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 Telomere length maintenance is critical for continued cell 

proliferation. The SMC5/6 complex, required for double-strand break (DSB) 

repair in both yeast and humans, has been implicated in the maintenance of 

telomere length in certain cancer cells. In the absence of active telomerase, 

SMC5/6 complex-dependent homologous recombination is utilized to 

maintain telomere length at PML bodies, a mechanism referred to as 

alternative lengthening of telomeres (ALT). Sumoylation of several 

telomere-binding proteins is required for the localization of telomeres to 

PML bodies in G2 phase cells (APBs).  

 

 We demonstrate that NIP45, a SUMO-like domain (SLD) containing 

protein, also affects telomere targeting in ALT cells. Loss of endogenous 

NIP45 protein results in decreased localization of telomeres to PML bodies 
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in a manner independent of the SMC5/6 complex. NIP45 stimulates 

telomere binding protein sumoylation, as knockdown of the NIP45 protein 

negatively affects their sumoylation. Importantly, the NIP45 C-terminal 

SUMO-like domain (SLD2) is sufficient to rescue both APB formation and 

telomere-binding-protein sumoylation. NIP45 localizes to PML bodies, but 

not telomeres, in log phase cells, yet interacts efficiently with TIN2, a 

sumoylatable telomere binding protein. Additionally, a fragment of NIP45 

containing the functional SLD2 domain is sufficient to maintain TIN2 

binding. We predict, then, that NIP45 might act to recruit telomeres to the 

PML bodies via its interaction with TIN2, ultimately allowing for SMC5/6 

complex-dependent telomere maintenance in G2 phase cells. In keeping with 

this hypothesis, loss of endogenous TIN2 protein also negatively affects 

localization of telomeres to PML bodies, even in the presence of NIP45, 

supporting a requirement for the TIN2-NIP45 interaction in telomere 

localization to PML bodies.  

  

 Through this work, we have defined a role for the NIP45 protein in 

ALT cancer cell telomere length maintenance, further detailing the 

mechanism by which telomerase-negative cancer subtypes achieve unlimited 

replicative potential.  
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Chapter One:  Background 

 

I. The SUMO protein. SUMO (the small ubiquitin-like modifier) is a 100-

kilodalton (kd) posttranslational protein modifier, named for its structural 

similarity to the extensively studied ubiquitin protein (Figure 1a). 

Demonstrated through nuclear magnetic resonance (NMR) by Bayer et al in 

1998, both SUMO and ubiquitin possess a tightly-packed hydrophobic core 

with a 5’-ββαββαβ-3’ fold typical of ubiquitin-like proteins (Figure 1b). 

Though similar in structure, the cellular functions of the ubiquitin and 

SUMO proteins appear to be quite distinct. While ubiquitination is largely 

noted for its ability to target substrates for degradation by the 26S 

proteasome (Hochtrasser, 1996), SUMO modification dictates a multi-

faceted array of cellular responses, including alterations in protein 

localization, changes in protein stability, and regulation of DNA repair 

(Muller et al, 2001, Geiss-Friedlander et al 2007).  

 SUMO conjugation affects this multitude of cellular changes through a 

variety of mechanisms (Johnson, 2004). First, conjugation of substrates to 

SUMO can ultimately promote conformational changes in the target protein. 

For instance, sumoylation of the TDG (thymine-DNA glycosylase) protein 

decreases its ability to interact with target DNA sequences, due to structural 
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changes between free and SUMO-bound TDG that affect DNA-binding 

capacity (Hardeland et al, 2002). SUMO’s cellular effects may also arise 

through the creation of novel interaction interfaces following SUMO 

conjugation. As an example, RanGAP1 (Ran GTPase-activating protein 1) 

can interact with its partner protein RanBP2 (Ran binding protein 2) and 

shuttle to the nuclear pore only after efficient SUMO-RanGAP1 conjugation 

(Matunis et al, 1998). Finally, SUMO modification can act by masking 

existing protein interfaces, ultimately inhibiting protein-protein interactions. 

Such is the case in the NFkβ (nuclear factor κ-light-chain-enhancer of 

activated β cells) signaling pathway, where SUMO conjugation to Iκβα 

(inhibitor of nuclear factor κ-light-chain-enhancer of activated β cells) 

stabilizes the Iκβα protein by inhibiting its interaction with ubiquitin 

(Desterro et al, 1998). 

 

SUMO isoforms. The SUMO protein is conserved throughout eukaryotic 

organisms. While invertebrates possess only one SUMO gene, several 

SUMO isoforms have been identified in vertebrates (Muller, S et al, 2001, 

Geiss-Friedlander et al, 2007) (Figure 1c). Specifically, four isoforms of the 

SUMO protein, SUMO 1-4, have been identified in humans. While isoforms 

1-3 are expressed in all cell types, SUMO isoform 4 is strictly expressed in 
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the spleen, kidney, and lymph nodes (Guo et al, 2004). SUMO-2 and -3 

share 97% sequence similarity, but are only 50% identical to SUMO-1. The 

variability in sequence amongst SUMO-2/3 and SUMO-1 appears to 

coincide with function, as the different isoforms behave distinctly in cells. 

For example, SUMO-1 and SUMO-2/3 interact with mostly non-overlapping 

cellular substrates (Saitoh et al, 2000). In addition, cells generally contain 

large amounts of free, unconjugated SUMO-2 and -3, with increased 

modification by SUMO-2/3 occurring in response to cellular stress. 

Conversely, negligible levels of free SUMO-1 exist in cells, and SUMO-1 

conjugation during times of stress is virtually unchanged (Saitoh et al, 2000). 

Finally, SUMO-2 and -3 possess the ability to form poly-SUMO chains on 

substrates, owing to the presence of a SUMO consensus sequence within 

their amino-termini. As SUMO-1 does not contain the consensus sequence, 

it cannot itself be sumoylated, and thus does not form SUMO chains 

(Tatham et al, 2001). Throughout the remainder of this text, SUMO will be 

used only to describe SUMO isoform-1. 

 

The conjugation of SUMO to target substrates. Covalent conjugation of 

ubiquitin and SUMO to target proteins occurs through similar, multi-step 

mechanisms, though the enzymes utilized to catalyze each process are 
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unique. Much like ubiquitin, covalent conjugation of SUMO to any of its 

substrates requires a three-step enzymatic process (Muller et al, 2001, 

Figure 2) that is preceded by the maturation of newly-translated SUMO 

protein. This maturation step is regulated by the SUMO-specific SENP 

(sentrin protease) class of cysteine proteases in humans, and involves 

catalytic removal of four amino acids at the very carboxy-terminus of 

SUMO (Figure 1c). This hydrolysis results in the exposure of a carboxy-

terminal, di-glycine (GG) amino-acid motif that is required for covalent 

conjugation of SUMO to substrate (Muller et al 2001, Geiss-Friedlander et 

al, 2007).  

 In the first step of the catalytic sumoylation process, activation of 

mature SUMO occurs via its ATP-dependent conjugation to the Uba2 

(ubiquitin-like modifier activating enzyme 2)/Aos1 (activation of Smt3p 1) 

heterodimer, the E1 enzyme (Desterro et al, 1999, Okuma et al, 1999, Gong 

et al, 1999, Figure 2). Interestingly, both components of SUMO’s E1 

heterodimer bear significant resemblance to the ubiquitin E1 activating 

enzyme, Uba1, and both proteins within the SUMO E1 heterodimer are 

required for SUMO activation (Muller et al, 2001). ATP is required in the 

activation step, as it assists in the ultimate formation of the thioester linkage 

between the C-terminal carboxy group of mature SUMO and the active 
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cysteine residue within the Uba2 protein (Muller et al, 2001, Geiss-

Friedlander et al, 2007). Following activation, SUMO is subsequently 

transferred from the E1 enzyme to the E2 conjugating enzyme, Ubc9, in the 

second step of the SUMO conjugation process (Geiss-Friedlander, 2003, 

Johnson et al, 1999, Figure 2). While several conjugating enzymes have 

been identified and characterized in the ubiquitin system, Ubc9 is the only 

SUMO E2 identified to date. Again, a thioester linkage is formed between 

the catalytic cysteine residue of the E2 enzyme and activated SUMO. 

Finally, in the third step of the SUMO modification cascade, SUMO is 

transferred from Ubc9 and is covalently conjugated to its substrate via an 

isopeptide bond formed between the carboxy-terminal glycine residue of 

SUMO and the ε-amino group of a target lysine within the substrate (Geiss-

Friedlander, 2007, Figure 2). As Ubc9 directly interacts with many 

sumoylation substrates, this final step can be independently mediated by the 

E2 enzyme. However, in some instances, SUMO conjugation to substrate is 

facilitated through the activities of an additional class of proteins, the E3 

enzymes, which bind both Ubc9 and the SUMO substrate and increase the 

rate of SUMO transfer from Ubc9 to the target protein (Seeler, et al, 2003). 
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ΨKxE, the covalent SUMO modification site. The identification of a covalent 

SUMO conjugation consensus motif was achieved through studies of several 

well-known SUMO substrates, including RanGAP1 and Sp100 (speckled 

protein of 100kd) (Mahajan et al, 1998, Rodriguez, 2001, Sternsdorf et al, 

1999). In these and several other sumoylated proteins, SUMO is conjugated 

to a target lysine within the ΨKxE consensus sequence, where Ψ represents 

a large hydrophobic amino acid, and X is any amino acid (Johnson, 2004). 

Both SUMO-2 and -3 possess this consensus sequence within their amino-

termini, allowing poly-SUMO chain formation to occur (Tatham et al, 

2001). 

 As mentioned previously, Ubc9 can independently facilitate the transfer 

of SUMO onto substrates; this is a result of the E2 enzyme’s capacity to 

directly bind the ΨKxE motif.  However, as all proteins containing a ΨKxE 

sequence are not sumoylated, SUMO substrate specificity must at times be 

achieved through additional means (Johnson, 2004). It is likely that, in these 

instances, E3 SUMO ligase proteins aid in the identification of proper 

substrates for sumoylation.  

 

Sumoylated proteins congregate at PML bodies. Most SUMO substrate 

proteins are nuclear, and many transiently localize to specialized, 
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proteinaceous compartments within the nucleus known as promyelocytic 

leukemia (PML) bodies (Muller, 2001) (Figure 3). PML bodies are present 

in most mammalian cells, and the number of bodies present varies 

depending on cell type and cell-cycle phase (Bermudez-Lopez et al, 2007). 

In the normal cellular milieu, PML bodies do not associate with nucleic acid. 

However, under an abnormal condition which is further described below, 

cells do localize telomeric DNA to PML bodies.  

  

 

II. Telomeres. The ends of linear eukaryotic chromosomes are marked by 

specialized chromatin structures called telomeres (Cesare et al, 2008). 

Telomeres are comprised of several repeats of the guanine-rich 5’-

TTAGGG- 3’ amino-acid sequence within the telomere “G-strand”, with 

complementary repeated sequences in the telomere “C-strand” (Moyzis et al, 

1988). In addition, a single-stranded, guanine-rich terminal overhang, known 

as the “G-tail”, immediately follows the “G-strand” sequence (Makarov et 

al, 1997) (Figure 4a). The complex double- and single-stranded nature of 

the telomere is thought to aid in the formation of telomere-loops (t-loops), 

higher order telomere structures that prevent telomere ends from being 

recognized as double-strand breaks (DSBs) by the cellular DNA 
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(deoxyribonucleic acid) repair machinery (Griffith et al, 1999) (Figure 4b).  

The t-loop is initiated through complementary base pairing between the 

guanine-rich “G-tail” and cytosine-rich sequences within the telomere “C-

strand”, and is stabilized by the presence of the shelterin complex, a multi-

protein moiety comprised of the DNA-binding proteins TRF1, TRF2, and 

POT1, and the scaffolding proteins TPP1, RAP1, and TIN2 (Cesare et al, 

2008, Nabetani et al, 2011) (Figure 4c and d). 

 Due to the semi-conservative nature of DNA replication, linear-

chromosome ends of the lagging DNA strand are not efficiently replicated 

during DNA synthesis (Harley et al, 1990, Yong et al, 2012). Thus, 

approximately 50-150 base pairs (bp) of telomeric DNA sequence are lost 

following every replication cycle. Eventually, shortened telomeres reach a 

critical length of approximately 5-8 kilobases (kb), leading to the induction 

of permanent replicative senescence or apoptosis. Such inherent limitations 

on cellular proliferative capacity in normal cells play a significant role in the 

inhibition of tumorigenesis. 

 

Telomere length maintenance mechanisms and cancer. Cancer cells, which 

proliferate indefinitely, must overcome the end-replication problem to 

achieve unlimited replicative potential, and do so through the activation of 
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one of two established telomere maintenance mechanisms (TMM) (Cesare et 

al, 2008). Approximately 80% of somatic cancer cells acquire mutations that 

promote transcriptional upregulation of telomerase, a “G-strand”-specific 

reverse transcriptase expressed exclusively in proliferating germ-line and 

stem cells under normal conditions (Shay et al, 1997). Telomerase 

effectively maintains telomere lengths by adding 5’-TTAGGG-3’ repeats to 

chromosomal ends. Efficient telomerase activity depends on the expression 

of both subunits of the telomerase holoenzyme: (1) the catalytic subunit, 

telomere reverse transcriptase (TERT or hTERT); and (2) the RNA template, 

telomerase RNA (TR or hTR) (Henson et al, 2002). Approximately 20% of 

tumor cells lack sufficient expression of either one or both of the telomerase 

subunits, and thus must preserve their telomeres through a secondary, 

telomerase-independent mechanism known as alternative lengthening of 

telomeres (ALT) (Bryan et al, 1995, Bryan et al, 1997). 

 Several cancer subtypes utilizing the telomerase-independent TMM 

have been identified. For instance, the ALT mechanism is commonly 

detected in sarcomas (i.e., osteosarcoma and liposarcoma) and glioblastoma 

multiform, a highly progressive tumor of the nervous system (Londono-

Vallejo et al, 2004). Though rare, ALT has also been detected in certain 

carcinomas, such as HER2 (human epidermal growth factor receptor 2)-
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positive breast carcinoma and gastric and adrenocortical carcinomas 

(Subhawong et al, 2009, Omori et al, 2009, Else et al, 2008). Regardless of 

cancer-type, the presence of the ALT-positive TMM in tumors generally 

correlates with poor patient prognosis and overall survival rates (Matsuo et 

al, 2009, Zhang et al, 2011), making a more thorough understanding of the 

mechanisms of ALT-positive telomere maintenance in cancer cells an issue 

of great clinical relevance. 

 

ALT markers and mechanism. ALT cancer cells possess many unique 

phenotypic markers, rendering them readily distinguishable from 

telomerase-positive cells. First, the telomeres of ALT-positive cancer cells 

are significantly heterogeneous, varying in length from <2 kilobases to >50 

kilobases (Figure 5), while telomerase-dependent cancer cells generally 

maintain telomere lengths of about 10 kilobases (Cesare et al, 2008, Henson 

et al, 2002, Chung et al, 2012).  Second, ALT cancer cells regularly contain 

extrachromosomal telomeric repeats (ECTRs), linear or circular pieces of 

highly branched, repetitive, telomere-specific DNA sequence (Draskovic et 

al, 2009). These DNA fragments, variable in their molecular weight, are 

assumed to exist due to the activity of recombination enzymes on telomeres 

in ALT cells. More importantly, however, ALT-positive cancer cells possess 
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ALT-associated PML bodies, or APBs (Figure 6). These higher order 

nuclear structures differ from typical PML bodies in that they contain ALT-

specific elements, including telomeric DNA (Figure 7), shelterin complex 

proteins, and proteins necessary for homologous recombination (HR)-

dependent DNA repair mechanisms (Cesare et al, 2008, Yong et al, 2012).  

The close proximity of telomeres and components of the DNA repair 

machinery at APBs is essential, as several lines of evidence substantiate a 

role for HR-dependent mechanisms in the maintenance of telomere lengths 

in ALT cells. For example, Dunham et al. (2000) demonstrated telomere 

exchange events present in GM847 ALT-positive, but not ALT-negative, 

cells by monitoring the duplication of an ectopic DNA tag inserted within 

the telomere sequence of a chromosome. Additionally, de Piccolli et al. 

(2006) not only demonstrated that induced DSBs in JKM179 ALT cells are 

repaired in an HR-dependent manner, but that loss of certain HR 

components negatively affected sister chromatid recombination (SCR) 

events at induced DSBs.   While many DNA repair proteins, such as 

RAD51, RAD52, and BRCA1, reside at APBs in ALT cells, the SMC5/6 

complex is the only DNA repair complex shown to be required for ALT thus 

far. 
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III. SMC Proteins.  The structural maintenance of chromosomes (SMC) 

family of proteins plays an integral, and evolutionarily conserved, role in 

chromosome stability and integrity. Though lower organisms possess only 

one SMC protein, the SMC protein family in eukaryotes is comprised of six 

known proteins, SMC1-6, which heterodimerize to form complex structures 

of varying function (Wu et al, 2012, Torress-Rosell et al, 2011). SMC1 and 

SMC3, for example, heterodimerize in higher organisms, and in conjunction 

with the SCC1 and SCC3 proteins form the cohesin complex. Cohesin is a 

key mediator of proper sister chromatid cohesion during the cell cycle. 

Condensin, a multi-protein complex that modulates proper chromosome 

compaction, is formed in part by the heterodimerization of the SMC 

proteins, SMC2 and SMC4. The remaining SMC proteins, SMC5 and 

SMC6, heterodimerize to form the structural basis of the SMC5/6 complex, 

a regulator of DSB (double strand break) repair in yeast and human cells 

(Wu et al, 2012).  
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SMC5/6 complex structure and components. The SMC5 and SMC6 proteins 

possess secondary structures comparable to SMC proteins 1-4, and they are 

believed to combine to form a scaffold similar to other dimerized SMC 

complexes (Stephan et al, 2011, Potts, 2009, Kegel et al, 2010) (Figure 8). 

Both SMC5 and SMC6 contain an amino-terminal, ATP-hydrolyzing head 

domain, followed by two long, helical domains separated by a hinge region. 

A second head domain caps the carboxy-terminus of each protein. The 

flexible hinge motifs in the center of the proteins not only act as interaction 

sites for heterodimerization with a partner SMC protein, but also allow the 

globular head domains of each protein to interact, bringing together the 

ATP-hydrolyzing Walker A and B boxes within these regions. The helical 

domains within SMC5 and SMC6 also interact due to binding between the 

globular head motifs, resulting in the formation of a long coiled-coil 

structure.  

 In yeast, the SMC5/6 complex is comprised of SMC5, SMC6, and at 

least six other non-SMC element (NSE) proteins, named NSE1-6 (Wu et al, 

2012, Duan et al, 2011, Stephan et al, 2011, Potts, 2009).  NSE4, a kleisin-

like protein, serves as a linker between the two globular heads of the 

SMC5/6 complex. NSE1 possesses a Really Interesting New Gene (RING) 

domain at its carboxy terminus, similar to ubiquitin ligase proteins involved 



	 28

in the covalent conjugation of ubiquitin to substrates. Interestingly, S. pombe 

NSE1 alone showed no significant ubiquitin ligase activity against ubiquitin 

substrates in vitro (Stephan et al, 2011). However, addition of NSE3, a 

melanoma-associated antigen gene (MAGE)-like protein, greatly enhanced 

the ubiquitin ligase capacity of NSE1 (Stephan et al, 2011). Whether or not 

the activity of NSE3 towards NSE1 is required for the overall function of the 

SMC5/6 complex remains unknown, but the RING domain of NSE1 is 

required for SMC5/6 complex-mediated DSB repair in S. pombe (Pebernard 

et al, 2008b). Biochemical data from yeast suggests that both NSE1 and 

NSE3 are bound to the SMC5/6 complex through interactions with NSE4 

(Sergeant et al, 2005, Palecek et al, 2006). Both NSE5, which contains no 

distinguishable, functionally relevant domains, and NSE6, which possesses 

ARM/HEAT repeats important for chromatin attachment in other proteins, 

bind to the globular head domains of SMC5 and SMC6 in yeast (Stephen et 

al, 2011). Of note, human homologs for NSE5 and NSE6 have not been 

identified to date. Finally, NSE2, also known as MMS21 (Methyl 

Methanesulfonate 21) binds the multi-protein moiety through interactions 

with the coiled-coil region of the SMC5 protein (Sergeant et al, 2005). 

Unlike the other NSE components of the SMC5/6 complex, which remain 

mostly enigmatic in function, several lines of evidence suggest that MMS21 
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plays a critical role in the activity of the SMC5/6 complex in DSB repair. 

MMS21 SUMO Ligase and SMC5/6-mediated DSB Repair. MMS21 was 

initially discovered in a screen of genetic mutants for sensitivity to the 

DNA-damaging agent, MMS, in S. cerevisiae (Prakash et al, 1977). Since 

then, evidence has shown that MMS21 is not only a component of the 

SMC5/6 complex, but that it plays an important role in the SMC5/6 

complex’s ability to respond to DSBs. MMS21 contains a Siz/PIAS (SP)-

RING domain, a motif which modulates the covalent conjugation of SUMO 

to substrates in other proteins such as PIAS1 (Stephan et al, 2011). In both 

yeast and human cells, data substantiates that MMS21, like other SP-RING 

domain-containing proteins, possesses E3 SUMO ligase activity (Zhao et al, 

2005, Potts et al, 2005). Importantly, the E3 SUMO ligase activity of 

MMS21 is required for efficient DSB repair. For example, Potts et al (2005) 

demonstrated that in human cells, loss of endogenous MMS21 negatively 

affects cell viability following exposure to etoposide and MMS. While 

ectopic, wild-type MMS21 could rescue this phenotype, a mutant MMS21 

with impaired E3 SUMO ligase activity could not (Potts et al, 2005). 

 

SMC5/6 complex functions in ALT.  In 2007, Potts et al (2007) uncovered a 

role for the SMC5/6 complex in ALT-dependent telomere maintenance 
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(Figure 9). MMS21-dependent sumoylation substrates include TRF1, TRF2, 

TIN2, and RAP1, components of the shelterin complex that protects 

telomere ends. MMS21-dependent sumoylation of these shelterin substrates 

is required for recruitment or maintenance of telomeres at PML bodies 

within the nuclei of ALT cells, as loss of MMS21 SUMO ligase activity 

negatively affects APB formation in U2OS cells. This phenotype is rescued 

by expression of ectopic, wild-type MMS21, but not by expression of a 

SUMO ligase-dead MMS21 mutant. Once localized to APBs, SMC5/6-

dependent HR mechanisms maintain telomere lengths, allowing for 

unlimited replicative potential in the absence of telomerase. Loss of SMC5 

and SMC6 significantly decreases telomere sister chromatid exchange (T-

SCE) events in ALT cells, and loss of MMS21 and SMC5 reduce overall 

telomere lengths in SUSM1 ALT cells over time.  

 The identification of the SMC5/6 complex as a key factor in ALT 

telomere length maintenance represents a marked gain in the understanding 

of the telomerase-independent TMM. However, as SMC5/6 complex activity 

is also required for DSB repair in non-cancerous cells, targeting the 

components of the complex in an attempt to weaken ALT cancer cells may 

not be clinically feasible. Thus, a further appreciation of the ALT 

mechanism is needed to identify protein targets required in ALT cells, but 
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not under normal cellular conditions. 

 

 

IV. The NIP45 protein. The nuclear factor of activated T cells (NFAT) 

interacting protein, or NIP45, is a 45kD protein discovered through its 

ability to interact with the Rel-homology domains (RHDs) of NFAT family 

transcription factors (Hodge et al, 1996).  Its mRNA is largely expressed in 

the spleen and thymus, implying a possible role for NIP45 in immune 

response (Hodge et al, 1996).  Attempts to elucidate a functional role for the 

protein verified this initial hypothesis, as NIP45 greatly enhances the 

expression of the interleukin-4 (IL-4) cytokine in the presence of NFAT and 

the proto-oncogene, c-Maf (Hodge et al, 1996). Further studies detailed 

more extensively the role of NIP45 as a cofactor of NFAT, implicating the 

protein as one of many potential regulators of NFAT-mediated 

combinatorial regulation of gene transcription (Bert et al, 2004).    

 

NIP45’s role in immune response. NIP45’s cofactor activity in cells of the 

immune system is regulated through several mechanisms. The tumor 

necrosis factor receptor-associated Factor (TRAF) 1 protein, for example, 

negatively regulates unchecked entry of NIP45 into the nucleus by 
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sequestering NIP45 in the cytoplasm, effectively modulating NFAT/c-Maf 

cytokine transactivation (Bryce et al, 2005, Lieberson et al, 2001). Mouse 

splenocytes lacking TRAF1 display increased levels of total NIP45 protein 

in the nucleus compared to wild-type cells, resulting in an overabundance of 

cytokine production following exposure to antigen, a phenotype linked to 

chronic allergic and inflammatory disease (Bryce et al, 2005).   

 Once in the nucleus, the ability of NIP45 to bind NFAT and potentiate 

NFAT-mediated cytokine expression is positively regulated by protein 

arginine methyltransferase 1 (PRMT1)-directed arginine methylation, which 

occurs at the very amino-terminus of NIP45 (AA 1-32) (Mowen et al, 2004, 

Boisvert et al, 2004). In the absence of this small methylation domain, which 

contains eleven arginine residues within RXR and RG motifs, mutant NIP45 

has a decreased ability to upregulate IL-4 production (Mowen et al, 2004).   

Additionally, NIP45 and NFAT do not efficiently interact in cells treated 

with the methyltransferase inhibitor 5’-methylthioadenosine (MTA) (Mowen 

et al, 2004). 

 

The RenI family of proteins.  In 2005, Novatchkova et al. (2006) uncovered 

significant sequence similarity between a family of fungal, plant, and 

eukaryotic proteins and the small ubiquitin-like modifier, SUMO.  The RenI 
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protein family, named after its most recognized family members, S. pombe 

Rad60, S. cerevisiae Esc2 and H. sapiens NIP45, encompasses several 

proteins that possess (1) an amino-terminal, polar, low-complexity region 

(LCR), and more importantly, (2) either one (plant family members) or two 

carboxy-terminal SUMO-like domains (SLDs). The RenI family-SLDs share 

only moderate sequence identity with SUMO (Novatchkova et al, 2006). 

However, detailed structural analyses of the Rad60 and NIP45 SLDs reveal 

striking structural resemblance to the SUMO protein, as each superimposes 

well with the previously described structures of SUMO isoforms 1-3  

(Hashiguchi et al, 2012, Fatham et al, 2010).  Importantly, the SUMO-like 

domains within the RenI family of proteins do not contain the carboxy-

terminal di-glycine (GG) amino acid motif, making it unlikely that covalent 

conjugation of RenI family proteins to SUMO substrates occurs through the 

C-terminal SUMO-like domains (Novatchkova et al, 2006).    

 Previous evidence suggests that the RenI family member SLDs play 

important roles in executing proper protein function (Novatchkova et al, 

2006). The DNA DSB repair function of Rad60, for instance, is disrupted in 

the temperature-sensitive rad60-1 mutant. rad60-1 harbors a mutation 

(K263E) in the protein’s most amino-terminal SUMO-like domain (SLD1), 

resulting in hypersensitivity to DNA damaging agents such as UV 
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(ultraviolet) and -irradiation in comparison to wild-type fission yeast 

(Morishita et al, 2002). Similarly, the rad60-3 mutation (F27V), also 

localized within SLD1, negatively affects Rad60’s ability to respond to 

replication fork stalling, as rad60-4 cells are no longer viable following 

exposure to hydroxyurea (HU), a fork-stalling agent (Boddy et al, 2003). 

Rad60 SLD2 has been shown to interact with the SUMO E2 conjugating 

enzyme Ubc9 in vitro, and disruption of the Rad60 SLD2/Ubc9 interaction 

site, via a single point mutation (E380R), increases mutant cells’ sensitivity 

to both double strand breaks and replication fork stalling in vivo (Prudden J, 

2009).  Esc2, a transcriptional silencing protein in budding yeast, exerts its 

effects via an amino acid stretch that contains the Esc2 SLD1 (AA 115-260) 

(, Andrulis et al, 2004). To date, no link between NIP45 protein activity and 

its C-terminal SUMO-like domains has been defined. 

 

 In 2003, Boddy et al. demonstrated that Rad60, the S. pombe homolog 

of NIP45, interacts with components of the S. pombe SMC5/6 complex 

through both TAP (tandem affinity purification) purification and co-

immunoprecipitation assays. As both Rad60 and the SMC5/6 complex 

possess necessary DSB repair functions, the demonstrated interaction 

between these components implies they might act together to exert their 
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similar cellular activities. As NIP45 and Rad60 are homologous proteins 

with significant similarity within their carboxy-terminal domains, we 

postulated that NIP45 might also exert a concerted cellular activity with the 

SMC5/6 complex in human cells.  With unpublished findings from our 

laboratory indicating that, much like the human SMC5/6 complex and 

telomeric DNA, NIP45 localizes with APBs in the U2OS ALT cell line 

(Figure 14c and f), we hypothesized that NIP45 might function in the 

SMC5/6-complex-dependent ALT TMM. In this thesis, we define a role for 

NIP45 in telomere localization to APBs in ALT cells. We also demonstrate a 

necessity for the carboxy-terminal SLD2 in this process, defining for the 

first time a function for a NIP45 SLD in the overall activity of its parent 

protein. 
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CHAPTER TWO:  BACKGROUND FIGURES AND FIGURE 

LEGENDS 
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Fig 1C 
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Figure 1:  Structure of the SUMO protein.  a) Structural backbones of 
SUMO-1 (pink) and ubiquitin (blue) depicted, demonstrating the similarity 
between the two posttranslational modification proteins. Structural 
resemblance exists even though minimal (18%) sequence similarity is 
present between SUMO-1 and ubiquitin. Adapted from Johnson et al, 2004. 
b) Ribbon representation of the structure of SUMO-1, depicting the N-
ββαββαβ-C fold typical of the ubiquitin-like family of proteins. Adapted 
from Bayer et al, 1998. c) Sequence alignment of human SUMO isoforms 1-
3, S.cerevisiae Smt3, and human ubiquitin. SENP/Ulp protease hydrolysis 
target sites are marked by scissors. Adapted from Muller et al, 2001. 
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Figure 2: Three-step enzymatic process of covalent SUMO modification.  
Activation of mature SUMO (Step 1) occurs as a result of its ATP-
dependent conjugation to the Uba2/Aos1 heterodimer, or E1 enzyme. 
Activated SUMO is subsequently transferred from the E1 enzyme to the E2 
conjugating enzyme, Ubc9 (Step 2). Finally, SUMO is transferred from 
Ubc9 and covalently conjugated to its substrate via an isopeptide bond 
formed between the carboxy-terminal glycine residue of SUMO and the ε-
amino group of a target lysine within the substrate (Step 3). This final step 
can either be independently mediated by Ubc9 or facilitated in the presence 
of an additional protein with E3 SUMO ligase capabilities. Adapted from 
Geiss-Friedlander et al, 2007. 
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Fig 3 
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Figure 3: Promyelocytic leukemia (PML) bodies.  Mouse embryonic 
fibroblasts (MEFs) displaying nuclear PML bodies interspersed between 
chromatin. DNA stained with DAPI (4’-6’diamidino-2-phenylindole). Scale 
bar denotes 5um. Adapted from Bernadi et al, 2007. 
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Figure 4: Telomeres, the t-loop, and the shelterin complex.  a) 
Chromosome ends are capped by several repeats of the DNA sequence, 5’-
TTAGGG-3’, in the G-strand, with complementary sequence in the 
corresponding C-strand. The G-strand is immediately followed by a short G-
rich tail. b) Schematic representation of the t-loop. The guanine-rich G-tail 
complementary base pairs with the C-strand (t-loop junction), assisting in 
the formation of the t-loop structure. c) The shelterin complex is comprised 
of six proteins, TRF1, TRF2, POT1, TIN2, RAP1, and TPP1. The multi-
protein complex binds to telomeres, stabilizing them and protecting them 
from DNA DSB repair protein moieties. d) Schematic diagram of the 
shelterin complex bound to linear telomeric DNA. Adapted from Cesare et 
al, 2010. 
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Figure 5: Heterogenous telomere lengths in ALT-positive versus ALT-
negative cells.  Fluorescence in situ hybridization in ALT-positive versus –
negative cells, with metaphase spread cells marked with a fluorescently 
labeled telomere marker. Telomeric repeats are significantly uniform in 
ALT-negative cells, but heterogenous in length in the ALT-positive cells. 
Adapted from Hensen et al, 2002. 
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Figure 6: ALT-associated PML body.  Fluorescence microscopy image of 
an ALT-associated PML body, or APB. The PML protein, which denotes the 
PML body is labeled in green, while a telomere-targeted PNA probe marks 
the telomeres, labeled in red. The telomeric DNA is fully encircled by the 
PML protein, and appears to exist in the inner shell of the nuclear structure. 
Adapted from Chung et al, 2012. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 49

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 7 
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Figure 7: Telomere-positive APBs in an ALT cell.  ALT-positive U2OS 
cell with several instances of colocalization between the PML body (stained 
using PML antibody, labeled in green) and telomeres (stained using TRF2 
antibody, labeled in red). White arrowheads denote colocalization events. 
Scale bar represents 10um. Adapted from Chung et al, 2012. 
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Fig 8 



	 52

Figure 8: Putative structure of the SMC5/6 complex.  Adapted from P.R. 
Potts, 2009. 
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Fig 9 
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Figure 9: SMC5/6-complex dependent mechanism of ALT-positive-cell 
telomere length maintenance.  Adapted from P.R. Potts, 2009. 
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CHAPTER THREE:  MATERIALS AND METHODS 

 

Tissue Culture  

U2OS cells were cultured in DMEM (Invitrogen) with 10% fetal bovine 

serum, with 100ug/ml penicillin and streptomycin, at 37°C in 5% CO
2
.  

 

In Vivo Sumoylation Assay 

U2OS cells were grown in 6-well plates to 50% confluency, then siRNA-

transfected using the RNAi Max reagent (Lipofectamine) at a final siRNA 

concentration of 0.5uM/well. 7 hours following siRNA transfection, cells 

were plasmid transfected using the Effectene reagent (Qiagen) at a final 

plasmid concentration of 0.4ug/well. Cells were propagated for 48hr after 

siRNA transfection before collection in 1.5mL microcentrifuge tubes, then 

centrifugated at 6000rpm for 15min at 4degC to collect cell pellet. 

Following removal of supernatant, cells were directly lysed in 1X SDS 

sample buffer. 

  

Immunofluorescence 

U2OS cells were grown in 4-well slides (Lab-Tek) to 50% confluency, then 

siRNA-transfected using the RNAi Max reagent (Lipofectamine) at a final 
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siRNA concentration of 0.5uM/well. 7 hours following siRNA transfection, 

cells were plasmid transfected using the Effectene reagent (Qiagen) at a final 

plasmid concentration of 0.2ug/well, when applicable. Cells were 

propagated for 48hr after siRNA transfection, then G2-synchronized 

according to previous reports (Potts et al, 2007, Jaing et al, 2007). Following 

G2 synchronization, cells were washed in 1X PBS, fixed in 4% 

paraformaldehyde at room temperature for 25min, then permeablized at 

4degC using 0.02% Triton X-100. Cells were incubated in primary antibody 

for 1.5hr at room temperature in the presence of 3% bovine serum albumin 

and 0.02% Triton X-100.  Cells were then washed and incubated in 

secondary antibody for 30min at room temperature in the presence of 3% 

bovine serum albumin and 0.02% Triton X-100. After incubation, cells were 

washed, and nuclei were stained using incubation with DAPI in 1X PBS for 

5min at RT. Cells were mounted, and images were collected using a 63X oil 

objective on a DeltaVision microscope. 80-100 cell images were collected 

for each experiment. 

 

In Vitro Sumoylation Assay 

Specified proteins were in vitro-translated in rabbit reticulocyte lysate 

(Promega) supplemented with 35S-methionine according to manufacturer’s 
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instructions for 1.5hr at 30degC. 2uL of the In vitro translated protein 

products were then incubated with purified components of the SUMO 

modification machinery (4ug of SUMO1, 0.1ug of Ubc9, 0.5ug of Aos-

Uba2, 1ug MMS21) and 1uL of energy mix (150mM phosphocreatine, 

20mM ATP, 2M EGTA, 20mM MgCl2, pH 7.7). Reactions were adjusted to 

10uL with XB buffer (10mM HEPES, pH 7.7, 1mM MgCl2, 0.1mM CaCl2, 

100mM KCl, and 50mM sucrose). Above reactions were incubated for 2hr at 

30degC, and reactions were stopped by direct addition of 10uL 2x SDS 

sample buffer. 

 

Overexpressed Protein Co-immunoprecipitation 

Cells were directly collected in NP-40 lysis buffer (50 mM Tris-HCl, pH 

7.7, 150 mM NaCl, 0.5% NP-40, 1 mM DTT, and 1X protease inhibitor 

cocktail) and lysed by rocking back and forth at 4degC. Resulting lysates 

were spun down at 13,000rpm at 4degC, and supernatants were transferred 

to fresh, pre-chilled 1.5mL eppendorf tubes. Lysates were pre-cleared with 

1X-PBS- washed Protein A beads (BioRad) for 30min. Following pre-clear, 

lysates were incubated with myc- or HA-antibody-conjugated Protein A 

beads for 2hr at 4degC with end-over-end rotation. 10% of lysate was 

removed for input before addition of antibody-conjugated beads. After 
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incubation, supernatants were separated from antibody-conjugated Protein A 

beads following centrifugation, and beads were washed 4Xwith 1X PBS. 

Protein bound to beads was eluted in 1X SDS sample buffer, boiled, and 

separated by SDS-PAGE. 

 

Endogenous Protien Co-immunoprecipitation 

U2OS cells were grown to confluence in 15cm plates (2 per experiment), 

then directly collected in lysis buffer (50 mM Tris-HCl, pH 7.5, 250 mM 

NaCl, 0.5% Triton X-100, 5 mM EDTA, 5 mM MgCl2, 50 mM NaF, 80 

mM ßglycerophosphate,1 mM DTT, and 1X protease inhibitor cocktail) on 

ice. Cells were lysed using a needle, then spun centifugated at 13,000rpm for 

1min at 4degC to remove insoluble fraction. Soluble whole cell lysate was 

incubated with monoclonal TIN2-antibody (Sigma Aldrich)-coupled Protein 

A beads for 2hr at 4degC with end-over-end rotation. After incubation, 

supernatants were separated from antibody-conjugated Protein A beads 

following centrifugation, and beads were washed 4Xwith 1X PBS. Protein 

bound to beads was eluted in 1X SDS sample buffer, boiled, and separated 

by SDS-PAGE. 
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CHAPTER FOUR:   

DEFINING A ROLE FOR NIP45 IN TELOMERE RECRUITMENT 

TO PML BODIES IN ALT CANCER CELLS 

 

I. NIP45 affects telomere localization to PML bodies in U2OS cells. To 

determine NIP45’s effect on APB formation, we first explored the ability of 

NIP45 to affect telomere localization to PML bodies in G2-synchronized 

U2OS cells. Following knockdown of endogenous NIP45 protein, we 

detected a decrease in APB formation similar to that observed after 

knockdown of endogenous MMS21 protein (Figure 10a-c). This decrease 

was rescued following co-transfection with full-length, siRNA-resistant HA-

NIP45 (Figure 11a and b). Full-length HA-NIP45, however, was unable to 

rescue the APB phenoytpe following knockdown of endogenous MMS21 

(Figure 11c), implying that the proteins serve non-redundant functions in 

telomere targeting to PML bodies.  

To ensure that loss of APB formation was not merely a result of 

improper SMC5/6 complex localization to PML bodies, we studied the 

effect of NIP45 protein loss on SMC5/6 complex association with PML 

bodies in U2OS ALT cells.   As expected, knockdown of endogenous NIP45 

protein did not affect localization of SMC5/6 components to PML bodies 
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(Figure 11d and e). Similarly, loss of SMC5/6 complex components did not 

affect NIP45 localization to PML bodies in G2-synchronized cells (Figure 

11f and g). Thus, NIP45 is involved in the targeting of telomeres to PML 

bodies in G2-synchronized U2OS cells in a manner independent of the 

SMC5/6 complex. 

 

II. NIP45 SLD2 promotes shelterin complex sumoylation and telomere 

localization to PML bodies. MMS21-dependent sumoylation of shelterin 

complex proteins TRF1, TRF2, TIN2, and RAP1 is postulated to regulate 

either telomere recruitment to or maintenance at PML bodies for telomere 

length maintenance in ALT cells (Potts et al, 2007, Figure 9). The detailed 

mechanism by which this process is carried out, however, is not clear. As 

loss of endogenous NIP45 protein negatively affects APB formation, we 

hypothesized that NIP45 might also play a role in the sumoylation of these 

telomere bound proteins. To address this hypothesis, we determined whether 

the sumoylation of overexpressed, full-length myc-TRF1, myc-TRF2, myc-

RAP1, or myc-TIN2 could be negatively affected by loss of endogenous 

NIP45 through in vivo sumoylation assay. Indeed, treatment of U2OS cells 

with NIP45 siRNA decreased the sumoylation of each myc-tagged, MMS21-

dependent SUMO substrate in vivo (Figure 12 b-e). Sumoylation of the 
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shelterin complex proteins was rescued by co-transfection with full length, 

siRNA-resistant HA-NIP45 (HA-NIP45 res-c, Figure 12 b-e). Interestingly, 

a fragment of NIP45 containing only siRNA-resistant SLD2 (HA-NIP45 

SLD2 res-c, Figure 12a) was also sufficient to rescue the decreased 

sumoylation phenotype for full-length myc-TRF1, myc-TRF2, myc-TIN2 

and myc-RAP1 (Figure 12b-e). Conversely, HA-NIP45 SLD2, which 

lacks the C-terminal SLD2 domain (Figure 12a), could not restore 

sumoylation of myc-TRF1, myc-TRF2, or myc-RAP1 after endogenous 

NIP45 protein knockdown (Figure 12b-e). To ensure that the HA-NIP45 

res-C, HA-NIP45 SLD2 res-C and HA-NIP45 ∆SLD2 proteins all localized 

to APBs, we tested for the presence of the HA-NIP45 variants at PML 

bodies in U2OS cells. Using an antibody against the amino-terminal HA 

epitope, we detected overexpressed HA-NIP45 proteins throughout the 

nucleus (Figure 14a). However, following detergent extraction with 0.2% 

Triton X-100, all HA-NIP45 variants localized to PML bodies by 

immunofluorescence (Figure 14b). Similar data demonstrating 

colocalization of exogenous mouse-derived NIP45 (71% sequence similarity 

with human NIP45) to PML bodies was recently published by Hashiguchi et 

al (2012). Altogether, these data suggest that NIP45 somehow regulates the 
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MMS21-dependent sumoylation of several shelterin complex proteins in a 

manner that is dependent on its C-terminal SLD2 domain. 

 Loss of endogenous NIP45 protein in U2OS cells negatively affects 

both telomere localization to PML bodies and shelterin complex protein 

sumoylation. If these two phenotypes correlate, the functional NIP45 SLD2 

domain, which fully rescued the sumoylation phenotype for full-length myc-

TRF1, myc-TRF2, myc-TIN2 and myc-RAP1, should also restore APB 

formation following loss of endogenous NIP45. To test this hypothesis, we 

depleted G2-synchronized U2OS cells of endogenous NIP45, then 

overexpressed either HA-NIP45 res-c, HA-NIP45 SLD2, or HA-NIP45 

SLD2 res-c in an attempt to rescue the APB formation phenotype. 

Importantly, both HA-NIP45 res-c and HA-NIP45 SLD2 res-c, which 

rescued the impaired sumoylation effects of shelterin complex proteins myc-

TRF1, myc-TRF2, myc-TIN2 and myc-RAP1, restored APB formation in 

U2OS cells following endogenous NIP45 protein knockdown (Figure 12f 

and g). Conversely, HA-NIP45 SLD2, which could not restore 

sumoylation following NIP45 depletion, failed to rescue the decreased APB 

formation phenotype in the absence of endogenous NIP45 (Figure 12f and 

g). Thus, the NIP45 SLD2 domain is involved in regulating both MMS21-
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dependent shelterin complex protein sumoylation and APB formation in 

U2OS cells. 

 

III. MMS21 is sufficient to promote shelterin complex sumoylation in 

vitro. To determine whether NIP45’s involvement in shelterin complex 

protein sumoylation is direct or indirect, we explored the ability of purified 

MMS21 protein to promote the sumoylation of in vitro translated myc- myc-

TRF2 and myc-TIN2 in the absence of NIP45 (Figure 13). The sumoylation 

of both in vitro translated proteins is increased upon addition of recombinant 

MMS21 (Figure 13). Thus, we conclude that MMS21 alone is likely 

sufficient to directly promote the sumoylation of the shelterin complex 

proteins, and that NIP45 affects this sumoylation through a more indirect 

mechanism. 

 

IV. NIP45 localizes to PML bodies, but not telomeres, throughout the cell 

cycle. Having established that NIP45 is not likely involved in the direct 

stimulation of MMS21-dependent shelterin complex protein sumoylation, 

we next wished to outline the mechanism by which NIP45 regulates both 

telomere-bound protein sumoylation and APB formation in ALT cells. To do 

so, we explored the localization of the endogenous NIP45 protein in log 
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phase versus G2-synchronized U2OS cells, hoping that its positioning would 

provide some insight into its function.  Using a rabbit-derived NIP45 

antibody, we determined that endogenous NIP45 protein localized to PML 

bodies in both log-phase and G2-synchronzied U2OS cells (Figure 14c, e-

g). Conversely, endogenous TRF2 protein, and therefore telomeres, 

colocalize to PML only after G2 synchronization, as very few TRF2-positive 

PML bodies are visualized in log phase U2OS cells (Figure 14d and e).  

This discovery led us to hypothesize that NIP45 might act to recruit 

telomeres to PML bodies for SMC5/6 complex-dependent telomere length 

maintenance.  

 

V. NIP45 contacts the shelterin complex through TIN2 protein 

interaction. To examine the hypothesis that NIP45 acts to recruit telomeres 

to PML bodies for SMC5/6 complex-dependent telomere length 

maintenance, we sought to determine if NIP45 could interact with any 

known, telomere-bound protein components in U2OS cells. We identified an 

interaction between full-length HA-NIP45 and full-length myc-TIN2 

following pulldown of HA-NIP45 with HA-antibody-coupled Protein A 

beads (Figure 15a). Interestingly, we were unable to detect any significant 

interaction between HA-NIP45 and full-length myc-TRF1, myc-TRF2, or 



	 65

myc-RAP1 (Figure 15b and c), implying that the interaction between HA-

NIP45 and myc-TIN2 is distinct, and likely functionally important. As the 

NIP45 SLD2 domain was sufficient to rescue both the telomere localization 

and telomere binding protein sumoylation phenotypes visualized after 

endogenous NIP45 knockdown, we expected NIP45 SLD2 to be important 

for the NIP45/TIN2 protein-protein interaction. To test this hypothesis, we 

attempted to pull down full-length myc-TIN2 with a fragment of NIP45 

containing the functional SLD2. Indeed, HA-TIN2 pulled down myc-NIP45 

SLD1/2 as efficiently as full-length myc-NIP45 (Figure 16d), indicating 

that the C-terminal SLDs of NIP45 are responsible for the interaction 

between NIP45 and TIN2. 

 If the established NIP45/TIN2 interaction is indeed required for 

recruitment of telomeres to PML bodies in G2-synchronized cells, then loss 

of endogenous TIN2 should negatively affect APB formation, even in the 

presence of endogenous NIP45 protein. To examine this, we again depleted 

G2-synchronized U2OS cells of endogenous TIN2 and examined the ability 

of telomeres to localize to PML bodies. As expected, loss of endogenous 

TIN2 protein negatively affected APB formation in a manner similar to 

endogenous NIP45 protein knockdown (Figure 16a-c). Importantly, loss of 

endogenous TIN2 does not appear to affect the number or intensity of TRF2 
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foci in U2OS cells. In addition, loss of endogenous TIN2 does not affect the 

stability or concentration of endogenous NIP45 (Figure 16b). Thus, in 

keeping with our hypothesis, loss of endogenous TIN2 protein negatively 

affects APB formation even in the presence of NIP45.  

 

VI. Endogenous TIN2 preferentially interacts with NIP45 in G2-

synchronized U2OS cells. To further substantiate a requirement for the 

NIP45/TIN2 interaction in recruiting telomeres to PML bodies in U2OS 

cells, we wished to determine whether endogenous NIP45 could 

preferentially interact with endogenous TIN2 in G2-synchronized, versus 

log-phase, cells. To test this, we pulled down endogenous TIN2 protein from 

U2OS-cell lysates using TIN2 antibody-coupled protein A beads, then 

immunoblotted for the presence of endogenous NIP45. In log phase U2OS 

cells, endogenous TIN2 protein did not appear to interact significantly with 

endogenous NIP45 (Figure 16e). However, following G2-synchronization 

via thymidine arrest and release, TIN2 was able to pull down a noticeable 

portion of endogenous NIP45 (Figure 16e), establishing that the 

TIN2/NIP45 protein-protein interaction exists preferentially during the G2 

phase of the cell cycle.  
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CHAPTER FIVE:  RESULTS FIGURES AND FIGURE LEGENDS 
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Figure 10: NIP45 Affects Telomere Localization to PML Bodies in U2OS Cells. 
 
a and b) Loss of endogenous NIP45 negatively affects telomere localization to 
PMLbodies in G2‐synchronized U2OS cells. Four independent siRNAs 
targetingendogenous NIP45 were transfected into cells at a final concentration of 5nM. 
80‐100 cells per sample were scored for colocalization between TRF2 (green) and PML 
(red). Cells with two or more instances of colocalization were scored APB positive. Two 
independent MMS21 siRNAs were used as positive controls. Experiments were 
performed in duplicate to verify statistical significance. c) Endogenous NIP45 siRNAs 
target NIP45 in U2OS cells. 
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Figure  11: siRNA-resistant HA-NIP45 restores APB formation in U2OS ALT cells. 
 
a) Full length NIP45 resistant to NIP45‐c siRNA (HA-NIP45 res-C) is sufficient to 
rescue the telomere localization phenotype following expression in U2OS cells. b) 
HA‐NIP45 res‐C is resistant against NIP45‐c siRNA. c) Full length NIP45 does not 
rescue the telomere localization phenotype following endogenous MMS21 knockdown. d 
and e) SMC5/6 complex localization to PML bodies is not affected by NIP45 protein 
knockdown. Both SMC5 and SMC6 proteins (green) were localized to PML (red) in G2-
synchronized U2OS cells after knockdown of endogenous NIP45. f and g) The NIP45 
protein localizes to PML bodies similarly in G2-synchronized cells following treatment 
with  mock and NIP45-c siRNA. 
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Figure 12: NIP45 SLD2 Promotes Shelterin Complex Sumoylation and Telomere 
Localization to PML Bodies. 
 
a) Schematic of experimental NIP45 variants. Full‐length NIP45 (HA-NIP45 res-C) and 
NIP45 SLD2 (HA-NIP45 SLD2 res-C) were both made resistant to NIP45‐c siRNA. b-
d) In vivo sumoylation assays using shelterin complex proteins as SUMO substrates. 
myc‐TRF1wt, myc‐TRF2wt, and myc‐RAP1wt sumoylation is negatively affected 
following loss of endogenous NIP45 protein. In all three cases, the sumoylation 
phenotypes are rescued by both HA‐NIP45 res‐C and HA‐NIP45 SLD2 res‐C, but not 
HA‐NIP45ΔSLD2. e) In vivo sumoylation assay using shelterin complex protein myc-
TIN2wt as substrate. myc-TIN2wt sumoylation is not as significant as myc-TRF1wt, 
myc-TRF2wt, and myc-RAP1wt in U2OS cells. However, its sumoylation is still 
negatively affected following loss of endogenous NIP45. f and g) Sumoylation 
phenotype and telomere localization phenotype correlate, as HA‐NIP45 SLD2 res‐c is 
also sufficient to rescue APB formation following endogenous NIP45 knockdown. 
HA‐NIP45 ΔSLD2 does not rescue either phenotype. Experiments were performed in 
duplicate to verify statistical significance. 
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Figure 13: MMS21 sufficiently sumoylates shelterin complex components in vitro. 
 
a) MMS21 is sufficient to sumoylate TIN2 and TRF2 in vitro. Shelterin complex proteins 
were in vitro translated I the presence of 35S, then incubated with or without purified 
SUMO1wt and/or MMS21 protein for 90min at 37degC. Both myc‐TIN2wt and 
myc‐TRF2wt are sumoylated in the presence of MMS21 alone, implying that NIP45 may 
not directly regulate shelterin complex sumoylation.  
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Figure 14: NIP45 Localizes to PML Bodies, but not Telomeres, throughout the Cell 
Cycle. 
 
a) Overexpressed HA-NIP45 variants are expressed ubiquitously in the nucleus of U2OS 
ALT cells. b) Following detergent extraction with 0.2% Triton X-100, colocalization 
between overexpressed HA-NIP45 variants (green) and PML bodies (red) is visualized in 
U2OS cells. c) NIP45 (green) is localized to PML bodies (red) in log phase cells. d) 
Telomeres (green), however, do not colocalize with the NIP45 protein (red) in log phase 
cells. e) Quantitative analysis of b and c. f and g) NIP45 (green) also colocalizes with 
PML bodies (red) in G2‐synchronized cells. 
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Figure 15: NIP45 Contacts the Shelterin Complex through TIN2 Protein Interaction. 
 
a) Exogenous HA‐NIP45wt pulls down myc‐TIN2wt following enrichment on HA-
antibody coupled beads. b and c) HA‐NIP45wt does not interact with myc‐TRF1wt, 
myc‐TRF2wt, or myc‐RAP1wt.  



	 86

 

 
 
 
 
 

Fig	
16A	



	 87

 
 
 
 

 
 
 

Fig	16C	

Fig	16B	

Fig	16D	



	 88

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16: NIP45 Contacts the Shelterin Complex through TIN2 Protein Interaction. 
 
a and c) Endogenous TIN2 protein knockdown, using several independent siRNA oligos, 
negatively affects telomere localization to PML bodies, even in the presence of 
endogenous NIP45. Experiments were performed in duplicate to verify statistical 
significance. b) Endogenous TIN2 siRNAs knock down TIN2, but not NIP45, in U2OS 
cells. d) myc‐NIP45 SLD1/2, a fragment of NIP45 containing the functional SLD2, is 
sufficient to bind full‐length HA‐TIN2. e) TIN2, enriched with TIN2 antibody‐coupled 
beads, pulls down endogenous NIP45 
in G2‐synchronized, but not log phase, U2OS cells. 
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CHAPTER SIX:  DISCUSSION AND FUTURE DIRECTIONS 

 

In this work, we have defined a novel role for the NIP45 protein in 

localizing telomeres to U2OS-cell PML bodies for SMC5/6-complex 

dependent telomere length maintenance. This recruitment occurs through a 

newly-identified interaction between the NIP45 protein and TIN2, a 

telomere-bound protein component of the shelterin complex. In addition, we 

have determined ALT-coupled NIP45 function is dependent on its carboxy-

terminal SUMO-like domain, SLD2. 

 Loss of endogenous NIP45 via RNAi negatively affects telomere 

localization to PML bodies in G2-synchronized U2OS ALT cells. The 

decreased efficiency in APB formation following NIP45 knockdown is 

similar to that reported following loss of the E3 SUMO ligase, MMS21, a 

component of the SMC5/6 complex that plays an integral role in the ALT 

TMM (Potts et al, 2007). Importantly, the APB phenotype is rescued by 

siRNA-resistant, full-length HA-NIP45 (HA-NIP45 res-C), indicating that 

the decreased telomere localization seen after NIP45 knockdown is indeed a 

result of NIP45 protein loss. 

 Endogenous NIP45 protein knockdown also impedes the MMS21-

dependent sumoylation of several shelterin complex components, namely 
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full-length myc-TRF1, myc-TRF2, myc-RAP1, and myc-TIN2, in vivo. 

While full-length myc-TIN2 sumoylation is dependent on the endogenous 

NIP45 protein, its MMS21-dependent conjugation to SUMO in vivo is not as 

efficient as that of the other tested shelterin complex SUMO substrates. This 

could be a result of TIN2’s secondary role in telomere recruitment to PML 

bodies for SMC5/6-dependent telomere length maintenance (see below for 

further details). Interestingly, the MMS21-dependent sumoylation deficit 

visualized following NIP45 protein knockdown is rescued both by HA-

NIP45 res-C and an siRNA-resistant fragment of NIP45 containing only the 

carboxy-terminal SLD2 (HA-NIP45 SLD2 res-C). Additionally, a fragment 

lacking just this portion of the protein, HA-NIP45 ∆SLD2, does not rescue 

the sumoylation phenotype, implying that that NIP45 SLD2 is important for 

this activity. This discovery marks the first time that an activity of NIP45 

has been demonstrated to be dependent on one of its carboxy-terminal SLDs. 

HA-NIP45 SLD2 res-C also rescues the APB phenotype visualized 

following loss of endogenous NIP45, implying that both telomere 

localization to PML bodies and MMS21-dependent sumoylation of the 

shelterin complex components are dependent on NIP45 SLD2. 

 Having demonstrated that purified MMS21 is sufficient to sumoylate 

in vitro-translated, 35S-labeled myc-TRF2 and myc-TIN2 in the presence of 
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the SUMO modification cascade enzymes, and having shown that NIP45 

and MMS21 do not possess redundant functions (Figure 11c), we conclude 

that NIP45’s role in ALT is not directly linked to sumoylation. Based on 

NIP45’s consistent localization to PML bodies throughout the cell cycle in 

U2OS cells, we postulate that NIP45 might affect APB formation and 

shelterin complex sumoylation by recruiting telomeres to PML bodies. 

Substantiating this hypothesis, we identify a novel interaction between 

exogenous NIP45 and the shelterin complex TIN2. Importantly, no other 

tested shelterin complex components efficiently interact with the NIP45 

protein in vivo.  

 Finally, we verify the role of the NIP45/TIN2 protein interaction in 

recruiting telomeres to PML bodies. First, we demonstrate that loss of 

endogenous TIN2 protein negatively affects APB formation in a manner 

similar to that seen following loss of endogenous NIP45. These data suggest 

that TIN2 is equally important in telomere localization to PML bodies in 

ALT cells. Of note, if the NIP45/TIN2 interaction is required to recruit 

telomeres to PML bodies, then it should also be important for the MMS21-

dependent sumoylation of shelterin complex components, as 

MMS21/shelterin complex proximity could never be established in the 

absence of telomere/PML body localization. However, we have yet to 
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determine whether loss of endogenous TIN2 negatively affects APB 

formation in U2OS cells. In addition, we demonstrate a preferential 

interaction between the endogenous TIN2 and NIP45 proteins during the 

G2-phase of the U2OS-cell cycle, indicating that these proteins interact 

specifically when APBs are most likely to form. 

 

   The ALT TMM is necessary to maintain telomere lengths in cells that 

do not possess telomerase activity. Thus, if NIP45 plays an important role in 

this SMC5/6-complex-dependent process, loss of endogenous NIP45 protein 

should result in shortened telomere lengths over time. Indeed, Potts et al 

(2007) demonstrated that continued knockdown of SMC5/6 complex 

components significantly decreased telomere lengths over many population 

doublings via telomere restriction fragment analysis. However, we are 

unable to explore this phenotype following NIP45 knockdown, as continued 

loss of the protein promotes significant cell death. This cell viability 

phenotype is NIP45 protein-specific, as knockdown of several other 

proteins, including MMS2 and SMC5, does not cause similar effects. We 

have yet to demonstrate a mechanistic link between the NIP45 protein and 

U2OS cell viability, but postulate that NIP45 might also play an SMC5/6-

complex-independent role in ALT cancer cell survival.   
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 We have established a role for NIP45 in recruiting telomeres to PML 

bodies for telomere length maintenance. The G2-specific NIP45/TIN2 

interaction, regulated by a still unknown mechanism, recruits telomeres to 

PML bodies, placing them in close proximity with the SMC5/6 complex and 

MMS21. MMS21-dependent sumoylation likely maintains telomeres at 

PML bodies, allowing SMC5/6-complex-dependent HR to maintain 

telomere lengths. While these data provide further insight into the 

mechanism by which telomere lengths are maintained, how this TMM is 

shut down remains a mystery. One clue into this enigmatic process, 

however, could be the MMS21-dependent sumoylation of full-length myc-

TIN2 in vivo. While in vitro-translated, 35S-radiolabeled myc-TIN2 is 

efficiently sumoylated in the presence of MMS21, MMS21-dependent 

sumoylation of myc-TIN2 in vivo is clearly deficient when compared to that 

of full-length myc-TRF1, -TRF2, and -RAP1. This phenomenon may 

represent a putative regulatory role for TIN2 sumoylation in modulating 

protein interactions with NIP45. As mentioned previously, sumoylation of 

Iκβα inhibits its interaction with ubiquitin, thereby preventing its 

degradation (Desterro et al, 1998).  It is plausible, then, that the sumoylation 

of TIN2 interrupts NIP45’s ability to efficiently interact with its binding site 

on TIN2. If true, TIN2’s cellular sumoylation would need to be transient, 
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allowing for NIP45 to interact with the protein when necessary. Through co-

immunoprecipitation assays, we have determined that TIN2 AA 1-177 are 

important for its interaction with NIP45 (data not shown). We have not yet 

established, however, whether TIN2 interacts with SUMO within this 

region. 

 The utilization of the telomerase-independent, ALT-positive TMM in 

cancer is linked to poorer prognosis and overall survival in patients (Matsuo 

et al, 2009, Zhang et al, 2011). Thus, proteins within the ALT system 

necessary for telomere length maintenance are attractive drug targets. The 

SMC5/6 complex is an integral mediator of ALT in cancer cells (Potts et al, 

2007). However, as the HR-activity of SMC5/6-complex components is 

needed for DNA DSB repair in normal cells, it is not physiologically 

feasible, in practice, to inhibit the complex’s activity. Alternatively, no 

evidence exists that suggests a role for NIP45 in normal somatic cell 

survival. In fact, NIP45 -/- mice are completely viable, though they exhibit 

decreased cytokine production following immune challenge (Fatham et al, 

2010). Additionally, our unpublished findings suggest that loss of NIP45, 

over time, greatly affects the viability of U2OS ALT cells (data not shown). 

We have yet to determine whether loss of NIP45 affects cellular survival in 

normal somatic cells. 
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