holbrook, 2000). ROS are mostly produced at complex III of the Mitochondria 

although Complex I has also been implicated (Finkel and Holbrook, 2000). During the 

transfer of electrons to molecular Oxygen as a part of the Electron Transport System 

(ETS) in the inner membrane of the Mitochondria, the occasional premature leakage of 

electrons before the final step catalyzed at Complex IV, is considered to be the source 

of ROS (Finkel and Holbrook, 2000). At complex III or Ubiquinone-Cytochrome C 

oxidoreductase, there is a two-step regeneration of Coenzyme Q involving what is 

termed the Q cycle (Finkel and Holbrook, 2000). As an intermediate in this cycle is the 

highly reactive semiquinone radical which can transfer electrons directly to molecular 

Oxygen leading to superoxide production (Finkel and Holbrook, 2000). This highly 

unstable species is dismutated by mitochondrial Superoxide dismutase (SOD) to form 

H2O2  which is a more stable and diffusible intermediate, that in small concentrations 

plays a role in modulating various signaling events in the cell (D'Autréaux and Toledano, 

2007). At higher concentrations, H2O2  can have damaging consequences on cellular 

components. Therefore in order to minimize oxidative damage, it is further broken down 
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to molecular Oxygen by the activities of the enzymes Catalase and Glutathione 

Peroxidases (Finkel and Holbrook, 2000).  

           Oxidative stress is defined as any condition where there is a net increase in the 

levels of ROS either due to overproduction of ROS leading to overwhelming the ROS 

metabolizing enzymes, or the inefficient break down of ROS by these enzymes because 

of insufficiency, loss of catalytic activity or improper targeting to their correct subcellular 

locations. The overproduction of ROS can be due to a temporary defect in the ETS 

which can be amplified by a vicious cycle. A small amount of ROS may be initially 

generated which inhibits the activity of α-Ketoglutarate dehydrogenase (Chinopoulos et 

al., 2002) and Aconitase (Verniquet et al., 1991), important enzymes of the Kreb’s cycle 

occurring in the mitochondria. This inhibits the production of NAD(P)H2 which is the 

actual source of electrons to the ETS (Chinopoulos et al., 2002). Normally complexes I, 

III and IV couple the flow of electrons from a specific donor to a specific acceptor, to the 

pumping of protons against their concentration gradient. This causes an electrochemical 

gradient across the inner membrane of the mitochondria such that the outside (Inner 

luminal space) is positively charged and the inside is negatively charged. This is 

designated the mitochondrial membrane potential (ψm) (Chen, 1988). When protons 

flow down their electrochemical gradient through a multisubunit complex called the F0F1 

ATPase, the free energy released upon undoing the gradient, is coupled to the 

synthesis of ATP from ADP and Pi by a process called rotational catalysis (Hatefi, 

1985). In the event of depletion of NAD(P)H2, the proper functioning of Complexes I, III 

and IV are compromised, thus inhibiting the pumping of protons and establishment of 

the membrane potential. Because of dissipation of the proton gradient, protons are no 
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longer available to flow through the F0F1 ATPase complex and as a result the 

production of ATP is halted (Maechler et al., 1999). Interestingly when such a scenario 

occurs, the F0F1 ATPase complex can actually rotate in the opposite direction and 

hydrolyze ATP, thus dropping ATP levels further, while pumping protons in the opposite 

direction to maintain the mitochondrial membrane potential (Yasuda et al., 2001). This 

process becomes highly dependent on glycolysis (Budd and Nicholls, 1996; Leyssens 

et al., 1996; Scott and Nicholls, 1980). Since ROS is generated mostly at complexes I 

and III of the ETS (Finkel and Holbrook, 2000), this shift to a glycolytic mode may serve 

to reduce the production of ROS although this is highly debatable (Mailloux and 

Harper). However studies have shown that H2O2 inhibits the activity of a Na+/Ca2+ 

antiporter on the surface of the mitochondrial inner membrane, leading to a rise of 

matrix Ca2+ (Jornot et al., 1999) (Maechler et al., 1999). This leads to the opening of 

non-selective pores or channels on the surface of the mitochondria, a phenomenon 

termed Mitochondrial Permeability Transition (MPT) (Szabo and Zoratti, 1991; Szabo 

and Zoratti, 1992). Due to the loss of a functional barrier between the matrix and the 

inner membrane of the mitochondria, further dissipation of the electrochemical gradient 

ensues (Lemasters et al., 1998). Interestingly ROS that have leaked out of one 

mitochondrion can diffuse to an adjacent one and induce MPT. The resulting loss of the 

proton gradient further generates ROS and the chain reaction is carried forward, a 

phenomenon termed ROS Induced ROS Release (RIRR) (Zorov et al., 2000; Zorov et 

al., 2006). Thus RIRR can function to produce a gross over-amplification of oxidative 

stress in a relatively short period of time.  



39 

 

           Oxidative stress can also occur as a consequence of impaired activity of the 

ROS metabolizing enzymes (Mates et al., 1999). This can be due to defects in 

synthesis of the enzyme or mutations that inactivate it. Catalase deficiency has been 

implicated in various diseases like Diabetes Mellitus and Hypertension (Laszlo et al., 

2004).  Hungarian Acatalasemia is a disease caused by a mutation in the Catalase 

gene (Goth et al., 2000). Mutant SOD has also been implicated in familial Amyotropic 

Lateral Sclerosis (Orrell et al., 1995). Inhibition of Catalase activity by 3-Amino Triazole 

leads to a net increase in cellular ROS levels, causes oxidative damage to proteins and 

DNA, depolarizes mitochondria and reduces cell proliferation, basically signs of a 

premature aging phenotype (Koepke et al., 2008). The import of Catalase into 

peroxisomes has been shown to progressively deteriorate with cellular passage number 

in culture. This is accompanied by an increase in ROS levels which further prevents the 

import process (Legakis et al., 2002). Restoration of Catalase import into peroxisomes 

in late passage cells by using a more potent peroxisomal targeting signal, reduces 

cellular ROS levels, restores mitochondrial inner membrane potential, as well as delays 

senescence in culture (Koepke et al., 2007). Since accelerated replicative senescence 

is one of the hallmarks of HGPS cells in culture (Allsopp et al., 1992; Huang et al., 

2008), similar possible effects of increased oxidative stress, either by inactivation of 

Catalase or by defective peroxisomal import on the proliferative capacity of cells, 

underscores the importance of studying oxidative stress in the context of premature 

aging syndromes. Also since Catalase targeted to the mitochondria has successfully 

extended lifespan in mice along with the amelioration of age related cardiac 
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malformations (Dai et al., 2009; Schriner et al., 2005; Treuting et al., 2008), a similar 

manipulation in mouse models of HGPS may be worthwhile. 

 

Oxidative stress and the nuclear lamina: the role of prelamin A. 

             

          For a long time, HIV aspartyl protease inhibitors that were used to treat HIV 

patients led to off target effects like cardiovascular complications, lipodystrophy, tissue 

necrosis and other pro-inflammatory responses. This was found to be a result of 

elevated oxidative stress (Chai et al., 2005; Vincent et al., 2004). As a result a series of 

studies ensued where a variety of HIV protease inhibitors were tested on human 

adipocytes, macrophages, macrophage derived foam cells and human umbilical vein 

endothelial cells and they significantly increased oxidative stress (Jiang et al., 2007; 

Lagathu et al., 2007; Wang et al., 2007). However the conceptual linkage between 

perturbation of the nuclear lamina and oxidative stress was established by the finding 

that Lopinavir (LPV), one of the HIV protease inhibitors inhibits the Zmpste24 protease 

that is involved in the processing of Lamin A (Coffinier et al., 2007). This sparked an 

interest in the causal relationships between Lamin A perturbation and oxidative stress 

and in two independent studies, the authors demonstrated that the HIV protease 

inhibitors Lopinavir and Indinavir (IDV) reduce cell viability, induce senescence, 

depolarize Mitochondria and increase ROS levels and all of this is attributed to the 

membrane accumulation of prelamin A (Caron et al., 2007; Lefavre et al., 2010). 

However the finding that is most striking in both these studies is the formation of 

dysmorphic nuclei, a feature that is shared with HGPS. Also quite noteworthy is the fact 
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that all the cellular defects outlined above were also produced by LMNA mutations that 

are causal to various Lipodystrophies (Caron et al., 2007). The Δ50 mutant of Lamin A 

that causes HGPS is likely to behave similar to prelamin A owing to the retention of the 

farnesyl anchor (De Sandre-Giovannoli et al., 2003; Eriksson et al., 2003b). Since LPV 

treatment of normal human fibroblasts accumulates prelamin A, disrupts the Ran 

gradient and reduces nuclear SUMOylation (Kelley et al., 2011), the striking 

resemblance between the cellular effects of prelamin A and Progerin encourages the 

use of prelamin A as a progerin mimetic. Considering the ability of prelamin A induction 

to produce ROS, the use of HIV protease inhibitors to address the growing concept of 

oxidative stress in HGPS and whether the cellular defects identified in HGPS are related 

to the ROS induction, appears to be an attractive approach. 

 

Oxidative stress and the Ran system 

             

           In addition to causing reduced cell viability and senescence as outlined above, 

oxidative stress affects the Ran system, thereby inhibiting nuclear import of proteins. 

Oxidative stress was shown to inhibit nuclear import in yeast and also cause a 

disruption of the Gsp1p gradient, the yeast homologue of Ran (Stochaj et al., 2000). In 

a permeabilized cell assay for reconstituted nuclear import (Adam et al., 1990), 

incubation of the cytosolic cocktail with H2O2  inhibited the nuclear import of the cargo 

and this was reversible by Catalase treatment. However a similar treatment of the 

isolated nuclei themselves did not affect import (Czubryt et al., 2000). Interestingly 

superoxide generating systems when added to the isolated nuclei did affect import of 
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the cargo while the same treatment of the cytosolic import cocktail did not. This implies 

that H2O2   and Superoxides have different mechanisms for inhibiting import and they 

work on cytosolic and nuclear components respectively (Czubryt et al., 2000). In the 

same study, the authors also reported a disruption of the Ran protein gradient in intact 

cells (Czubryt et al., 2000). 

           The disruption of the Ran gradient by H2O2 was confirmed by another group 

where they also reported a concomitant mislocalization of Importin α from the cytosol to 

the nucleus and an inhibition of nuclear import in intact cells in a time dependent 

manner (Miyamoto et al., 2004b). In a follow up paper, the same group demonstrated 

that the disruption of the Ran gradient in response to H2O2 treatment is a result of ATP 

depletion (Yasuda et al., 2006).  Since the synthesis of adenine and guanine 

nucleotides are closely coupled to each other by interconversion, a drop in ATP levels is 

expected to reduce the cellular GTP levels and thereby also affect RanGTP production. 

Indeed the levels of RanGTP were much lower in cells treated with H2O2  (Yasuda et al., 

2006).  Another study showed that ATP depleting agents drastically inhibit nuclear 

import and this is due to a decrease in free GTP levels that causes a drop in total 

RanGTP (Schwoebel et al., 2002). Further in-depth analysis of the mechanism of 

inhibition of nuclear import by oxidative stress revealed defects in multiple components 

of the nuclear transport machinery (Kodiha et al., 2004). Nup153, a nucleoporin on the 

nuclear side of the NPC is mislocalized and so is Importin β. The docking of Importin 

α/β cargo complexes on the NPC is reduced. Ran, Importin β and Nup153 are degraded 

in response to oxidative stress (Kodiha et al., 2004). Since the Ran protein gradient is 

disrupted in HGPS cells (Kelley et al., 2011), a possible role of oxidative stress may be 
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warranted, especially since oxidative stress is a newly emerging concept in the field of 

premature aging syndromes and is likely to play a central role in disease development 

and progression. 

 

Oxidative stress and the SUMOylation machinery 

           

          The link between oxidative stress and the SUMOylation machinery came from 

independent findings that global changes in SUMOylation occur upon treating cells with 

H2O2  (Manza et al., 2004; Saitoh and Hinchey, 2000), and hypoxic stimulation in adult 

mice causes an increase in SUMO1 expression (Shao et al., 2004). This was followed 

by studies where cerebral ischemia in adult mice led to a massive increase in 

conjugation by both SUMO1 and SUMO2/3 (Cimarosti et al., 2008; Yang et al., 2007a, 

2008). This dynamic behavior of SUMO conjugation in response to oxidative stress 

triggered investigations at the mechanistic level. The first molecular perspective was 

provided by the Melchior group where they demonstrated that low concentrations of 

H2O2  decrease SUMO conjugation while high concentrations (Higher than 100 mM) 

increase it (Bossis and Melchior, 2006). They also showed that low concentrations of 

H2O2  cause a reversible disulfide formation between Ubc9 and Uba2 between their 

catalytic cysteines. The resulting loss of catalytic activity of both Ubc9 and Uba2 leads 

to the decrease in SUMO conjugation. However at high concentrations, the SENPs are 

also inhibited and this overrides the effect of inhibition of Ubc9, thereby leading to a net 

increase in SUMO conjugation (Bossis and Melchior, 2006). This fostered the idea that 

enzymes of the SUMOylation machinery could act as redox sensors and that the 
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catalytic inactivation of Ubc9 could serve to be an early event in the response of cells to 

oxidative stress (Bossis and Melchior, 2006). This could be particularly important in the 

context of HGPS because nuclear SUMOylation is drastically reduced in HGPS cells 

(Kelley et al., 2011) and therefore it is worthwhile to study if components of the 

SUMOylation machinery are affected in HGPS and if this is a result of increased 

oxidative stress. 

             With these goals in mind, we set out to determine if there was a link between 

the reduction of nuclear SUMOylation and loss of the Ran gradient in HGPS. We 

discovered that the mis-localization of Ubc9 from the nucleus to the cytoplasm in HGPS 

cells is causal to the loss of the Ran gradient. We also established that Ubc9 depends 

on the Ran gradient for its nuclear import, thus demonstrating a feed-back mode of 

regulation. The loss of the Ran gradient induces oxidative stress and this in principle 

can further worsen the Ran and Ubc9 defects. Our results suggest a complex, mutually 

regulatory signaling pathway involving the redox machinery, the Ran system and the 

SUMOylation machinery. This pathway when disrupted, could contribute to changes 

that promote cellular, tissue and clinical phenotypes in HGPS.  
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Chapter 2.    THE DEFECTIVE SUMOYLATION MACHINERY IN HGPS CAUSES A 

DISRUPTION OF THE RAN PROTEIN GRADIENT. 

 

 

 

SUMMARY 

           

           Disruption of the Ran protein gradient and loss of nuclear SUMOylation was 

recently reported in fibroblasts from HGPS patients. The strong degree of correlation 

between the defects led us to propose that these pathways could be related. Disruption 

of nuclear SUMOylation disrupted the Ran gradient, indicating that the Ran gradient 

defects are downstream. Probing into the mechanism of reduced nuclear SUMOylation 

in HGPS, we discovered defects in the nuclear localization of Ubc9, the SUMO E2. 

Restoring the nuclear localization of Ubc9 in the face of Progerin rescued the Ran 

gradient, thus confirming the hypothesis that nuclear SUMOylation regulates the Ran 

gradient. This enabled the restoration of the nuclear import of a Ran dependent cargo, 

namely the nucleoporin TPR and an indirect downstream target of SUMOylation, 

namely H3K9 trimethylation. Thus in the context of HGPS, Ubc9 induced nuclear 

SUMOylation has important roles to play and defects in its import may have a key role 

in the progression of HGPS at the cellular level. 

 

Note: All data in this chapter have been generated by Sutirtha Datta and were 

published as part of a larger study (Kelley et al., 2011).  
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INTRODUCTION 

           The Hutchinson-Gilford Progeria Syndrome (HGPS) is a premature aging 

syndrome in children, which is caused by a mutation in the Lamin A gene (De Sandre-

Giovannoli et al., 2003; Eriksson et al., 2003a). Recently we have characterized some 

of the cellular defects in HGPS including the loss of the Ran protein gradient and a 

reduction of nuclear SUMOylation (Kelley et al., 2011). An intact Ran gradient is 

necessary for nuclear import and export and is maintained by the activity of RCC1 

which is a chromatin bound enzyme that exchanges RanGDP with RanGTP, a cytosolic 

Nuclear Pore Complex associated protein RanGAP that catalyzes the hydrolysis of 

RanGTP to Ran GDP and NTF2, a shuttling protein that carries RanGDP back into the 

nucleus after an export cycle (Bischoff and Ponstingl, 1991; Bischoff et al., 1994b; 

Nemergut et al., 2001; Pemberton and Paschal, 2005; Ribbeck et al., 1998; Smith et al., 

1998a). Biochemical analysis of RanGAP revealed it to be SUMOylated (Mahajan et al., 

1997; Matunis et al., 1996). SUMO is a post translational modification of proteins that 

belongs to the Ubiquitin superfamily (Mahajan et al., 1997; Matunis et al., 1996). After 

processing of the peptide by SUMO proteases or SENPs, it goes through a catalytic 

cycle involving an activator E1 (Heterodimer of AOS1 and Uba2) and a SUMO E2 ligase 

Ubc9, which with the assistance of SUMO E3s, specifically modify Lysines on the target 

protein (Geiss-Friedlander and Melchior, 2007).  SUMO modified proteins can be 

deSUMOylated by the activity of the SENPs. This dynamic modification regulates 

various processes in the cell ranging from protein interactions to trafficking and activity 

(Geiss-Friedlander and Melchior, 2007).  
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           There are four paralogs of SUMO in mammals of which three are ubiquitously 

expressed. These are SUMO1, SUMO2 and SUMO3. Of these SUMO2 and 3 are  ~ 

97% identical and are hence grouped under a single category SUMO2/3 (Geiss-

Friedlander and Melchior, 2007). Interestingly only SUMO2/3 has been reported to be 

reduced in HGPS and not SUMO1 (Kelley et al., 2011). The SUMO E2 Ubc9 is the sole 

E2 in cells and hence does not discriminate between the SUMO paralogs (Geiss-

Friedlander and Melchior, 2007). It is predominantly nuclear although cytosolic and NPC 

associated distribution has also been reported (Pichler et al., 2002; Zhang et al., 2002). 

At the NPC, Ubc9 forms a complex with Nup358, a cytosolic Nucleoporin and SUMO1 

modified RanGAP. By immunogold electron microscopy, Ubc9 has also been detected 

on the nuclear side of the NPC (Zhang et al., 2002). Its nuclear import is carried out by 

Importin 13, an import receptor of the Importin β superfamily (Mingot et al., 2001a). 

Although the genetic basis of HGPS has been documented, very little is known about 

the cellular mechanisms of progression of the disease. Our previous findings on Ran 

and SUMO 2/3 defects led us to ask if these defects were part of the same or different 

pathways. In the process, we demonstrated that nuclear SUMOylation works upstream 

of the Ran gradient and the SUMO E2 Ubc9 is mislocalized in HGPS. Restoration of the 

nuclear localization of Ubc9 in the presence of Progerin rescued nuclear SUMO2/3 

levels, the Ran gradient, H3K9 trimethylation levels in the nucleus and corrected the 

defective import of nucleoporin TPR. Thus we show that the SUMOylation machinery 

has a central role in HGPS and may be one of the key mediators of the disease 

phenotypes.  
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MATERIALS AND METHODS 

Cell culture 

          Primary human fibroblasts from HGPS patients (AGO1972, AG11498, and 

AGO3199) and a clinically normal father (AGO8469) of an HGPS patient were obtained 

from the Coriell Cell Repository (Camden, NJ). These are designated HGPS 1972, 

HGPS 1498, HGPS 3199 and Normal 8469 respectively. Primary fibroblasts were 

grown at 37°C in 5% CO2 in minimal essential medium (MEM) (Gibco) containing 15% 

FBS (Hyclone), 1 % MEM vitamin solution (HyClone), 1% penicillin/streptomycin (Gibco) 

and 1 mM sodium pyruvate (Gibco). The passage number for cells in various 

experiments was between 8 and 25. HeLa cells were grown at 37°C in 5% CO2 in 

Dulbecco's modified Eagle's medium (DMEM) (Gibco/Invitrogen) containing 5% 

newborn calf serum (Gibco/Invitrogen), 5% fetal bovine serum (Gibco/Invitrogen) or 

Atlanta Biologicals) and 1 mM sodium pyruvate (Gibco/Invitrogen).  

Plasmids and cloning. 

          pCDNA3-HA-Lamin, pCDNA3-HA-Progerin  and mCherry-SUMO2 constructs 

were generated as outlined in (Kelley et al., 2011). pCMV5-FLAG-Ubc9, pCMV5-FLAG-

Ubc9-C93S and pCMV5-SENP2-catalytic domain (aa 317 to 590) were generously 

provided by David Wotton. Transport signal fusions to Ubc9 were generated by using 

the nuclear localization signal (NLS) from the simian virus 40 (SV40) large T antigen 

and the nuclear export signal (NES) from the protein kinase inhibitor (PKI). FLAG-NLS-

Ubc9 was made by amplifying Ubc9 from pCMV5-FLAG-Ubc9 to introduce BamHI and 

XhoI sites and was then cloned into a pcDNA-FLAG-NLS backbone. FLAG-NES-Ubc9 
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was generated by a similar strategy. 

Transfection 

          The cells to be transfected were plated and grown in 6 well plates to a density of 

about 60% for 24 hours, followed by transfection with Transfectin (Biorad) according to 

the manufacturer’s instructions. Briefly the transfectin reagent was mixed with a total of 

1µg of plasmid DNA at a ratio of 1:1 in 100µl of serum free DMEM (Gibco/Invitrogen) for 

each well of a 6 well plate. After an incubation period of 20 minutes, the mixture was 

added to the cells and processed for immunofluorescence microscopy or 

immunoblotting after 24 hours. 

Immunoblotting 

 

          Cells were transfected for 24 hours followed by cell lysis using standard lysis 

buffer. Extracts were sonicated prior to loading on SDS-polyacrylamide gels. SDS-

PAGE and immunoblotting were performed by standard methods using primary 

antibodies anti-HA (MAb 16B12, Santa Cruz), anti-Ubc9 (pAb, catalog number 

ab33044; Abcam) and Tubulin (MAb 1-A2 Sigma), peroxidase-labeled secondary 

antibodies, followed by detection by chemiluminescence using ECL reagent.  

Immunofluorescence microscopy 

          Cells were grown on glass coverslips, fixed with 3.7% formaldehyde for 20 min, 

and permeabilized in 0.2% Triton X-100 for 5 min. Coverslips were incubated in primary 

antibody diluted in IF microscopy blocking buffer (1X phosphate-buffered saline [PBS], 

2% bovine serum albumin, 2% newborn calf serum) for at least 1 hour and overnight in 
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the case of Ubc9. Antibodies to the following proteins were used for IF: Ran 

(monoclonal antibody[Mab], catalog number 610341; BD Biosciences), Lamin A 

(polyclonal antibody [pAb], catalog number PRB-113c; Covance), H3K9me3 (pAb, 

catalog number ab8898; Abcam), TPR (pAb kindly provided by Larry Gerace), Ubc9 

(pAb, catalog number ab33044; Abcam), SUMO2/3 (pAb SUMO-2 [Zymed] and MAb 

8A2 anti-FLAG epitope (MAb M2; Sigma), OctA anti-FLAG (Santa Cruz), RanGAP (MAb 

21c7; Zymed), and anti-HA (MAb 16B12 and pAb; both from Santa Cruz). The 

secondary antibodies for IF microscopy were diluted in blocking buffer and incubated for 

1 h. The antibodies used were fluorescein isothiocyanate (FITC)-labeled donkey anti-

mouse, Cy3-labeled donkey anti-mouse, FITC-labeled donkey anti-rabbit, and Cy3-

labeled donkey anti-rabbit antibodies (all from Jackson Immunoresearch). Wide-field 

microscopy was performed with a Nikon Eclipse E800 upright microscope using a 40X 

1.0 NA oil immersion objective and recorded with a Hamamatsu C4742-95 charge-

coupled device camera using OpenLab software (Perkin Elmer). Confocal imaging was 

done on Zeiss LSM 510 and Zeiss LSM 510-META microscopes with 40 X and 100X 

1.3 NA oil immersion objectives using Axiovision software (Carl Zeiss). 

Image quantification and statistical analyses. 

          Quantitative analysis of IF microscopy images (ratios of the nuclear concentration 

to the cytoplasmic concentration [N/C ratios]) was performed by using ImageJ image 

processing software(NIH). More than 50 cells each from at least three experiments were 

quantified by circling relevant areas namely the nucleus and the cytoplasm and 

measuring the mean fluorescent intensities. Quantification of mCherry-SUMO2 levels 

was performed by using ImageJ, by outlining individual cells and corresponding nuclei 
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and deriving the ratio of total nuclear SUMO fluorescence intensity to the total cellular 

SUMO fluorescence. Data were binned using Excel (Microsoft) prior to plotting as 

histograms, with bin sizes stated in the figure legends. The “t test: two sample assuming 

equal variances” function of Excel (Microsoft) was used to calculate p values, and the 

type 2 two tailed p value was used. 
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RESULTS 

 

Progerin reduces nuclear SUMO2/3 levels. 

               

           Since endogenous SUMO2/3 levels were reduced in HGPS cells as well as HeLa 

cells transfected with HA-Progerin (The mutant form of Lamin A expressed in HGPS), 

we looked for additional approaches to support our initial observations. We made use of 

a fluorescent fusion protein (mcherry-SUMO2/3) and cotransfected it with HA Lamin and 

Progerin followed by triple label immunofluorescence microscopy to detect WT and 

mutant Lamin A, Ran and SUMO. While the HA-Lamin transfected cells had normal 

mcherry-SUMO2/3 distribution and an intact Ran gradient, a subset of cells transfected 

with HA-Progerin had a disrupted Ran gradient and in the same cells, mcherry-SUMO 

2/3 was mislocalized (Fig 1 A). The ratio of the nuclear to the total cellular intensity of 

mcherry-SUMO2/3 was plotted as a histogram, which reveals a quantitative reduction of 

SUMO2/3 with Progerin but not with WT Lamin A (Fig 1 B). This indicates that nuclear 

SUMO2/3 levels are reduced in HGPS and this may involve a combination of reduction 

of SUMOylation in the nucleus and a defective nuclear import of SUMO modified 

proteins.  

 

Inhibition of nuclear SUMOylation disrupts the Ran protein gradient. 

           The correlation between SUMO2/3 levels and the Ran protein gradient in HGPS 

cells led us to explore whether nuclear SUMOylation and the Ran protein gradient are 

linked and whether the disruption of one affects the other.  To that effect, we transfected 
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Figure 1. Progerin reduces nuclear SUMO2/3 levels. (A) Images from HeLa cells triple 

labeled for HA-progerin and HA-WT lamin A (purple), endogenous Ran (green), and 

mCherry-SUMO2 (red). (B) Histograms (bin size = 0.1) of Cherry-SUMO2 levels 

(nuclear/total) in progerin and lamin A transfected cells. “Copyright © American Society 

for Microbiology, [Mol Cell Biol. 2011 August; 31(16): 3378–3395]” 
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HeLa cells with a catalytic mutant of Ubc9 (C93S mutant) that reduces SUMOylation by 

acting as a dominant negative protein (Chakrabarti and Nucifora, 1999) ,or the catalytic 

domain (CD) of the SUMO protease SENP2, which cleaves SUMO from target proteins 

(Mukhopadhyay and Dasso, 2007). FLAG-tagged WT and C93S forms of Ubc9 and the 

FLAG-tagged SENP CD were introduced into HeLa cells and examined by double-label 

IF microscopy for FLAG and Ran or SUMO2/3 and Ran. The expression of FLAG-Ubc9 

C93S and the FLAG-SENP CD was sufficient to reduce nuclear levels of Ran (Fig 2A). 

Cells with reduced levels of nuclear SUMO2/3 signal also showed a loss of the Ran 

protein gradient (Fig 2A). Thus, a reduction of the level of nuclear SUMOylation is 

sufficient to disrupt the Ran gradient hinting towards the possibility that the same 

mechanism may be at play in HGPS. 

          RanGAP is one of the key regulators of the Ran system, and the SUMOylation of 

RanGAP regulates its anchorage to the NPC (Mahajan et al., 1997; Matunis et al., 

1996). In order to ask whether the observed Ran gradient defects were a result of 

defective targeting of RanGAP in response to decreased SUMOylation, we examined 

RanGAP distribution with progerin and SENP CD expression, conditions where 

SUMOylation is markedly reduced. In cells where the SENP CD and progerin reduced 

nuclear SUMOylation and disrupted the Ran protein gradient, RanGAP was still 

targeted to the NPC (Fig. 2 B and C). This result together with the fact that RanGAP is 

localized to the NPC in HGPS patient cells (Kelley and Paschal, unpublished 

observations) indicate that the Ran protein gradient disruption in HGPS is not caused by 

a failure of RanGAP targeting to the NPC. 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3147792/figure/F6/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3147792/figure/F6/
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Figure 2. Inhibition of SUMOylation disrupts the Ran protein gradient. (A) HeLa cells 

were transfected with FLAG-tagged forms of WT Ubc9, a catalytic mutant of Ubc9 

(C93S) that acts as a DN protein, and the SENP CD. Double-label IF microscopy for 

FLAG (red) and endogenous Ran (green) showed that the Ran protein gradient is 

disrupted by the expression of Ubc9 C93S and the SENP CD (left) under conditions 

where these factors reduce nuclear SUMO2/3 levels (right). (B and C) The SENP CD 

(B) and HA-progerin (C) do not disrupt endogenous RanGAP targeting to the NPC. 

Scale bars, 20 μm. “Copyright © American Society for Microbiology, [Mol Cell Biol. 2011 

August; 31(16): 3378–3395]” 
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Defective nuclear localization of Ubc9 in Progeria                

            The reduced nuclear levels of SUMO2/3 caused by progerin expression (Fig 1) 

led us to hypothesize that progerin could inhibit the activity or localization of a 

component that is critical for SUMOylation. The sole E2 for SUMO conjugation is Ubc9, 

an enzyme found in both the nucleus and the cytoplasm (Lee et al., 1998; Zhang et al., 

2002). In normal human fibroblasts, Ubc9 was mostly nuclear, with a small pool 

detected in the cytoplasm (Fig 3 A). In progeria fibroblasts, however, Ubc9 was 

localized predominantly to the cytoplasm. Moreover, in cells where the distribution of 

Ubc9 was predominantly cytoplasmic (HGPS 3199), there was a strong disruption of the 

Ran gradient (data not shown). The reduced nuclear localization of Ubc9 was also 

recapitulated by progerin expression. HA-progerin but not HA Lamin A transfection was 

sufficient to cause a quantitative reduction in the N/C distribution of endogenous Ubc9 

in HeLa cells with a concomitant reduction of nuclear SUMOylation (Fig 3 B) 

Constitutive nuclear localization of Ubc9 restores the Ran gradient in cells 

expressing progerin. 

          The fact that overexpression of factors that reduce nuclear SUMOylation (SENP 

CD and dominant negative Ubc9) disrupts the Ran gradient (Fig 2), suggests a potential 

link between SUMOylation and the Ran system, wherein the Ran gradient is regulated 

by nuclear SUMOylation. Since progerin drives the cytoplasmic localization of Ubc9, we 

considered whether the loss of Ubc9 from the nucleus is responsible for the disruption 

of the Ran gradient in HGPS. We engineered Ubc9 with transport signal fusions (SV40 

NLS and PKI NES) to force its subcellular localization to the nucleus and cytoplasm 
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Figure 3. Reduced nuclear localization of Ubc9 in HGPS. (A) Endogenous Ran (green) 

and Ubc9 (red) in control (Normal 8469) and progeria (HGPS 3199) fibroblasts. (B) 

Localization of endogenous Ubc9 (green) and SUMO2/3 (red) in HeLa cells 

cotransfected with HA-WT lamin A and HA-progerin. Histograms (bin size = 0.25) of 

Ubc9 N/C ratios in HeLa cells expressing HA-lamin A (black bars) and HA-progerin (red 

lines). Scale bars, 20 μm. “Copyright © American Society for Microbiology, [Mol Cell 

Biol. 2011 August; 31(16): 3378–3395]” 
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respectively (Fig 4 A); we then tested whether these compartment-specific forms of 

Ubc9 could rescue the Ran gradient. We also introduced the C93S mutation into the 

NLS form of Ubc9 to address whether the catalytic function of Ubc9 is necessary for 

effects on the Ran gradient. Based on the transfection efficiency (∼25%), expression 

levels of FLAG-tagged forms of Ubc9 were approximately 2-fold that of endogenous 

Ubc9 (Fig 4B). As expected, progerin inhibited the nuclear localization of transfected 

FLAG-tagged WT Ubc9; however, the SV40 NLS fusion rendered both the WT and the 

catalytically inactive forms of Ubc9 resistant to this effect of progerin (Fig 4 A). The PKI 

NES fusion with WT Ubc9 was exclusively cytoplasmic in the absence and presence of 

progerin (Fig 4 A). 

          The four engineered forms of Ubc9 (Fig 4) were each cotransfected with progerin 

into HeLa cells, and IF microscopy was used to measure Ran N/C levels and the 

nuclear levels of SUMO2/3. The controls for the experiment were WT Ubc9 

cotransfected with WT lamin A (Fig 5, black histograms) and WT Ubc9 cotransfected 

with progerin (red histograms). Progerin induced a quantitative reduction in the Ran N/C 

and SUMO2/3 levels (Fig 5, red histograms), both of which were rescued by NLS-Ubc9 

expression (green histograms). The catalytically inactive Ubc9 (C93S mutant) (blue 

histograms) which was targeted to the nucleus and cytoplasmic WT Ubc9 (NES fusion) 

(plum histograms) targeted to the cytoplasm, both failed to restore the Ran N/C and 

nuclear SUMO2/3 levels in the presence of progerin (Fig 5). These data show that the 

SUMO2/3 reduction and Ran gradient disruption by progerin (measured by IF 

microscopy) can be rescued by forcing Ubc9 into the nucleus and that restoration of the 

Ran gradient requires the catalytic activity of Ubc9. 
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Figure 4. Transport signal fusions that direct nuclear and cytoplasmic targeting of Ubc9. 

(A) FLAG-tagged SV40 NLS and PKI NES fusions with Ubc9 (green) were expressed in 

HeLa cells in the absence and presence of HA-progerin (red). Scale bar, 20 μm. (B) 

Immunoblotting showing the expression levels of the Ubc9 transport signal fusions 

relative to those of endogenous Ubc9. “Copyright © American Society for Microbiology, 

[Mol Cell Biol. 2011 August; 31(16): 3378–3395]” 
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Figure 5. Forcing nuclear localization of Ubc9 rescues the Ran gradient in progerin-

expressing cells. HeLa cells were cotransfected with HA-WT lamin A and HA-progerin, 

together with the transport signal fusions of Ubc9. Histograms show the nuclear levels 

of SUMO2 (bin size = 0.5) and Ran N/C levels (bin size = 0.25) in HA-positive cells 

expressing ectopic forms of Ubc9. “Copyright © American Society for Microbiology, [Mol 

Cell Biol. 2011 August; 31(16): 3378–3395]” 
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Figure 5 
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Constitutive nuclear localization of Ubc9 rescues nuclear import of TPR and 

restores H3K9 Trimethylation. 

           To determine whether the Ubc9-mediated rescue of the Ran gradient in progerin-

expressing cells also rescued Ran-dependent nuclear import, we analyzed the 

distribution of endogenous TPR in HeLa cells cotransfected with progerin, WT Ubc9, 

and NLS-Ubc9. TPR is the last nucleoporin that undergoes nuclear import and is 

assembled on the nuclear side of the NPC to form a basket shaped structure (Bodoor et 

al., 1999). TPR has been shown to be mis-localized in HGPS cells as well as in HeLa 

cells with Progerin expression. The reduction in the nuclear import of TPR caused by 

progerin expression (Fig 6 A, middle) was restored by the cotransfection of NLS-Ubc9 

(Fig 6 A, bottom). By measuring the N/C ratios of TPR in cells expressing WT lamin A 

and WT Ubc9 (Fig 6 B, black histograms), progerin and WT Ubc9 (red histograms), and 

progerin and NLS-Ubc9 (green histograms), we determined that NLS-Ubc9 expression 

results in a quantitative increase in TPR import (Fig 6 B). Thus NLS-Ubc9 not only 

rescues the Ran gradient but also restores nuclear import of certain cargoes whose 

distribution is affected in HGPS.           

           One of the cellular hallmarks of HGPS has been shown to be a global alteration 

in the structure of chromatin, particularly chromatin modification states (Goldman et al., 

2004; Scaffidi and Misteli, 2006; Shumaker et al., 2006a). H3K9 Trimethylation has 

been demonstrated to be reduced in HGPS cells and this reduction co-relates with the 

degree of disruption of the Ran gradient, suggesting that these pathways might be 

linked (Kelley et al., 2011). We tested whether the restoration of the Ran gradient via 
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Figure 6. Nuclear localization of Ubc9 restores TPR import in cells expressing progerin. 

(A) IF localization of HA-progerin and endogenous TPR in cells cotransfected with 

Ubc9. Scale bar, 20 μm. (B) Histograms showing TPR N/C levels (bin size = 0.5) in HA-

positive cells expressing engineered forms of Ubc9. “Copyright © American Society for 

Microbiology, [Mol Cell Biol. 2011 August; 31(16): 3378–3395]” 
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NLS-Ubc9 could restore H3K9me3 levels. By IF microscopy, HA-progerin transfected 

into HeLa cells with WT Ubc9 caused a statistically significant reduction of H3K9me3 

levels (Fig 7 A, middle). However the cotransfection of HA-progerin with NLS-Ubc9 

restored nuclear levels of H3K9me3 significantly (Fig 7 A, bottom). Our data suggest 

that the reduced level of H3K9me3 induced by progerin expression is a consequence of 

either a Ran gradient disruption, a reduced level of Ubc9 function in the nucleus, or a 

combination of both mechanisms. 
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Figure 7. Nuclear localization of Ubc9 restores H3K9me3 levels in cells expressing 

progerin. (A) IF localization of HA-progerin and nuclear H3K9me3 in cells cotransfected 

with Ubc9. Scale bar, 20 μm. (B) Histograms showing H3K9me3 levels (bin size = 1) in 

HA-positive cells expressing engineered forms of Ubc9. “Copyright © American Society 

for Microbiology, [Mol Cell Biol. 2011 August; 31(16): 3378–3395]” 
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DISCUSSION 

        The fact that HGPS arises out of a mutation in the Lamin A gene, is well 

established (De Sandre-Giovannoli et al., 2003; Eriksson et al., 2003a). However the 

mechanisms that connect the most upstream event, which is the perturbation of the 

lamina, to the more downstream events like gene expression changes or global 

alterations in chromatin architecture, are still elusive. The goal of this study was to 

identify pathways that bridge defects in the lamina to the changes in chromatin that take 

place in HGPS. The disruption of the Ran gradient and the reduction of nuclear 

SUMOylation are two such observations that could possibly act as intermediate steps in 

the disease progression process. With the aim of ordering these two events, we showed 

that disruption of nuclear SUMOylation can disrupt the Ran gradient, indicating that 

nuclear SUMOylation is an upstream regulator of the Ran gradient. Since Ubc9 is the 

sole SUMO E2, we were interested in the localization of Ubc9 and interestingly both in 

HGPS cells as well as Progerin transfected cells, Ubc9 was mislocalized from the 

nucleus to the cytoplasm, and this was correlated with the Ran gradient disruption. 

Restoring the localization of Ubc9 in the context of Progerin, restored nuclear 

SUMOylation as well as the Ran gradient.  However a catalytically dead mutant of Ubc9 

when forced into the nucleus did not rescue nuclear SUMOylation or the Ran gradient. 

Thus a specific SUMOylation event carried out by Ubc9 in the nucleus is responsible for 

maintaining the Ran gradient.  In addition to restoring the Ran gradient, Ubc9 could also 

rescue the nuclear import of nucleoporin TPR, whose import is defective in HGPS. Thus 

the nuclear import of certain nuclear proteins that depend on the Ran gradient, is 

regulated by nuclear SUMOylation carried out by Ubc9 (Figure 8). 
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Figure 8. Working model for how progerin disrupts the Ran gradient in HGPS. The 

expression of the progerin form of lamin A in HGPS inhibits Ubc9 import, which results 

in reduced levels of nuclear SUMOylation by SUMO2/3, reduced RCC1 function, and a 

disruption of the Ran protein gradient. Although classical importin β-dependent import is 

largely unaffected by progerin, the nuclear import of TPR is defective because of its 

sensitivity to the Ran protein gradient. Loss of H3K9 trimethylation in HGPS may be 

downstream of the Ran gradient disruption, due to defective import of 

methyltransferases that maintain H3K9 trimethylation. It could also be a direct effect of 

reduced nuclear SUMOylation that alters chromatin structure and other chromatin 

modifications that ultimately affect H3K9-me3. Thus nuclear SUMOylation may be a 

central player in the initiation of the disruptive signals that allow the cellular progression 

of HGPS.          
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Figure 8 
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          The mislocalization of Ubc9 might explain some of the epigenetic changes 

associated with HGPS. SUMOylation by Ubc9 regulates chromatin structure by 

modifying histones and chromatin-remodeling enzymes, resulting in chromatin 

compaction and gene repression (Shiio and Eisenman, 2003; Uchimura et al., 2006; 

Yang et al., 2007b). The reduced levels of the repressive chromatin mark H3K9me3 in 

HGPS and in HeLa cells expressing progerin, and the restoration of H3K9me3 levels 

upon the forcing of Ubc9 into the nucleus, suggest that reduced nuclear Ubc9 levels in 

HGPS might be responsible for the chromatin structural alterations occurring in HGPS. 

The rescue of H3K9me3 levels could also be due to the rescue of the Ran gradient by 

NLS-Ubc9. Since Ubc9 has been shown to be imported into the nucleus by the Ran 

regulated import factor Importin13, the mislocalization of Ubc9 in HGPS could be a Ran 

dependent import defect (Mingot et al., 2001a). Thus the pathway of SUMOylation 

regulating the Ran gradient could include a positive-feedback loop wherein the the 

intact Ran gradient also regulates Ubc9 nuclear import. Progerin could disrupt the 

nuclear transport machinery by a yet unknown mechanism leading to the cytoplasmic 

localization of Ubc9. For example, Progerin could alter the expression of a factor that 

regulates the Ran gradient which when disrupted causes Ubc9 import defects, leading 

to a loss of nuclear SUMOylation and further loss of the Ran gradient. Regardless of 

which occurs first, a detailed insight into the mechanism of how the defects in the 

SUMOylation machinery are linked with the loss of the Ran gradient and how Progerin 

contributes towards these changes, is paramount towards the understanding of how 

HGPS progresses at the cellular level. 
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Chapter 3. A CENTRAL ROLE OF THE RAN GTPASE SYSTEM IN THE 

DEVELOPMENT OF SUMOYLATION DEFECTS AND OXIDATIVE STRESS IN HGPS 

 

SUMMARY 

 

          We recently demonstrated a loss of the Ran protein gradient and mis-localization 

of the SUMO E2 Ubc9 in HGPS which causes a loss of global nuclear SUMOylation. 

Here we establish that the mislocalization of Ubc9 in HGPS is a Ran dependent import 

defect. A gradually growing concept in the field of HGPS is oxidative stress. Here we 

show that the disruption of the Ran gradient also signals to the redox machinery and 

increases cellular ROS levels. To test whether ROS can in turn affect the cellular 

distribution of Ran and Ubc9, we treated cells with H2O2 and both were rapidly 

mislocalized. Cells pre-adapted to Oxidative stress, when treated with H2O2 or when 

transfected with Progerin, did not have Ran or Ubc9 defects, indicating that increased 

cellular ROS levels in HGPS may also work upstream of Ran and Ubc9. However time 

course experiments using a Progerin mimetic revealed the ROS induction to be a 

biphasic phenomenon. Although the initial burst of ROS and the onset of Ran gradient 

disruption were temporally indistinguishable events, the secondary ROS induction was 

preceded by a Ran gradient disruption. Thus we highlight the central role of the Ran 

system in the initiating event following lamina perturbation, which by unleashing an 

oxidative stress response on one hand and global de-SUMOylation on the other, fosters 

the development of the cellular phenotypes in HGPS. 
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INTRODUCTION 

 

          The nuclear lamina is a network of proteins proximal to the inner nuclear 

membrane that plays major roles in defining nuclear structure and function (Goldman et 

al., 2002). The most abundant components of the lamina are the A-type and B-type 

lamins, intermediate filament proteins that assemble into polymers (Goldman et al., 

2002). The lamins interact with an expanding group of membrane-associated and 

nucleoplasmic proteins, and chromatin, to form macromolecular assemblies that 

regulate nuclear events including replication and transcription (Schirmer and Gerace, 

2005). Studies over the past decade have revealed that mutations in genes encoding 

the lamins, particularly lamin A, are causal to a broad spectrum of human disorders 

termed laminopathies, which include cardiomyopathy, lipodystrophy, and certain types 

of muscular dystrophy (Mounkes et al., 2003). Remarkably, different mutations within 

the single gene encoding lamin A (LMNA) give rise to disorders that can be manifest in 

a cell, tissue, and pathology-specific fashion (Mounkes et al., 2003). 

          One of the most highly studied laminopathies is Hutchinson-Gilford Progeria 

Syndrome (HGPS), a premature aging syndrome which is caused by a de novo 

mutation in LMNA. The LMNA mutation results in utilization of a cryptic pre-mRNA 

splice site and generation of a transcript that encodes the Progerin form of Lamin A that 

is missing 50 amino acids near its C-terminus (De Sandre-Giovannoli et al., 2003; 

Eriksson et al., 2003a). The Progerin form of Lamin A has a significant defect in 

processing, which is the basis of its dominant negative effects on the cell (De Sandre-

Giovannoli et al., 2003; Eriksson et al., 2003a). WT Lamin A is farnesylated on a C-
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terminal CAAX motif, attached to the membrane, and subsequently proteolytically 

cleaved by Zmpste24 on the amino terminal side of Leu647. Thus, fully processed lamin 

A is not directly attached to the nuclear membrane (Goldman et al., 2002). Progerin is 

farnesylated, but it remains constitutively anchored to the nuclear membrane because 

the Zmpste24 cleavage site is within the 50 amino acid segment that is absent in 

Progerin (De Sandre-Giovannoli et al., 2003; Eriksson et al., 2003a). The results of a 

clinical trial using farnesyl transferase inhibitors to prevent membrane attachment of 

Progerin show moderate improvements in some of the anatomical and physiological 

malformations of HGPS (Gordon et al., 2012). While it is clear that constitutive 

attachment of lamin A is responsible for the changes associated with Progeria, the 

mechanisms that mediate the changes at the cellular and tissue levels remain a subject 

of investigation. One common phenotype reported for cells over-expressing Progerin is 

aberrant nuclear morphology including nuclear membrane blebbing (Goldman et al., 

2004). A second phenotype of cells expressing Progerin is reduced levels of epigenetic 

marks on histone H3 that are associated with gene repression (Shumaker et al., 2006b) 

(Scaffidi and Misteli, 2006). Progerin, which is highly concentrated at the nuclear 

membrane, elicits epigenetic changes throughout the nucleus (Shumaker et al., 2006b) 

(Scaffidi and Misteli, 2006). This observation implies a dominant effect of nuclear 

architecture at the nuclear periphery that could have global effects on the nucleus. 

          We recently described phenotypic changes in HGPS cells that are associated 

with alterations in the nuclear transport machinery (Kelley et al., 2011). Nuclear import 

and export are regulated by the Ran GTPase, which rapidly shuttles between the 

nucleus and cytoplasm as part of its regulatory function (Pemberton and Paschal, 
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2005). Under steady state conditions Ran has a predominantly nuclear distribution, and 

the difference in the concentration of Ran between the nucleus and cytoplasm is 

referred to as the Ran protein gradient (Bischoff et al., 1994a; Bischoff and Ponstingl, 

1991; Görlich et al., 2003; Kelley and Paschal, 2007; Paschal, 1995; Pemberton and 

Paschal, 2005; Smith et al., 1998a). We discovered that the Ran nuclear to cytoplasmic 

ratio (N/C) is significantly reduced in HGPS cells.  

          One of the proteins whose nuclear localization is inhibited in HGPS is Ubc9, the 

E2 for SUMOylation (Geiss-Friedlander and Melchior, 2007; Kelley et al., 2011). Ubc9 is 

imported into the nucleus by Importin13, and following its translocation into the nucleus, 

the Ubc9-Importin13 complex is disassembled by RanGTP (Mingot et al., 2001a). 

Working in conjunction with Uba2/Aos1 E1 enzyme, Ubc9 either directly or with the 

assistance of E3 enzymes, conjugates SUMO to target proteins (Geiss-Friedlander and 

Melchior, 2007). SUMOylation regulates diverse pathways in the nucleus with roles in 

transcription, replication, and DNA repair (Geiss-Friedlander and Melchior, 2007). Ubc9 

shuttles between the nucleus and the cytoplasm (Our unpublished data), and 

SUMOylation is known to regulate important events in the cytoplasm as well (Geiss-

Friedlander and Melchior, 2007). There is also a pool of Ubc9 stably associated with the 

nucleoporin RanBP2 where it contributes to the SUMOylation of proteins associated 

with the nuclear pore complex (NPC) (Zhang et al., 2002). In our initial study it was not 

clear how Progerin triggers disruption of the Ran gradient, though loss of SUMOylation 

induced changes in the nuclear mobility of the nucleotide exchange factor RCC1 

suggested a possible deficiency in GTP-GDP exchange on Ran (Kelley et al., 2011). 

          Loss of the Ran gradient has been linked with various kinds of cellular stresses 
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like hyperosmotic stress (Kelley and Paschal, 2007) and oxidative stress(Kodiha et al., 

2004; Miyamoto et al., 2004a; Yasuda et al., 2006). Reactive Oxygen Species (ROS) 

comprise a diverse variety of chemical derivatives of molecular oxygen that are by 

products of cellular metabolism (Finkel and Holbrook, 2000). Of these, the superoxide 

or hydroxyl radicals, are extremely unstable, whereas hydrogen peroxide is freely 

diffusible and has a relatively longer half-life (Finkel and Holbrook, 2000). ROS 

accumulation can have damaging effects on cellular components and hence there is a 

battery of enzymes like Superoxide Dismutase (SOD) and Catalase, that metabolize 

ROS and keep Oxidative stress to a minimum (Finkel and Holbrook, 2000). 

          In the present study we establish that our previously identified mislocalization of 

Ubc9 in HGPS (Chapter 2) is a Ran dependent import defect. A disruption of the Ran 

gradient also signals to the redox machinery and increases cellular ROS levels, which in 

turn can inhibit the nuclear import of Ubc9. Thus we highlight the central role of the Ran 

system in the development of the cellular phenotypes in HGPS. 
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MATERIALS AND METHODS 

 

Cell culture and treatments 

          Primary human fibroblasts from HGPS patients (AGO1972, AG11498, and 

AGO3199) and a clinically normal father (AGO8469) of an HGPS patient were obtained 

from the Coriell Cell Repository (Camden, NJ). These are designated HGPS 1972, 

HGPS 1498, HGPS 3199 and Normal 8469 respectively. Primary fibroblasts were 

grown at 37°C in 5% CO2 in minimal essential medium (MEM) (Gibco) containing 15% 

FBS (Hyclone), 1 % MEM vitamin solution (HyClone), 1% penicillin/streptomycin (Gibco) 

and 1 mM sodium pyruvate (Gibco). The passage number for cells in various 

experiments was between 8 and 25. HeLa and GSN2 cells (HeLa cells stably 

transfected with GFP-Streptavidin-SV40 NLS)(Black et al., 1999) were grown at 37°C in 

5% CO2 in Dulbecco's modified Eagle's medium (DMEM) (Gibco/Invitrogen) containing 

10% FBS (Atlanta Biologicals). Cos7 cells were grown in DMEM with 10% FBS. CHO 

cells (HA-1 and OC-14) were generously provided by Douglas Spitz (Spitz et al., 

1988a). These were grown at 37°C in 5% CO2 in MEM (Gibco), supplemented with 15% 

FBS (Atlanta Biologicals) and 1% penicillin/streptomycin (Gibco). Hydrogen Peroxide 

(H2O2) (Catalog number H-1009) was purchased from Sigma and used at 

concentrations and time points mentioned in the figure legends. Lopinavir was obtained 

from the NIH AIDS Research and Reference Reagent Program (Germantown, MD) 

(catalog number 9481; a gift from D. Rekosh) and Selleckchem (Catalog no. S-1380). 

Normal 8469 fibroblasts were treated with 40 μM lopinavir dissolved in DMSO for 3 days 
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or for the indicated time points and processed for immunoblotting, IF microscopy, ROS 

measurements or ATP measurements. 

Plasmids and siRNA 
 
          Plasmids encoding the WT and mutant forms of Lamin A (pCDNA3-HA-Lamin 

and pCDNA3-HA-Progerin respectively) were generated as outlined in (Kelley et al.). 

pCDNA3-HA-Progerin C611S mutant was engineered by A. Spencer as described 

in(Snow et al., 2013). pCMV5-FLAG-Ubc9 and pCMV5-FLAG-Ubc9-C93S were 

generously provided by David Wotton. Small interfering RNA (siRNA) against NTF2 was 

obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Stealth siRNA against 

Lamin A (LMNA stealth HSS106094) was purchased from Invitrogen (Catalog number 

1299001). siRNA against Nup358/RanBP2 was purchased from Invitrogen (Catalog 

number 10620310) 

 
Transfection of plasmids and siRNA 
 

          The cells to be transfected with plasmids were plated and grown in 6 well plates 

to a density of about 60-80% for 24 hours, followed by transfection with Transfectin 

(Biorad) according to the manufacturer’s instructions. Transfected cells were processed 

for immunofluorescence microscopy or immunoblotting after 24 hours. NTF2 siRNA was 

transfected by using Lipofectamine RNAiMAX (Invitrogen) according to the 

manufacturer's instructions for reverse transfection. GSN2 cells were plated on NTF2 

siRNA in 60mm dishes, split onto glass coverslips at 24 h post-transfection, transfected 

with pCMV-Flag-Ubc9 24 hours post splitting on to coverslips, and grown for an 

additional 24 h, before processing for IF microscopy. For NTF2 knockdown in normal 
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Human (8469) fibroblasts, cells were transfected with NTF2 siRNA by reverse 

transfection directly on coverslips for immunofluorescence or glass bottom dishes 

(Mattek) for ROS measurements and allowed to grow for 72 hours prior to processing. 

For Lamin A knockdown in 8469 fibroblasts, cells were transfected with Lamin A siRNA 

by the reverse transfection protocol followed by LPV treatment after 24 hours. The cells 

were allowed to grow for an additional 72 hours before processing for immunoblotting, 

immunofluorescence or ROS measurements. 

 
Heterokaryon cell fusion assays 
 
          For the Heterokaryon assays, Cos7 cells were left un-transfected or transfected 

using fugene reagent (Promega) 24 hours after plating, as per the requirements of the 

experiment. After 24 hours the donor and acceptor cells were co-seeded on coverslips 

and after allowing them to grow for an additional 24 hours, cells were washed with pre-

warmed PBS and fused with 50% Polyethylene glycol (Roche). Following an additional 

wash step, cells were incubated in 10 µg/ml cyclohexamide for 30 minutes or 2 hours in 

a 37oC incubator. The cells were then fixed and processed for immunofluorescence 

microscopy. Heterokaryons containing 2 nuclei per cell were visualized. 

 
ATP measurements 
 
          ATP measurements were done using ATPlite luminescence ATP detection assay 

system (Perkin Elmer product # 6016943) as per manufacturer protocols. Normal 8469 

fibroblasts were plated in 96 well plates in triplicate and DMSO or LPV was added as 

indicated in the figure legends. On the day of processing, simultaneous to the ATP 

measurement, cells from an identical experiment were counted by trypan blue exclusion 
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technique on a hemocytometer and the luminescence intensities were normalized to the 

cell numbers so obtained. In the same experiment, immunofluorescence detection of 

Ran gradient disruption was performed to verify the efficacy of the LPV treatment. 

 
Antibodies 
 
          The following antibodies were used: Ran (Mouse monoclonal antibody, catalog 

number 610341; BD Biosciences), Lamin A (Rabbit polyclonal antibody [pAb], catalog 

number PRB-113c; Covance), Ubc9 (Rabbit pAb, catalog number ab33044; Abcam), 

anti-FLAG epitope (Mouse MAb M2; Sigma), OctA anti-FLAG (Rabbit pAb Santa Cruz), 

RanGAP (Mouse MAb 21c7; Zymed), anti-HA (Mouse MAb 16B12 and Rabbit pAb Y-

11; both from Santa Cruz), prelamin A (Goat pAb, catalog number sc-6214; Santacruz) 

and Tubulin (Mouse MAb 1-A2 Sigma).  

 
Immunoblotting 
 
          Cells were lysed using standard SDS-PAGE loading buffer. Extracts were 

sonicated prior to loading on SDS-polyacrylamide gels. SDS-PAGE and immunoblotting 

were performed by standard methods using primary antibodies, peroxidase-labeled 

secondary antibodies and detected by chemiluminescence using ECL reagent. For the 

immunodetection of Ubc9-Uba2 thioester, cells were lysed in standard SDS-PAGE 

loading buffer containing 20mM N-Ethylmaleimide (NEM), 20mM Iodoacetamide and 

protease inhibitors. 100mM DTT was added wherever indicated in the figures.   

 
Immunofluorescence microscopy 
 
          Cells growing on glass coverslips were washed three times in PBS, fixed with 

3.7% formaldehyde for 20 min, washed three times in PBS again and permeabilized in 
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0.2% Triton X-100 for 5 min. Coverslips were blocked in IF microscopy blocking buffer 

(1X PBS, 2% bovine serum albumin, 2% FBS) for 1 hour or overnight for Ubc9. 

Coverslips were then incubated in primary antibody diluted in IF microscopy blocking 

buffer overnight at 4oC or at room temperature in the case of Ubc9. The secondary 

antibodies for IF microscopy were diluted in blocking buffer and incubated for 1 hour. 

The antibodies used were fluorescein isothiocyanate (FITC)-labeled donkey anti-mouse, 

Cy3-labeled donkey anti-mouse, FITC-labeled donkey anti-rabbit, FITC-labeled donkey 

anti-goat and Cy3-labeled donkey anti-rabbit antibodies (all from Jackson 

Immunoresearch). Wide-field microscopy was performed with a Nikon Eclipse E800 

upright microscope using a 40X 1.0 NA oil immersion objective and recorded with a 

Hamamatsu C4742-95 charge-coupled device camera using OpenLab software (Perkin 

Elmer). Confocal imaging was done on a Zeiss LSM 510 microscope with 40 X and 

100X 1.3 NA oil immersion objectives using Axiovision software (Carl Zeiss) and on a 

Zeiss LSM 710 microscope with 20X regular and 63X oil immersion objectives using 

ZEN software (Carl Zeiss). 

 

ROS measurements 

          2’7’ Dichlorofluoroscein Diacetate (DCF-DA) was purchased from Sigma (Catalog 

number 35845) and a stock solution of 5mM made in ethanol. Cells growing in glass 

bottom dishes (Mattek) were washed three times with serum free MEM (Gibco) to 

remove traces of serum and incubated with a 1:2000 dilution of stock in serum free 

MEM for 30 minutes at 37oC and 5 % CO2. The cells were then washed and mounted in 

RPMI buffered medium (Gibco) followed by visualization of green fluorescence at an 
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excitation wavelength of 488 nm on a Zeiss LSM 710 confocal microscope equipped 

with a stage warmer, with a 10X objective using ZEN software (Carl Zeiss). 

 
Measurement of Mitochondrial potential 
 
          JC-1 was purchased from Invitrogen (Catalog number T-3168) and a 5mg/ml 

stock solution was made in DMSO. Cells growing in glass bottom dishes (Mattek) were 

washed three times with regular HGPS media (See cell culture and treatments), 

incubated with 0.3 µg/ml concentration of JC-1 in HGPS media for 1 hour at 37oC and 5 

% CO2. The cells were then washed and mounted in RPMI buffered medium (Gibco) 

followed by visualization on a Zeiss LSM 510-META confocal microscope equipped with 

a stage warmer, with a 40X objective using Axiovision software (Carl Zeiss). JC-1 is a 

fluorescent dye that accumulates in mitochondria in the monomeric form and emits 

green fluorescence. It utilizes the mitochondrial potential to form fluorescent J 

aggregates which emit red fluorescence (Invitrogen). JC-1 was excited at 488nm and 

both the monomeric and J aggregate forms of JC-1 were simultaneously visualized 

using 505-530 (Green) and 585-615 (Red) long pass filters respectively. The ratio of red 

to green fluorescence was quantified as a readout for polarized/total mitochondria. 

 
Image quantification and statistical analyses 
 
          Quantitative analysis of IF microscopy images was performed using 

ImageJ image processing software (NIH). For most of the figures more than 50 cells 

each from at least three experiments were quantified by circling relevant areas namely 

the nucleus and the cytoplasm, measuring the mean fluorescent intensities and 

representing the data as a mean N/C ratio (Nuclear to Cytoplasmic fluorescence 
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intensities). For Ubc9 rim quantification (Fig 9 C) the mean Ubc9 fluorescence intensity 

was calculated for 5 uniformly spread selections along the rim and their average values 

were plotted. For ROS measurements cells were outlined and mean DCF fluorescent 

intensities for the whole cell were plotted. For the measurement of mitochondrial 

potential using JC-1, individual cells were outlined and the ratio of mean red to green 

fluorescence intensities for each cell was plotted. Data were binned using Excel 

(Microsoft) prior to plotting as histograms, with bin sizes stated in the figure legends or 

were represented as bar graphs with error bars using standard deviations. The “t test: 

two sample assuming equal variances” function of Excel (Microsoft) was used to 

calculate p values, and the type 2 two tailed p value was used. 
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RESULTS 

 

Progerin inhibits nucleo-cytoplasmic shuttling of the SUMO conjugating enzyme 

Ubc9.  

          Previously we showed that Ubc9, the E2 that conjugates SUMO to target 

proteins, is mis-localized from the nucleus to the cytoplasm in fibroblasts from HGPS 

patients (Kelley et al., 2011). Mis-localization of Ubc9 can be induced in HeLa cells by 

transient transfection of Progerin, the mutant form of lamin A expressed in HGPS 

fibroblasts (Kelley et al., 2011); (Fig. 9A). Detection of endogenous Ubc9 by 

immunofluoresecence (IF) microscopy and biochemical analysis of Ubc9 by other 

groups indicates there are two distinct pools of the protein, a soluble pool that shuttles 

between the cytoplasm and nucleoplasm, and an insoluble pool associated with 

RanBP2 at the NPC (Saitoh et al., 2002; Saitoh et al., 1997). Visual inspection of HA-

Progerin-transfected cells suggested that the large reduction in nuclear Ubc9 levels was 

not accompanied by a similar change in NPC-associated Ubc9 (Fig. 9 A). We measured 

the levels of nuclear, cytoplasmic, and NPC-associated Ubc9 in Progerin and WT lamin 

A (HA-tagged) transfected cells. Under conditions where Progerin expression 

dramatically reduced the levels of Ubc9 in the nucleus, there was a statistically 

insignificant change in the levels of Ubc9 associated with the NPC (Fig 9 B, C). Thus, 

Progerin selectively affects the pool of Ubc9 undergoing nucleo-cytoplasmic transport. 

The dominant negative effect of Progerin on Ubc9 import could be explained by 

retaining Ubc9 in the cytoplasm, or by inactivating the import signal in Ubc9. We used 

heterokaryon assays to address these possible models. HeLa cells transfected with 
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Figure 9. Progerin inhibits nucleo-cytoplasmic shuttling of the SUMO conjugating 

enzyme Ubc9. (A) Endogenous Ubc9 distribution (red) in cells transfected with HA-

Lamin A and HA-Progerin (green). (B) Histogram of Ubc9 N/C (Bin size=0.2) from HA-

Lamin (black) and HA-Progerin (red). (C) Histogram of Ubc9 fluorescence measured at 

the nuclear envelope (Bin size=25) in HA-Lamin (black) and HA-Progerin (red) 

transfected cells. (D) Heterokaryon cell fusion using HeLa cells transfected with HA-

Progerin (green) or CFP (blue). Endogenous Ubc9 (red) was also detected. 16 out of 20 

Heterokaryons counted had the phenotype shown. (E) Heterokaryon cell fusion by 

fusing HA-Progerin (red) and Flag-Ubc9 (green) transfected Cos cells with 

untransfected cells. 17 out of 18 Heterokaryons counted had the phenotype shown. (F) 

Heterokaryon cell fusion using Cos cells transfected with HA-Progerin (Red). Ran is 

shown in Green. 21 out of 23 Heterokaryons counted had the phenotype shown. Scale 

bars = 20 µm (A) and 10 µm (D), (E) and (F).  
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Figure 9 
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HA-Progerin were fused with HeLa cells transfected with CFP to mark the shared 

cytoplasm, and the localization of Progerin and endogenous Ubc9 determined by 

double label IF microscopy. In post-fusion heterokaryons, Ubc9 was concentrated in 

control nuclei, but failed to undergo import into nuclei that contained Progerin (Fig 9 D). 

The fact that the dominant negative effects of Progerin are not transduced within the 

cytoplasm of the heterokaryon argues strongly against a cytoplasmic signal being 

involved. Moreover, the fact that import in the Progerin-expressing nucleus was not 

restored by fusion with control cells suggests that the defect is associated with the 

nucleus and not the cytoplasm. 

          We tested for the import competence of Progerin mislocalized Ubc9 by co-

transfecting HA-Progerin and Flag-tagged Ubc9, and subsequently fusing these cells 

with control cells. Flag-Ubc9 from the Progerin-expressing cell was fully competent for 

nuclear import into control nuclei, but failed to undergo import into the nucleus that 

contained Progerin (Fig. 9E). Flag-Ubc9 derived from the Progerin-expressing cell was 

incorporated into the NPC by 2 hrs (Fig. 9E), confirming the results described above 

(Fig. 9B, C) that Progerin inhibits Ubc9 import without disrupting its targeting to the 

NPC. As a control, Flag-Ubc9 was import competent in HA-Lamin transfected nuclei 

within the heterokaryons (Fig 10). The NPC-associated pool of Ubc9 detected by IF 

microscopy does not appear to be an intermediate in the Ubc9 nuclear import pathway. 

siRNA depletion of Nup358, which provides the binding site for Ubc9 on the cytoplasmic 

side of the NPC, did not affect nuclear levels of Ubc9 (Fig 11). We also examined the 

Ran distribution in heterokaryons. As expected, Ran was highly concentrated in the  

control nucleus but present at a much lower level in the nucleus from the Progerin- 
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Figure 10. Heterokaryon cell fusion using Cos cells transfected with HA-Lamin (red)           

and Flag-Ubc9 (green). Blue represents DAPI stained nuclei. Scale bars = 10 µm. 
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Figure 10 
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           Figure 11. Nuclear import of Ubc9 does not require an interaction with Nup358 at  

the NPC. (A) siRNA mediated knockdown of Nup358 in HeLa cells and localization of             

RanGAP (green) and Ubc9 (red). RanGAP localization at the NPC was used as a 

surrogate marker for Nup358 expression, as RanGAP targeting to the NPC is strictly 

dependent on Nup358. (B) Histogram (Bin size= 0.25) of Ubc9 N/C in control siRNA 

(black) and NTF2 siRNA (red) transfected cells. Scale bars = 20 µm. 
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Figure 11 
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expressing cell (Fig. 9F). These experiments suggest that Progerin disruption of Ubc9 

import is primarily a feature of the nucleus and not the cytoplasm, and the effect is not 

based on modifying the import competence of Ubc9. 

 

Fibroblasts from HGPS patients have elevated ROS  

          Increased levels of ROS and oxidative damage are associated with aging (Finkel 

and Holbrook, 2000). ROS are elevated 1.6-fold in two fibroblast lines from HGPS 

patients (HGADFN167, HGADFN003), which also showed increased protein carbonyl 

content (Richards et al., 2010; Viteri et al., 2011). Increased ROS levels have also been 

demonstrated in human dermal fibroblasts transfected with Progerin (Pekovic et al., 

2011).To ask whether elevated ROS might be common to HGPS fibroblasts, we 

measured ROS levels with the fluorescent indicator DCF-DA in three HGPS lines widely 

used in the field (3199, 1498, 1972). All three lines had elevated levels of ROS 

compared to control fibroblasts from an unaffected parent of an HGPS patient (Fig. 12 

A, B). The fact that 5/5 HGPS lines examined to date have elevated ROS suggests that 

oxidative stress may be a common feature of HGPS cells. Oxidative stress has been 

shown to be associated with mitochondrial depolarization (Lemasters et al., 1998). 

Using JC-1, a fluorescent dye that produces red fluorescent aggregates in response to 

the mitochondrial membrane potential, we compared the mitochondrial membrane 

potential between normal and HGPS fibroblasts and found that HGPS cells unlike 

normal fibroblasts are unable to form the red fluorescent aggregates. This implies that 

HGPS cells have depolarized mitochondria indicative of mitochondrial dysfunction (Fig 

13 A, B). 
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Figure 12. Fibroblasts from HGPS patients have elevated ROS. (A) ROS detected in 

primary fibroblasts from control (8469) and Progeria patients (1972, 1498 and 3199) 

using DCF. (B) Histograms comparing total ROS levels in control (Black bars) and 

Progeria patient fibroblasts (Red lines). Bin size = 100. Scale bars = 20 µm.  
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Figure 13. Mitochondria from HGPS fibroblasts are depolarized. (A) JC-1 fluorescence 

in fibroblasts from normal and HGPS patients. The total mitochondrial distribution is 

shown in green while the red dots are indicative of polarized mitochondria. (B) 

Histograms depicting the fractions of red/green intensity (polarized/total mitochondria) in 

HGPS cells (Red lines) and normal fibroblasts (Black bars). Bin size = 0.25. Scale bars 

= 20 µm.  
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Oxidative stress induced by H2O2 addition causes Ubc9 re-distribution to the 

cytoplasm. 

          Oxidative stress induced by H2O2 results in a Ran distribution that is strikingly 

similar to that observed in HGPS cells, and in HeLa cells transfected with Progerin 

(Czubryt et al., 2000; Miyamoto et al., 2004b) (Kelley et al., 2011). Given the elevation 

of ROS in HGPS cells, coupled with nuclear Ubc9 being upstream of the Ran gradient 

(Chapter 2), we considered whether ROS effects on the Ran gradient involve a 

mislocalization of Ubc9. The simple model is that Progerin expression elevates ROS 

levels, which mislocalizes Ubc9, which in turn disrupts the Ran gradient. To determine 

whether oxidative stress is sufficient to change Ubc9 distribution in the cell, we treated 

HeLa cells with a range (0-400 µM) of H2O2 concentrations and examined endogenous 

Ubc9 by IF microscopy. Treating HeLa cells with H2O2 for 10 minutes was sufficient to 

markedly reduce the nuclear concentration of Ubc9, an effect that was clearly visible 

with 100 µM H2O2 and above (Fig 14 A). Using biochemical approaches the Melchior 

group showed that in response to H2O2, Ubc9 forms a heterodimer with the E1 Uba2 

(Bossis and Melchior, 2006). The Ubc9-Uba2 disulfide product was detected from cells 

treated with as little as 50 uM H2O2 (Fig. 14 B). Higher concentrations of H2O2 (100 and 

200 µM H2O2) further increased disulfide product formation (Fig 14 B). To test whether 

the effect of H2O2 on Ubc9 localization is reversible, we treated HeLa cells with 200 µM 

H2O2 for 10 mins, washed the cells, and added fresh media for 30 and 60 min to allow 

recovery. Under these conditions the nuclear levels of Ubc9 and Ran were reduced by 

H2O2 treatment, but nuclear levels of both proteins were recovered in most cells by 30  

min (Fig 14 C). Immunoblotting for Ubc9 and Ran levels showed that they were 
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Figure 14. Oxidative stress induced by H2O2 addition causes Ubc9 re-distribution to the 

cytoplasm. (A) Endogenous Ubc9 distribution detected by IF in HeLa cells treated for 10 

minutes with the indicated concentrations of H2O2. (B) Ubc9-Uba2 disulfide detected by 

immunoblotting under non-reducing conditions. HeLa cells were treated for 10 minutes 

with the indicated concentrations of H2O2 immunoblotted for Ubc9. Gel samples were 

prepared without or with 100 mM DTT, as indicated. (C) Endogenous Ubc9 (Red) and 

Ran (Green) in HeLa cells undergo reversible changes in distribution in response to 

oxidative stress. HeLa cells were treated for 10 min with 200 µM H2O2 and then allowed 

to recover in fresh media for 30 and 60 min. Scale bars = 20 µm.  
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unchanged (Data not shown). Oxidative stress can therefore affect Ubc9 by two 

mechanisms namely heterodimer formation with Uba2 and altered sub-cellular 

localization through a nuclear transport-based mechanism. 

 

Nuclear localization of Ubc9 is resistant to the effects of H2O2 in CHO cells pre-

adapted to oxidative stress. 

          As an additional approach to determine whether Ubc9 localization is responsive 

to oxidative stress, we took advantage of a CHO cell line that is oxidative stress-

resistant (Spitz et al., 1988a). The OC-14 line was adapted to oxidative stress in culture, 

and stably over-expresses catalase >10-fold relative to the parental line HA-1 (Spitz et 

al., 1988b). In the HA-1 (Parental) cell line, the nuclear distribution of both Ubc9 and 

Ran was unaffected by 200 µM H2O2 but reduced significantly by 400 µM H2O2 (Fig. 

15A). Nuclear localization of Ubc9 and Ran in the OC-14 (Resistant) cell line was 

unaffected by 400 µM H2O2, but both proteins were disrupted by 800 µM H2O2 (Fig. 

15A). By immunoblotting, the Ubc9-Uba2 disulfide product was detected in HA-1 

(Parental) cells treated with H2O2 (Fig. 15B). In contrast, the Ubc9-Uba2 disulfide was 

not detected in the OC-14 (Resistant) cells even with high concentrations of H2O2 (Fig. 

15C), consistent with oxidative stress resistance of this line. Thus, oxidative stress 

resistance of the OC-14 cell line (defined originally in terms of viability); affords 

protection of Ubc9 and Ran from stress-induced changes in distribution and Ubc9 from 

disulfide formation with Uba2. 
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Figure 15. Nuclear localization of Ubc9 is resistant to the effects of H2O2 in CHO cells 

pre-adapted to oxidative stress. (A) H2O2 effects on Ubc9 and Ran distribution in CHO 

cells. Cells were treated with the indicated concentrations of H2O2 for 10 min, and 

endogenous Ubc9 and Ran were detected by IF. Scale bars = 20 µm. (B) and (C) Ubc9-

Uba2 disulfide formation in HA-1 and OC14 cells. Cells treated with different 

concentrations of H2O2 for 10 min were analyzed by immunoblotting. DTT was added to 

the samples wherever indicated. The electrophoretic position of the Ubc9-Uba2 disulfide 

(arrow) and a non-specific cross-reaction product (asterisk) are indicated. 
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Stress-resistant CHO cells resist the effects of Progerin on nuclear transport. 

          We next used the HA-1 and OC-14 cell lines to test whether Progerin effects on 

Ubc9 and Ran distribution are mediated by oxidative stress. If so, the OC-14 (Resistant) 

cells would be expected to resist the effects of Progerin expression. We transfected HA- 

tagged Progerin and WT Lamin A into HA-1 (Parental) and OC-14 (Resistant) cells, and 

analyzed the samples by double label IF microscopy. In HA-1 (Parental) cells, 

transfected HA-Progerin disrupted the Ran gradient and lead to a striking reduction in 

nuclear levels of Ubc9 (Fig. 16 A, upper panels). By contrast, in OC-14 cells the 

distribution of Ran and Ubc9 appeared to be unaffected by Progerin (Fig. 16 A, lower 

panels). Quantitative analysis confirmed that there is a significant difference in Ran and 

Ubc9 distribution in Progerin transfected HA-1 and OC-14 cells (Fig. 16 B, C). 

 

Ubc9 localization to the cytoplasm in response to Progerin and oxidative stress 

appears to be independent of cysteine 93 oxidation. 

          H2O2 disrupted Ubc9 localization and induced Ubc9-Uba2 disulfide formation in 

both HeLa cells and the HA-1 (Parental) CHO cells (Fig 14, 15). In OC-14 (Resistant) 

CHO cells, however, Ubc9 distribution was disrupted with 800 µM H2O2 with no 

evidence of Ubc9-Uba2 disulfide formation (Fig 15). These observations led us to 

question whether loss of Ubc9 from the nucleus in response to Progerin and oxidative 

stress is linked to Ubc9-Uba2 disulfide formation, or whether these are independent 

events. To address this question, we used a form of Ubc9 that contains an amino acid 

substitution in the cysteine that forms the disulfide with Uba2 (C93S). Flag-Ubc9-C93S 

like Flag-Ubc9-WT, was redistributed from the nucleus to the cytoplasm in response to 
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Figure 16. Stress-resistant CHO cells resist the effects of Progerin on nuclear transport.  

(A) Transfection of HA-Lamin and HA-Progerin into CHO cell lines followed by detection 

of endogenous Ubc9 and Ran by IF. Lamin A and Progerin expression were detected 

with anti-HA antibody. (B, C) Histograms (Bin size = 0.5) showing the Ran N/C and 

Ubc9 N/C in the HA-1(Parental) and OC-14(Resistant) cells transfected with Progerin. 

Scale bars = 20 µm. 
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Progerin expression (Fig. 17 A) and to H2O2 treatment (Fig. 17 B). By quantitative 

analysis Progerin reduced the nuclear levels of Flag-Ubc9-C93S to the same extent as 

Flag-Ubc9-WT (Fig. 17 C, D). Thus, disulfide formation is not necessary for the changes 

in Ubc9 distribution in response to Progerin and H2O2. We next examined three HGPS 

cell lines (1972, 3199, 1498) for the presence of the Ubc9-Uba2 disulfide. The Ubc9-

Uba2 disulfide was not detected (Fig 17 E), despite the fact it can be induced by H2O2 

treatment of passage number-matched control (8469) fibroblasts (Fig 18). Our data 

indicate that Progerin and oxidative stress effects on Ubc9 distribution can occur 

independently of Ubc9 oxidation and disulfide formation with Uba2. 

 

Nuclear localization of Ubc9 requires a Ran protein gradient.  

          Loss of Ubc9 from the nucleus in response to H2O2 and Progerin expression 

could be a response to Ran gradient disruption under these conditions. In HeLa cells 

treated with H2O2, there is a simultaneous loss of Ran and Ubc9 from the nucleus 

detected within 2 min (Fig. 19 A, B). Plotting the Ubc9 N/C as a function of the Ran N/C 

revealed a strong correlation with or without treating cells with H2O2 (Fig. 19 C). Given a 

large number of cellular pathways can be affected by H2O2, we directly tested whether 

the level of nuclear Ran controls Ubc9 import by depleting the Ran import factor NTF2. 

For this experiment we used a HeLa cell line that stably expresses a GFP-NLS reporter 

protein (Black et al., 1999). Disruption of the Ran gradient by NTF2 depletion was 

sufficient to reduce the nuclear concentration of Ubc9 without a significant effect on 

nuclear localization of the GFP-NLS reporter (Fig. 19 D, E, F). The Ubc9 N/C was 
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Figure 17. Ubc9 localization to the cytoplasm in response to Progerin and oxidative 

stress appears to be independent of cysteine 93 oxidation. (A) Localization of Flag-

Ubc9 (WT and C93S mutant; green) in HeLa cells co-transfected with HA-Lamin or HA-

Progerin (red). (B) Localization of Flag-Ubc9 (WT and C93S mutant; green) in HeLa 

cells treated with 200 µM H2O2 for 10 min. Scale bars = 10 µm. (C, D) Histograms 

showing N/C values (bin size = 0.5) of Flag-Ubc9 and Flag-Ubc9-C93S in cells 

expressing HA-Lamin (black) and HA-Progerin (red). (E) Immunoblotting for the Ubc9-

Uba2 disulfide in control (8469) and HGPS (1972, 1498 and 3199) fibroblasts. The 

electrophoretic position of the Ubc9-Uba2 disulfide (arrow) and a non-specific cross-

reaction (asterisk) are indicated. 
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 Figure 18. Ubc9-Uba2 disulfide formation in 8469 fibroblasts. Cells treated with 

different concentrations of H2O2 for 10 min were analyzed by immunoblotting. Gel 

samples were prepared with or without 100 mM DTT, as indicated. The electrophoretic 

position of the Ubc9-Uba2 disulfide (arrow) and a non-specific cross-reaction product 

(asterisk) are indicated. 
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Figure 19. Nuclear localization of Ubc9 requires a Ran protein gradient. (A, B) Ubc9 

and Ran N/C levels in HeLa cells treated with 200 µM H2O2 measured as a function of 

time. (C) XY Scatter plot of Ubc9 N/C and Ran N/C in untreated (black dots) and H2O2-

treated HeLa cells (red dots). (D) Disruption of the Ran gradient by siRNA depletion of 

NTF2 in GSN2 cells. HeLa cells (stably transfected with GFP-NLS; (Black et al., 1999) 

were co-transfected with siRNA and Flag-Ubc9, and imaged in three channels for 

endogenous Ran (purple), Flag-Ubc9 (red), and GFP (green) Scale bars = 20 µm. (E) 

Histogram (bin size=0.25) showing Flag-Ubc9 N/C from control siRNA (black) and NTF2 

siRNA (red line) transfected cells. (F) Histogram (bin size=25) showing nuclear 

fluorescence intensities of GFP-NLS from control (black) and NTF2 siRNA (red) 

transfected cells. (G) XY scatter plot of Ubc9 N/C and Ran N/C in control siRNA (black 

dots) and NTF2 siRNA (red dots) cells. 
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correlated with the N/C of Ran in both control siRNA and NTF2 siRNA samples, 

indicating that Ubc9 is dependent on the nuclear concentration of Ran for efficient 

nuclear localization (Fig. 19G). Thus in addition to Ubc9 mislocalization being 

responsible for the Ran gradient disruption in HGPS (Chapter 2), a disrupted Ran 

gradient can also cause defective nuclear import of Ubc9. 

 

Lopinavir, a Zmpste24 inhibitor mislocalizes Ran and Ubc9 and elevates ROS 

levels. 

         In order to have temporal control over the induction of ROS and the Ran and Ubc9 

defects, we looked for a non-transfection based method to produce the defects. 

Previously we had observed that inhibiting the processing of Lamin A by Lopinavir 

(LPV) treatment causes a loss of nuclear SUMOylation and disrupts the Ran gradient 

(Kelley et al., 2011). LPV is an HIV protease inhibitor that blocks the cleavage of 

prelamin A by Zmpste24 and as a result, WT prelamin A remains anchored to the 

nuclear membrane (Coffinier et al., 2007). LPV treatment has also been shown to 

increase cellular levels of ROS in various cell types (Capel et al., 2012; Deng et al., 

2010; Lagathu et al., 2007; Lefavre et al., 2010). To check whether LPV could cause 

Ubc9 import defects, normal human (8469) fibroblasts were treated with 40µM LPV for 

72 hours and processed for immunofluorescence detection of Ubc9 and Ran. The Ran 

gradient was strongly disrupted while Ubc9 was partially mislocalized from the nucleus 

to the cytosol with LPV treatment (Fig 20 A). ROS measurements by DCF staining done 

in parallel, showed a significant increase with LPV treatment (Fig 20 B, C), thereby 

indicating that LPV is a suitable drug for studying the time course of Ran gradient  
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Figure 20. Lopinavir, a Zmpste24 inhibitor mislocalizes Ran and Ubc9 and elevates 

ROS levels. (A) Endogenous Ubc9 (red) and Ran (green) distribution in normal human 

(8469) fibroblasts treated with DMSO (Control) or 40 µM Lopinavir (LPV) for 3 days. 

Scale bars = 20 µm. (B) ROS detection in DMSO and LPV treated 8469s using DCF-

DA. Scale bars = 100 µm. (C) Histogram of mean DCF fluorescence (Bin size = 10) 

measured in DMSO (Black) and LPV treated (Red) cells.  
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disruption and the increase in ROS levels. Owing to the partial effect on Ubc9 

distribution, Ubc9 detection with LPV treatment was omitted in the subsequent 

experiments. 

 

siRNA knockdown of Lamin A prevents LPV induced cellular defects.  

           

          Although LPV has been shown to inhibit Zmpste24 activity (Coffinier et al., 2007), 

being an aspartyl protease inhibitor, it could target other proteases in the cell leading to 

off target effects. Therefore in order to ask whether the effects of LPV on the Ran 

system and redox machinery are transduced through prelamin A, we attempted to 

knockdown Lamin A using siRNA, in the presence or absence of LPV treatment. 

Immunoblotting of prelamin A showed that knocking down Lamin A prevents the 

accumulation of prelamin A while the levels of Lamin A are only reduced to about half 

(Fig 21 A). This is likely due to the fact that LPV treatment affects only newly 

synthesized Lamin A. Measurement of ROS levels by DCF fluorescence showed that 

Lamin A knock-down dramatically reduced the levels of ROS induction by LPV 

treatment (Fig 21 B). In the same experiment, IF detection of prelamin A showed little to 

no prelamin A without LPV while with LPV treatment, prelamin A could be easily 

detected at the nuclear envelope. However upon knocking down Lamin A, prelamin A 

could no longer be detected, as expected (Fig 21 C). In the same cells, the Ran 

gradient was drastically disrupted with LPV treatment under control siRNA conditions 

but with Lamin A siRNA transfection, the Ran gradient was significantly rescued (Fig 21 

C). Quantification of the Ran N/C corroborated the above findings (Fig 21 D). These 
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Figure 21. siRNA knockdown of Lamin A prevents LPV induced cellular defects.  

(A) Immunoblotting for prelamin A , Lamin A and Tubulin (loading control) in control and 

Lamin A siRNA transfected normal (8469) human fibroblasts, treated with or without 

LPV. (B) Bar graph depicting the mean DCF fluorescence in control and Lamin A siRNA 

transfected cells, with or without LPV treatment. (C) Immunofluorescence detection of 

prelamin A (red) and Ran (green) in control and Lamin A siRNA transfected cells, with 

or without LPV treatment. Scale bars = 20 µm. (D) Bar graph depicting the mean Ran 

N/C in control and Lamin A siRNA transfected cells, with or without LPV treatment. 

Statistical significance as measured by student’s T test is depicted by asterisks. * p 

<0.05, **  p < 0.001. 
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results indicate that the LPV induced cellular defects observed earlier are transduced 

through the nuclear lamina, thereby justifying the use of LPV to order the cellular events 

in HGPS, with prelamin A being a Progerin mimetic. 

 

Time course of prelamin A accumulation, disruption of the Ran gradient and 

induction of ROS by LPV treatment. 

           

           A time course of LPV treatment was carried out and the amount of prelamin A 

induced by LPV was monitored with time by western blotting. Prelamin A was induced 

as early as 12 hours post treatment and maximal levels were attained by 48 hours with 

constant levels maintained up to 72 hours (Fig 22 A). Following washout of the drug, 

prelamin A levels dropped considerably, almost down to basal levels (Fig 23 A). ROS 

levels as measured by DCF staining showed a ~1.5 fold increase at 12 hours followed 

by reduction to basal levels by 18 hours. A second phase of significant ROS induction 

occurred at 72 hours (Fig 22 B) and this time the induction was ~ 3 fold. As expected its 

levels were restored back to basal upon drug washout (Fig 23 B). However the Ran 

gradient started to disrupt as early as 12 hours and by 48 hours Ran appeared to be 

completely cytosolic (Fig 22 C, D). Upon drug washout the Ran gradient improved 

although not completely (Fig 23 C). This implies that the defects induced by LPV 

treatment are not stable and can be reversed, at least partially upon washout of the 

drug. The increase in ROS at 12 hours could be significant or unrelated to the Ran 

defects, considering its low magnitude. Nevertheless, quite contrary to our expectations,  

the onset of Ran gradient defects preceded the second phase increase in ROS levels. 
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Figure 22. Time course of prelamin A accumulation, disruption of the Ran gradient and 

induction of ROS by LPV treatment. (A) Immunoblot showing the accumulation of Pre-

Lamin A upon treatment of 8469 fibroblasts with 40 µM LPV at the indicated time points. 

Ran levels remain unchanged. Tubulin represents the loading control. (B) Bar graph 

comparing mean DCF fluorescence at different time points of LPV treatment. Grey and 

Black bars represent DMSO and LPV respectively. (C) Endogenous Ran distribution 

(green) at the indicated time points of LPV treatment detected by immunofluorescence. 

Scale bars = 50 µm.(D) Bar graph representing the Ran N/C ratios at the indicated time 

points of DMSO (Grey bars) and LPV (Black bars) treatment. Statistical significance as 

measured by student’s T test is depicted by asterisks. * p <0.05, **  p < 0.001. 
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Figure 23. Induction and reversal of cellular defects with LPV treatment and post 

treatment withdrawal respectively. (A) Immunoblot showing the accumulation of Pre-

Lamin A upon treatment of 8469 fibroblasts with 40 µM LPV and its disappearance upon 

drug washout at the indicated time points. Ran levels remain unchanged. Tubulin 

represents the loading control. (B) Bar graph comparing mean DCF fluorescence at 

different time points of LPV treatment and post treatment drug washout. Grey and Black 

bars represent DMSO and LPV respectively. (C) Bar graph representing the Ran N/C 

ratios at the indicated time points of LPV treatment and washout (Black bars). The grey 

bar shows the Ran N/C with 96 hours of DMSO treatment (control). Statistical 

significance as measured by student’s T test is depicted by asterisks. * p <0.05, **  p < 

0.001. 
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This was surprising in light of previous reports that oxidative stress can cause Ran 

gradient disruption (Czubryt et al., 2000; Miyamoto et al., 2004b; Yasuda et al., 2006). 

The production of prelamin A however, appears to be upstream of both the Ran and 

ROS defects based on its early prevalence as well as the Lamin A knockdown 

experiments. (Figure 21). Since ATP depletion has been implicated in the disruption of 

the Ran gradient (Schwoebel et al., 2002; Yasuda et al., 2006), ATP levels were 

measured with LPV treatment and showed no significant changes while the Ran 

gradient was strongly disrupted (Fig 24 A, B). 

 

Disruption of the Ran protein gradient is sufficient to cause an increase in cellular 

ROS levels. 

          Taking into consideration that in the LPV treatment experiments, the Ran gradient 

disruption preceded the second phase increase in cellular ROS levels, we asked 

whether the Ran gradient could function upstream of ROS induction. To our surprise, 

knocking down NTF2 and disrupting the Ran gradient in normal human fibroblasts (Fig 

25 A) increased cellular ROS levels as measured by DCF staining (Fig 25 B, C), 

indicating that the normal nuclear levels of Ran are required for keeping cellular ROS 

levels under check. Thus in the context of HGPS, ROS induction may be a bi-phasic 

phenomenon. The initial burst of ROS could cause a disruption of the Ran gradient, 

which in turn can initiate the cellular changes causal to the slower secondary phase of 

ROS induction. 

 



129 

 

Figure 24. ATP measurements with LPV treatment. (A) Normal human (8469) 

fibroblasts were treated with DMSO or LPV for the indicated time points in a 96 well 

plate and ATP-LITE chemiluminescence assay was used to measure ATP levels in a 

plate reader. The luminescence intensities were normalized to cell number and plotted 

as a bar graph. Grey and black bars denote DMSO and LPV treated cells respectively. 

The p values are indicated. (B) A bar graph representing the Ran N/C with the indicated 

time points of LPV treatment in the same experiment. The grey bar shows the Ran N/C 

with 96 hours of DMSO treatment (control). Statistical significance as measured by 

student’s T test is depicted by asterisks. * p <0.05, **  p < 0.001. 
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Figure 25. Disruption of the Ran protein gradient is sufficient to cause an increase in 

cellular ROS levels. (A) Disruption of the Ran gradient by siRNA depletion of NTF2 in 

8469 fibroblasts (5 days), followed by immunofluorescence detection of Ran distribution. 

Scale bars = 20 µm.  (B) ROS detection in 8469 fibroblasts treated with Control and 

NTF2 siRNA , showing an increase in levels upon NTF2 knockdown. Scale bars = 100 

µm. (C) Histogram depicting an increase in mean DCF fluorescence intensity upon 

NTF2 Knockdown (Red lines) in comparison to control siRNA treated cells (Black bars). 

Bin size = 10. 
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DISCUSSION 

 

          Previously we have demonstrated that the mislocalization of SUMO E2 Ubc9 from 

the nucleus to the cytosol in Hutchinson-Gilford Progeria syndrome, causes a global 

reduction in nuclear SUMOylation, which in turn disrupts the Ran protein gradient 

(Chapter 2). By using salt extraction methods and Fluorescence Recovery After 

Photobleaching (FRAP), Kelley et al. showed that the mobility of RCC1 on chromatin is 

regulated by SUMOylation. Since RCC1 activity is closely coupled to its on and off rate 

on chromatin (Li et al., 2003), Kelley et al. hypothesized that the loss of nuclear 

SUMOylation in HGPS disrupts the Ran gradient by affecting RCC1 activity (Kelley et 

al., 2011). In this study, we focused on a newly recognized property of HGPS cells, 

namely an increase in cellular ROS levels, and established its connection with the 

mislocalization of Ubc9 and Ran. Both basal as well as stimulated levels of ROS are 

higher in a few recently studied HGPS cell lines (Pekovic et al., 2011; Richards et al., 

2010; Viteri et al., 2011). In order to establish whether this is applicable to the HGPS 

cell lines that we study, we measured cellular ROS levels in our HGPS cell lines using 

DCF staining and verified an increase in basal ROS levels, thereby indicating that 

oxidative stress may be a common feature of HGPS cells (Fig 12). We also showed that 

the mitochondria from HGPS cells are depolarized, indicative of mitochondrial 

dysfunction (Fig 13). 

          Oxidative stress has been previously shown to inhibit Ubc9 activity by inducing 

the formation of a disulfide bond between the catalytic cysteines of Ubc9 and the SUMO 

E1 Uba2 (Bossis and Melchior, 2006). In order to ask whether the localization of Ubc9 
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could also be affected by oxidative stress, we treated HeLa cells with increasing 

concentrations of H2O2, which led to a mislocalization of Ubc9 from the nucleus to the 

cytosol in a concentration dependent manner (Fig 14). To our knowledge, this is the first 

report of oxidative stress’s affecting the SUMOylation machinery by altering the 

localization of one of the key enzymes of the pathway.  H2O2 treatment also disrupts the 

Ran gradient by causing a drop in ATP levels which leads to a resulting drop in free 

GTP levels and subsequently affects RCC1 activity by depleting the cellular pool of 

RanGTP (Schwoebel et al., 2002; Yasuda et al., 2006). Defects in the localization of 

Nup153 as well as a reduction in the levels of Ran, Importinβ and Nup153, have also 

been implicated in H2O2 treated cells (Kodiha et al., 2004). We saw a concomitant 

disruption of the Ran gradient in H2O2 treated cells along with the Ubc9 mislocalization, 

and both were restored upon H2O2 washout, indicating that the defects are rapid and 

reversible (Fig 14). Thus the increase in ROS levels in HGPS could in principle, disrupt 

the localization of Ubc9, leading to a loss of the Ran gradient by affecting RCC1 activity, 

caused by reduced SUMOylation. 

          In order to verify the above possibility, CHO cells pre-adapted to Oxidative stress 

were treated with increasing concentrations of H2O2 and both Ran and Ubc9 localization 

were unchanged upon H2O2 treatment, unless at a very high concentration (Fig 15). 

CHO cells grown and maintained in the presence of H2O2 for multiple passages 

ultimately adapt to ROS by a duplication in the Catalase gene, leading to increased 

levels as well as activity of the Catalase enzyme (Spitz et al., 1988b). Thus these cells 

which can metabolize ROS, do not alter their Ran or Ubc9 distributions. To ask whether 

Progerin uses the same mechanism, namely an increase in ROS levels to transduce its 
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effects to Ran and Ubc9, we expressed Progerin in the pre-adapted cells and both Ran 

and Ubc9 were indeed protected against Progerin induced disruption (Fig 16). This 

allowed us to posit that Progerin utilizes an increase in ROS levels to affect the 

distributions of Ran and Ubc9 and that when ROS levels are not allowed to increase, 

neither pathway is affected. 

          The defects in Ubc9 localization upon increased oxidative stress could be a direct 

effect of a disulfide formation between Ubc9 and Uba2. The small size of Ubc9 (18 

KDa) is expected to allow its free diffusion through the Nuclear Pore Complex, whose 

limit of diffusion is ~ 40 KDa (Mohr et al., 2009). However upon ROS stimulation, the 

increase in effective size of the Ubc9-Uba2 complex to ~ 110 KDa could simply exclude 

Ubc9 from the nucleus. The mislocalization of Ubc9 in OC-14 (oxidative stress resistant) 

CHO cells with 800 µM H2O2 without a concomitant Ubc9-Uba2 disulfide formation (Fig 

15) points towards the unlikelihood of this mechanism. Regardless, in order to test this 

directly, we made use of a mutant form of Ubc9 (C93S) which does not form the 

disulfide and asked whether the mutant could enter the nucleus in the face of Progerin 

or H2O2 treatment. As expected, the mutant form of Ubc9 was also excluded from the 

nucleus under both conditions. This, coupled with the fact that we could not detect the 

Ubc9-Uba2 disulfide in extracts from HGPS fibroblasts, indicated that the Ubc9 defects 

are independent of heterodimer formation (Fig 17).  

          Previously in our H2O2 treatments the disruption of the Ran gradient had been 

interpreted as being downstream of the Ubc9 import defects, wherein the resulting loss 

of nuclear SUMOylation affected RCC1 activity (Kelley et al., 2011). However in H2O2 

timecourse experiments, time points as early as 2 minutes, showed a concomitant 
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disruption of the Ran gradient and Ubc9 localization (Fig 19). We reasoned that if the 

Ubc9 defects were upstream of the Ran gradient disruption, then the Ran effects would 

be slower. However the rapidness of the Ran defects led us to hypothesize that the 

Ubc9 mislocalization could be a Ran dependent nuclear import defect which is expected 

to act in relatively shorter periods of time. Ubc9 is known to be imported into the nucleus 

by Importin13 (Mingot et al., 2001b). However its Ran dependence has not been 

documented. In order to ask if the Ran gradient is necessary for Ubc9 import into the 

nucleus, we knocked down NTF2 and disrupted the Ran gradient. This was sufficient to 

cause a mislocalization of Flag tagged Ubc9 without majorly affecting the levels of 

nuclear GFP streptavidin SV40 NLS (GSN) (Fig 19). This implies that the disruption of 

the Ran gradient is sufficient to cause a Ubc9 import defect specifically, as opposed to a 

general reduction in nuclear import. To this effect, Flag-NLS Ubc9 which restores the 

Ran gradient in the face of Progerin, also rescued the nuclear import of Myc-Ubc9 (Data 

not shown). Thus Ubc9 nuclear import is both upstream as well as downstream of the 

Ran gradient disruption and the way we envision this happening, is through a cyclic 

order of dependence between the two processes. In other words an intact Ran gradient 

is necessary for Ubc9 nuclear import that drives nuclear SUMOylation, which in turn 

helps maintain the Ran gradient by modulating RCC1 activity. A defect in any of these 

processes is expected to affect the next step and thereby cause a progressively 

deteriorating phenotype.  

          In order to pinpoint the role of oxidative stress in the development of this vicious 

cycle, we made use of LPV an HIV protease inhibitor that has been shown to inhibit 

Zmpste 24 and accumulate prelamin A which retains the farnesyl group (Coffinier et al., 
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2007). The resultant protein is expected to be attached to the nuclear membrane and 

thereby mimic the effects of Progerin. We have previously shown that LPV treatment 

can disrupt the Ran gradient and reduce nuclear SUMO 2/3 levels (Kelley et al., 2011). 

LPV treatment has also been demonstrated to increase cellular ROS levels (Deng et al., 

2010; Lagathu et al., 2007; Lefavre et al., 2010). We verified the effects of LPV on ROS 

levels, Ran and Ubc9 distribution and these were indeed altered in our experimental 

settings, although the effect on Ubc9 was moderate (Fig 20). By knocking down Lamin 

A in the presence of LPV treatment, we also verified that the cellular effects of LPV are 

indeed transduced through the nuclear lamina (Fig 21). 

          Having established the suitability of LPV for ordering the molecular events in 

HGPS, we carried out a time course of LPV treatment and monitored prelamin A 

accumulation, ROS levels and the Ran gradient. To our surprise, there were two phases 

of ROS induction. The first was at 12 hours which coincided with the initiation of the Ran 

gradient disruption, followed by a much later induction at 72 hours (Fig 22). To test 

whether the secondary induction of ROS could be downstream of the Ran gradient 

disruption, we disrupted the Ran gradient by knocking down NTF2 and quite 

unexpectedly, there was an induction in cellular ROS levels as measured by DCF 

fluorescence (Fig 25). Thus a temporary burst of oxidative stress could disrupt the Ran 

gradient while the later induction of ROS could be a slower phenomenon downstream of 

the Ran gradient disruption. Knocking down Ran has been shown to induce the 

expression of MnSOD, indicative of oxidative stress and contribute towards cellular 

senescence (Nagai and Yoneda, 2012).  

          We hereby propose a model wherein the cellular defects in HGPS can be 
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subdivided into “Initiation” and “Maintenance” phases (Fig 26). Since the time-course of 

LPV treatment did not allow a temporal resolution of the initial burst of ROS and the 

onset of Ran gradient disruption, they could both be occurring simultaneously. 

Therefore they both constitute the initiating events. In addition to the possibility of being 

a direct consequence of the initial ROS induction, the onset of disruption of the Ran 

gradient could be a result of perturbation of the nuclear lamina due to irreversible 

attachment of Progerin to the nuclear membrane. This could directly affect the structure 

of chromatin thereby affecting the activity of RCC1, that associates with 

heterochromatin and can be stimulated by binding histones H2A and H2B (Casolari et 

al., 2004; Nemergut et al., 2001). The resulting Ran gradient disruption could prevent 

the nuclear import of Ubc9, owing to which there is a loss of nuclear SUMOylation. This 

in turn could disrupt the Ran gradient further by modulating RCC1 activity by regulating 

its mobility on chromatin (Kelley et al., 2011). 

          The subsequent secondary induction of ROS levels by the Ran gradient 

disruption constitutes the “Maintenance” phase. This could be a driven by a gene 

expression based mechanism, specifically through altering the expression of redox 

scavenging enzymes, or regulators of NADPH Oxidase (NOX) complexes (Lambeth, 

2004). HGPS cells have depolarized mitochondria compared to the normal fibroblasts, 

indicative of Mitochondrial dysfunction (Fig 13). Although Mitochondria are considered 

the major sources of ROS generation, by using NOX inhibitors, our lab has shown that it 

is possible to rescue the effects of LPV on the Ran gradient (Chelsi Snow, unpublished 

observations).  As an additional mechanism for sustained maintenance of the Ran 

gradient disruption, the increase in ROS levels could potentially signal back to the Ran 
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Figure 26. Model showing the proposed pathway of Progerin induced cellular defects. 

Under normal conditions, there exists a mutually regulatory signaling network involving 

the Ran GTPase system, the SUMOylation machinery and redox balance pathways. An 

intact Ran gradient allows the nuclear import of Ubc9 on one hand, thereby maintaining 

nuclear SUMOylation, which in turn regulates RCC1 activity and maintains the Ran 

gradient. On the other hand it also keeps ROS levels to a minimum. Progerin 

expression hits this network at two levels. First it disrupts the Ran-ROS balance by 

simultaneously affecting both. The resulting initiation of the Ran gradient disruption 

causes a secondary increase in ROS levels, which in turn can signal back to the Ran 

system for prolonged maintenance of the Ran defects. Progerin also hits the Ran-

SUMO cycle wherein the disrupted Ran gradient inhibits the nuclear import of SUMO E2 

Ubc9. The resulting loss of nuclear SUMOylation can further disrupt the Ran gradient in 

a feed-back loop. Thus this model highlights the central role of the Ran system in the 

disruption of two major cellular pathways namely redox balance and nuclear 

SUMOylation and lays out the initial events originated in the nuclear lamina that could 

lead to HGPS progression at the cellular level.   
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system and further disrupt the Ran gradient, most likely by modifying Redox sensitive 

cysteines on RCC1 and thereby lowering its activity (Mandovi Chatterjee, unpublished 

observations). Previously published mechanisms involving the lowering of RanGTP 

levels are not likely to be involved because LPV treatment did not cause a reduction in 

cellular ATP levels in our hands, while the Ran gradient was disrupted (Fig 24). The fact 

that CHO cells pre-adapted to Oxidative stress do not have Ran or Ubc9 localization 

defects, can easily be explained by the above model wherein Progerin expression does 

probably induce an initial disruption of the Ran gradient and Ubc9 mislocalization, but 

since the resulting secondary phase ROS induction is not allowed to take place, the 

secondary maintenance phase of the pathway is not triggered. As a result the initial loss 

of the Ran gradient could be corrected by the end of 24 hours. 

          Thus in this study, our observations linking the disruption of the Ran gradient, the 

loss of Ubc9 nuclear import and the induction of cellular ROS levels indicate the 

presence of a complex signaling network that when disrupted, is expected to 

compromise normal nuclear functioning. This network represents the early events that 

follow the perturbation of the nuclear lamina and could potentially precede an alteration 

of global gene expression patterns within the nucleus. The culmination of aberrant 

signaling cascades and disrupted gene expression programs may subsequently 

contribute to premature aging at the cellular level.  
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Chapter 4. CONCLUSIONS AND FUTURE DIRECTIONS. 

          

          Ever since the discovery that HGPS is caused by a mutation in the Lamin A gene, 

a plethora of observations have been made that document the features of the disease 

at the cellular level. These observations however are mostly restricted to events that are 

either upstream, for example the perturbation of the nuclear lamina or are mostly 

downstream phenotypes like the alteration in gene expression patterns. Considering the 

huge separation between these events, the aim of this thesis has been to bridge the 

gaps and provide mechanistic insights into intermediate pathways that connect the 

disruption of the nuclear lamina with global changes in gene expression. In this work, 

we have focused on nuclear SUMOylation, the Ran gradient and ROS levels, three 

pathways fundamental to normal cellular functions, which potentially provide previously 

unappreciated connections between the very upstream and downstream defects in 

HGPS. In addition to reporting that these pathways are defective in HGPS, we provide 

evidence for the existence of a complex signaling network involving each of these 

components that is highly sensitive to perturbation. The misregulation of these 

pathways in HGPS is likely to result in a global disruption of cellular functions. Thus a 

study of these pathways facilitates an understanding of the cellular progression of 

HGPS. However an attempt towards understanding these pathways raises many 

important questions.  

           Our founding observation was the disruption of the Ran protein gradient by 

reducing nuclear SUMOylation. Our use of SENP CDs to disrupt nuclear SUMOylation 
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raises a question about the localization of the SENPs themselves in the context of 

HGPS. In addition to the Ubc9 import defect, one or more of the SENPs may be 

mislocalized as a supporting mechanism to result in a reduced SUMOylation status in 

the nucleus. This possibility warrants a systematic approach towards characterizing 

SENP localization defects in HGPS patient cells and with Progerin expression. Notably, 

we have observed a striking mislocalization of SENP1 from the nucleus to the 

cytoplasm with the expression of HA-Progerin (Our unpublished observations). Arguably 

this should serve to increase nuclear SUMOylation and reduce cytosolic SUMOylation. 

However a complete picture of the localization status of all the SENPs is necessary 

before stating a conclusion regarding the role of one or more of the SENPs in the 

reduction of nuclear SUMOylation. If the mislocalization of SENPs has a major role in 

HGPS, then siRNA knockdown of the SENPs either singly or in combination in the 

context of Progerin expression, may rescue the Ran gradient by causing a net increase 

in nuclear SUMOylation.  

          One of the striking phenotypes that led us to be interested in the in-depth analysis 

of nuclear SUMOylation defects in HGPS, was the mislocalization of Ubc9. We 

demonstrate that this is due to a disruption of the Ran gradient thereby leading to an 

import defect. Ubc9 is imported into the nucleus by Importin13 an importinβ family 

member (Mingot et al., 2001a). Although we have verified that the localization of 

Importin 13 is unchanged when Ubc9 is mislocalized (our unpublished observations), a 

detailed characterization of the import defects is necessary. Despite the incomplete 

characterization of the Ubc9 import pathway, one may speculate that it conforms to the 

normal importin β dependent import pathways. Thus the pathway of Ubc9 nuclear 



144 

 

import is expected to involve a complex formation with Importin13, translocation of the 

complex through the Nuclear Pore complex(NPC) followed by dissociation of the 

complex by RanGTP binding. The Ubc9 import defect in HGPS may involve 

abnormalities at any of these steps. It would be useful to test the binding of Ubc9 to 

Importin13 and also compare the concentration of RanGTP required to dissociate the 

complex, under normal and Progerin expression conditions. In a recent study, the 

authors have laid out differences between the RanGTP requirements of large vs small 

cargoes (Snow et al., 2013). Although Ubc9 itself is a small protein, the complete 

biochemical composition of its import complex is unknown. It is formally possible that 

the import complex of Ubc9 with Importin13 has additional partners that contribute 

towards the formation of a large complex, which has stringent RanGTP requirements for 

dissociation. In our hands, Ubc9 import defects only occur when the Ran gradient is 

strongly disrupted. Thus it may be essential to use chromatographic techniques to figure 

out the actual size of the Ubc9 import complex and identify unknown partners that may 

impose another layer of regulation.  

          Restoring the nuclear localization of WT Ubc9 in the context of Progerin rescues 

the Ran gradient. Since the Ran gradient strictly depends on RCC1 (Ren et al., 1993; 

Tachibana et al., 1994), we speculate that this is due to stimulation of RCC1 activity in 

the nucleus. Our speculation is backed by the finding that decreasing nuclear 

SUMOylation reduces the mobility of RCC1 on chromatin and in vitro SUMOylation of 

an yet unidentified target on chromatin promotes the release of RCC1 from chromatin 

(Kelley et al.). Since RCC1 activity is closely coupled to its on and off rate on chromatin 

(Casolari et al., 2004; Li et al., 2003; Nemergut et al., 2001; Wong et al., 2008), NLS-
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Ubc9 may simply improve RCC1 mobility and thus stimulate its activity. Particularly 

worth mentioning is the fact that only active Ubc9 is capable of rescuing the Ran 

gradient while a catalytically inactive mutant of Ubc9 fails to do so. This agrees with our 

hypothesis that an actual SUMOylation event by Ubc9 is necessary for the maximal 

dissociation of RCC1, as opposed to a non-covalent SUMO binding interaction by a 

SUMO interaction motif (SIM) on the target protein (Kelley et al., 2011). Although 

histones that stimulate RCC1 activity have been shown to be SUMOylated (Nemergut et 

al., 2001; Shiio and Eisenman, 2003), additional targets of SUMOylation may be 

involved. Thus it would be worth identifying SUMO targets that are particularly relevant 

to the disruption of the Ran gradient in HGPS and in general, that would provide 

insights into additional SUMO based mechanisms for exacerbating the cellular defects 

in HGPS.  

         In addition to rescuing nuclear SUMOylation and the Ran gradient, the restoration 

of Ubc9 nuclear import in the context of Progerin expression also rescued the import of 

nucleoporin TPR and increased the levels of H3K9 trimethylation in the nucleus. This 

led us to ask if in the absence of Progerin these pathways were dependent on nuclear 

Ubc9 levels. However to our surprise knocking down Ubc9 did not affect the Ran 

gradient nor did it reduce the nuclear enrichment of TPR and H3K9me3. We speculate 

this as being the result of a differential degree of disruption of SUMOylation between 

Ubc9 knockdown and Progerin expression conditions. While progerin expression 

dramatically reduces SUMOylation in the nucleus, a complete Ubc9 knockdown only 

partially equilibrates SUMO between the nucleus and the cytoplasm (Our unpublished 

observations). It goes without saying that Ubc9 knockdown and Progerin expression 
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present completely different scenarios with respect to Ubc9, namely the latter is 

expected to increase Ubc9 in the cytoplasm. Interestingly the artificial targeting of Ubc9 

to the cytosol (Ubc9-NES) does not affect cellular SUMOylation or the Ran gradient (our 

unpublished observations). In fact, quite contrary to our expectations, knocking down 

Ubc9 actually partially protected the Ran gradient against disruption by Progerin and by 

oxidative stress (our unpublished observations). Thus it is formally possible that Ubc9 

acts as an inducer of the response and being a rapidly shuttling protein (Our 

unpublished observations), its shuttling function may be coupled to its role in the 

induction of the response. In other words the scenario with respect to Ubc9 may be 

complicated in HGPS and further characterization of these fine-tuned mechanisms is 

necessary.  

          In addition to SUMOylation machinery and Ran system defects, we and others 

demonstrate the existence of oxidative stress in HGPS (Viteri et al., 2011) (Richards et 

al., 2010) (Pekovic et al., 2011). A byproduct of normal metabolism, ROS play a 

significant role in normal aging most prominently through DNA damage, cellular 

senescence as well as increasing nuclear leakiness by oxidative damage to 

nucleoporins (Beckman and Ames, 1998; D'Angelo et al., 2009; Hagen et al., 1997; 

Sedelnikova et al., 2010). Being a premature aging syndrome, HGPS is expected to 

involve similar mechanisms, at least partially. In the process of characterizing the 

interplay between oxidative stress and the Ran and SUMOylation systems, we came 

across a complex array of feed-back loops that allow mutually regulatory mechanisms 

to work between the three parameters. Based on the evidence presented in this work 

we propose that the Ran gradient disruption and the initial burst of ROS induction 
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appear to occur simultaneously. The initial burst of ROS could be directly caused by 

damage to the mitochondria by aggregates of Progerin farnesylated in the cytosol by 

the ER resident farnesyl transferases. WT Lamin A has an NLS between the alpha 

helical coiled coil domain and the Ig fold domain (Dechat 2008). Since only the C 

terminus of Lamin A is affected by the HGPS mutation, Progerin should have an intact 

NLS and therefore is capable of undergoing nuclear import. However since 

farnesylation of Progerin can occur in the cytoplasm, the resulting product should have 

a high affinity for membranes (Barrowman et al., 2008). The non-specific nature of this 

affinity could allow Progerin to indiscriminately attach to the ER, Golgi or Mitochondrial 

membranes even before it can be bound and transported into the nucleus by the 

nuclear import machinery, and in the process, damage mitochondria or affect ER 

resident NOX activity. This can be tested by fractionating mitochondrial and ER 

membranes from HGPS cells and checking for the enrichment of Progerin. Additionally 

a mutant form of Progerin lacking a functional NLS or with a mitochondrial targeting 

sequence may be overespressed in cells to check if it targets to the mitochondrial 

membranes and induces ROS. These experiments would provide fundamental insights 

into the possible mechanism of early induction of ROS by Progerin. 

          The Ran gradient disruption could potentially be a downstream consequence of 

this initial burst of ROS. It may also be attractive to speculate the Ran gradient 

disruption as being a direct effect of perturbation of the lamina by Progerin expression, 

altering chromatin structure by disrupting the lamina-chromatin interface and thereby 

affecting RCC1 activity. Indeed ING1 and LAP2, proteins that bridge the lamina with 

chromatin, are mislocalized in HGPS (Han et al., 2008; Scaffidi and Misteli, 2005b; 
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Scaffidi and Misteli, 2006). Since Ubc9 is a rapidly shuttling protein, it is expected to be 

rapidly mislocalized from the nucleus to the cytosol in response to the Ran gradient 

disruption (Fig 27). The resulting loss of nuclear SUMOylation may help stabilize the 

Ran gradient defects because SUMOylation of a yet unknown chromatin associated 

factor can stimulate RCC1 release from chromatin and thereby enhance its activity 

(Kelley et al., 2011). RCC1 activity has been previously shown to be regulated by 

kinase signaling cascades through phosphorylation of RanBP3, a co-factor for RCC1 

enzymatic activity (Yoon et al., 2008). Owing to a drastic loss of heterochromatin in 

HGPS (Shumaker et al., 2006a), RCC1 may be in a state of heavy dependence on 

these stimulatory pathways. Due to loss of nuclear SUMOylation, RCC1 could 

potentially lose this additional wing of stimulation, leading to a gradual loss of the Ran 

gradient. The net result of this cycle of regulatory events would be a stabilization of the 

Ran gradient defects. 

         Once the Ran gradient defect is stabilized, the secondary phase of the pathway is 

triggered. This includes the secondary induction of ROS which according to our findings 

is a much later phenomenon and by that time the Ran gradient is completely reversed. 

While many Ran dependent cargoes can still undergo import under conditions of 

moderate Ran gradient disruption, under these severe disruption conditions, nuclear 

import may be stalled. Some of the affected cargoes could be transcription factors that 

regulate redox balance in the cell. For example the FOXO proteins (Forkhead group of 

transcription factors) undergo nuclear import under conditions of oxidative stress and 

turn on the expression of MnSOD and Catalase (Alcendor et al., 2007; Brunet et al., 

2004; Kops et al., 2002; Nemoto and Finkel, 2002; Van der Heide et al., 2004). The  
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Figure 27. Model depicting the interdependence of nuclear SUMOylation and the Ran 

gradient and how it is disrupted in HGPS. Under normal conditions (right), RCC1 that 

associates with heterochromatin generates the RanGTP gradient which dissociates 

Ubc9-Importin13 import complexes, thereby releasing Ubc9 in the nucleus. Ubc9 can 

SUMOylate a yet unknown protein ‘x’ that when SUMOylated can facilitate the release 

of RCC1 from chromatin. This would enhance RCC1 activity which is closely coupled to 

its on and off rate on chromatin. Thus both nuclear SUMOylation and the Ran gradient 

are maintained. In HGPS (left), the expression of Progerin disrupts the nuclear lamina 

and alters the structure of chromatin such that it is in a more open conformation. This 

could affect RCC1 activity leading to disruption of the Ran gradient, in the absence of 

which, import complexes cannot be dissociated. As a result the Importin13-Ubc9 

complex could shuttle back into the cytoplasm, leading to Ubc9 import defects. Due to 

its absence from the nucleus, Ubc9 cannot SUMOylate x and RCC1 loses the 

stimulatory input from x. Thus nuclear SUMOylation is reduced and the Ran gradient is 

disrupted. 
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absence of an intact Ran gradient may prevent them from entering the nucleus and 

turning on pathways that would normally keep basal levels of ROS from increasing. This 

would lead to a gradual increase in ROS levels (Fig 28). Interestingly Lamin B is 

mislocalized in HGPS cells (Scaffidi and Misteli, 2005a) and Lamin B is responsible for 

tethering the transcription factor Oct-1 and keeping it inactive. In the absence of this 

tethering, Oct-1 becomes active and upon entering the nucleus stimulates ROS by 

repressing antioxidant genes (Malhas et al., 2009). Furthermore in cells aged in culture, 

Oct-1 dissociates from the Lamina and turns on the expression of cellular aging 

associated genes (Imai et al., 1997). However the likelihood of the Lamin B-Oct-1 

pathway is less owing to the complete reversal of the Ran gradient. Unless the Ran 

gradient requirements for Oct-1 nuclear import are not stringent, the reversed Ran 

gradient should prevent Oct-1 from entering the nucleus and exerting its effects. 

Currently our hypothesis that the Ran gradient disruption is upstream of ROS induction 

in HGPS is backed by two observations, namely the appearance of Ran defects prior to 

increased ROS in the time course of LPV treatment, and ROS induction by disruption of 

the Ran gradient upon knocking down NTF2. It may be important to follow up these 

experiments with the use the Flag-NLS-Ubc9 to rescue the Ran gradient and prevent 

ROS induction in Progerin transfected or LPV treated cells. Microinjection of Ran into 

the nucleus may also be attempted to see if it brings down ROS levels in LPV treated 

cells. Surprisingly in the LPV timecourse experiments, the secondary induction of ROS 

was not gradual. Rather the levels of ROS remained constant up to 48 hours followed 

by a several fold increase at 72 hours. This implies that there are additional extremely 

slow means of misregulation of the cellular redox balance, some that take longer to 
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Figure 28. Model demonstrating the possible ways by which Progerin could induce 

ROS. Mitochondria continuously produce basal levels of ROS which participate in 

cellular homeostasis, by acting as a component of signaling pathways. Under normal 

conditions, in response to ROS generation, the FOXO group of transcription factors 

enter the nucleus in a RanGTP dependent manner and enhance the expression of 

redox sensitive genes like MnSOD and Catalase. These enzymes keep ROS levels 

under check. During HGPS, the disruption of the Ran gradient by Progerin expression 

may inhibit the nuclear import of FOXO, thereby preventing the overexpression of the 

Catalase and MnSOD genes. As a result ROS levels may continue to increase.  In 

addition, the aggregate of Progerin at the nuclear membrane could potentially induce 

the Unfolded Protein Response (UPR) in the lumen of the ER. The resulting leakage of 

Calcium ions from the ER stores could alter the permeability of the mitochondrial 

membranes, leading to dissipation of the mitochondrial proton gradient and generation 

of ROS.        
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develop than gene expression based mechanisms. Since the Ran gradient is disrupted 

much earlier, these slow mechanisms presumably do not involve the Ran gradient 

disruption. We observed a depolarization of mitochondria in HGPS cells, indicative of 

mitochondrial dysfunction. How then could mitochondria be affected by a signal 

emanating from the nuclear lamina? The possibilities are fascinating (Figure 28). Since 

Progerin retains its farnesylation at its C terminus (De Sandre-Giovannoli et al., 2003; 

Eriksson et al., 2003a), it could lead to the formation of insoluble aggregates at the 

nuclear membrane. Since the ER lumen is continuous with the perinuclear space, the 

aggregate of Progerin at the nuclear membrane can be perceived as misfolded protein, 

leading to an Unfolded Protein Response (UPR) in the ER (Shang, 2005). ER stress 

has been linked with oxidative stress in yeast as well as C. elegans (Harding et al., 

2003; Haynes et al., 2004). One of the end results of UPR is the leakage of Calcium 

ions from their stores in the ER, to the cytosol, thus increasing cytosolic Calcium 

concentrations (Deniaud, 2007). Furthermore, an increase in cytosolic Ca2+ has been 

implicated in permeabilizing mitochondrial membranes, dissipating the proton gradient 

and increasing oxidative stress (Deniaud, 2007; Malhotra and Kaufman, 2007; Tan et 

al., 1998). Although this mechanism seems far-fetched prima-facie, it serves as an 

interesting platform for investigation and provides a potential explanation for why the 

secondary ROS induction takes so long to develop despite the non-gradual nature of 

the induction. Testing for evidences supporting each step of the above pathway could 

be crucial towards understanding a novel mechanism of regulation of oxidative balance 

by the nuclear lamina.  

          Artificial induction of oxidative stress by H2O2 treatment is capable of disrupting  
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the Ran gradient and causing a rapid and reversible mislocalization of Ubc9 from the 

nucleus to the cytoplasm. This led us to posit that the ROS induction in HGPS is 

upstream of the Ran and Ubc9 defects. However such an assumption demands caution. 

H2O2 treatment is a rather harsh treatment for cells and the concentrations of H2O2 that 

affect Ran and Ubc9 distribution are much higher than physiological, and presumably 

exceed the concentration of ROS produced in HGPS. It would be worthwhile to 

calculate the exact concentration of ROS produced in HGPS cells or with LPV 

treatment. In addition to the above, the use of CHO cells adapted to oxidative stress 

presents certain disadvantages. Although the adaptive response to chronic oxidative 

stress results in Catalase gene duplication and increased Catalase activity  (Hunt et al., 

1998), that represents only one of the plethora of adaptive modifications that the CHO 

cells may undergo. Therefore one must be careful with the assumption that it’s because 

of the ability to metabolize ROS that the resistant CHO cells have an intact Ran gradient 

with Progerin expression. It would be interesting to knockdown or inhibit Catalase in the 

resistant CHO cells and ask if they can still protect their Ran gradient from Progerin or 

H2O2.Thus it is safe to conclude that while increased ROS is capable of altering the 

distribution of Ran and Ubc9 in ways that match HGPS related events, in the actual 

context of HGPS, this may be an open possibility. Our attempts to answer this question 

were only met with moderate success as redox scavengers like N-acetyl Cysteine 

(NAC) and Catalase could only result in a partial rescue of phenotypes and was also 

confounded by variability on an experiment to experiment basis. We hypothesize this as 

being the result of the inability of redox scavengers to reduce ROS levels down to the 

level that would allow successful rescue of the phenotypes, due to the overwhelming 
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nature of Progerin in HGPS cells or prelamin A induced by LPV treatment. As per our 

observations, redox scavengers do not reduce the levels of prelamin A in LPV treatment 

experiments. On the other hand in LPV timecourse experiments, a wash out of the drug 

brings down prelamin A to basal levels and therefore allows the Ran gradient to be re-

established and ROS levels to be reduced. Further trials may reveal a suitable redox 

scavenger that can bring down ROS levels and rescue some of the cellular phenotypes 

associated with HGPS. 

          Since the aim of this work was to bridge the gap between the upstream events in 

HGPS, namely lamina perturbation and the downstream consequences, it would be 

useful to discuss how this work can influence the understanding of the latter. The 

downstream phenotypes that interest us are DNA damage and gene expression 

changes. Oxidative stress in HGPS has already been shown to be upstream of DNA 

damage and cell cycle arrest (Richards et al., 2011). Once we identify a suitable redox 

scavenger that can successfully reduce ROS levels in HGPS cells, it would be 

worthwhile to see if it restores the expression patterns of a subset of genes 

misregulated in HGPS. Genes related to ECM function (MMP3, HAS3, TIMP3) have 

been shown to be downregulated in HGPS fibroblasts while those involved in an 

inflammatory response (CCL8, MCP-1) and stem cell proliferation (MEOX2) are 

overexpressed (Scaffidi and Misteli, 2005; Csoka et al., 2004). A restoration of normal 

expression patterns of the above genes for example, in HGPS fibroblasts with 

scavenger treatment, would imply that these are regulated by oxidative stress. The 

same genes could be studied in the context of SENP2 CD expression (reduction of 

nuclear SUMOylation) and NTF2 Knockdown (disruption of the Ran gradient) to check if 
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nuclear SUMOylation and nuclear import-export pathways need to be functional for the 

normal expression patterns of these genes. If the above results hold true, then NLS-

Ubc9 (That would restore nuclear SUMOylation and the Ran gradient) may be used to 

reverse the aberrant expression of these genes. The use of NLS-Ubc9 may also be 

extended to the establishment of whether the DNA damage phenotypes associated with 

HGPS are downstream of defective nuclear SUMOylation and the closely associated 

Ran gradient disruption. Since the disruption of nuclear SUMOylation and the Ran 

gradient is closely related to the induction of ROS, it may be difficult to pinpoint which of 

these pathways is actually responsible for the gene expression changes. The 

expectation is that they are all jointly responsible. Since we have LPV, a powerful drug 

that mimics Progerin, at our disposal, we are in a position to follow gene expression 

changes as a function of time and correlate it with the prevalence of the Ran, SUMO 

and ROS defects. The above experiments would be critical to the understanding of how 

early signaling cascades unleashed by a disease mutation can impact on cellular 

functions, by disturbing the delicate balance of gene transcription, as well as by 

reducing cellular viability by compromising the integrity of the genome. After all the 

above represent two of the most fundamental mechanisms for progression of any 

genetic disease.  

          Thus in conclusion we propose that the cellular defects in HGPS are caused by a 

complex interplay of signals that involves the disruption of the Ran gradient, defective 

nuclear import of Ubc9, loss of nuclear SUMOylation and induction of Oxidative stress. 

These represent the intermediate phenomena that follow the perturbation of the nuclear 

lamina and lay the groundwork for developing an understanding of the cellular 
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progression of HGPS. They also provide an interesting platform for investigating how 

some of the downstream phenotypes of HGPS namely changes in gene expression 

patterns, DNA damage and cellular senescence may develop. Ultimately it would be an 

in-depth understanding of this connection that would allow us to dissect out the 

fundamentals of this dreadful disease and possibly move towards a cure.  
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