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Posttranslational modification with small ubiquitin related modifier (SUMO) is an 

important regulatory mechanism of protein function. SUMO is an evolutionary conserved protein 

with a molecular weight of 10kDa in humans. It is covalently linked to certain lysine residues of 

target proteins. SUMO modification impacts subcellular localization of a modified protein, 

protein-protein interactions, and transcriptional regulation. One target protein of sumoylation is 

p53, a tumor suppressor protein. Research highlighting the role of SUMO modification of this 

protein is controversial. There have been conflicting reports regarding the effects of SUMO 

modification on p53 activities, particularly how it impacts transcriptional regulation of some p53 

target genes and if SUMO modification affects subcellular localization of p53. We performed a 

comprehensive molecular biological study employing two unique approaches: (1) fusion of 

SUMO to the p53’s C-terminus and (2) chemical induced dimerization of SUMO and p53. Our 

results have shown that when p53 is modified by SUMO, its biochemical functions are 

attenuated. It can no longer arrest clonogenic growth and activate the expression of its target 

genes involved in cell-cycle arrest or apoptosis. Furthermore, it appears that p53 is exported from 

the nucleus to the cytoplasm upon chemical induced sumoylation. This nuclear export may 

involve the CRM1-mediated pathway. Surprisingly, our results suggest that CRM1 interacts 
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directly with the p53 tetramer. Thus, sumoylation of p53 may have an important role in 

promoting the nuclear export of p53 and that dissociation of the p53 tetramer required for the 

exposure of the nuclear export signal (NES) might not be necessary for CRM1-dependent 

nuclear export of p53, challenging the prevalent paradigm regarding the nuclear export of p53. 

 Another protein that SUMO interacts with is Daxx. The death-associated protein, Daxx, 

is essential for embryonic development and implicated in apoptosis and transcriptional 

regulation. Here we show that in addition to a conserved core of about 200 residues, Daxx 

possesses several conserved domains and two essentially invariable short SUMO-interacting 

motifs (SIMs) both of which can independently interact with SUMO. Daxx is known to interact 

with the SUMO E2 conjugating enzyme, Ubc9, responsible for SUMO conjugation to substrates 

via the Ubc9-SUMO complex. This interaction strictly requires at least one SIM. Interestingly, 

the Ubc9 H20D mutation that abolishes non-covalent Ubc9-SUMO interaction also interrupts 

Daxx-Ubc9 interaction. Thus, SUMO serves as the intermediate for Daxx-Ubc9 interaction. 

Remarkably, Daxx strongly stimulates c-Jun-mediated transcription and both SIMs are required 

for this stimulation. These results suggest that the conserved SIMs are involved in mediating 

protein-protein interactions that underlie Daxx’s diverse cellular functions.  

Overall, these studies provide important knowledge about cellular functions of 

sumoylation with respect to p53 and Daxx and may have implications in our understanding of 

tumorigenesis and anticancer therapy. 
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CHAPTER 1 
SUMOYLATION OF THE TUMOR SUPPRESSOR P53 

The Tumor Suppressor p53 in Cancer 

P53 is a transcription factor that is encoded by the TP53 gene located on chromosome 17 

in humans (Lane 1992). The main function of this protein is its ability to act as a tumor 

suppressor by regulating cell cycle arrest and apoptosis (Harms, Nozell et al. 2004; Green and 

Chipuk 2006). Mutations in the TP53 gene have been implicated in over 50% of cancers 

worldwide (Vousden and Lu 2002). Therefore understanding the functions and regulation of this 

protein is of key importance in cancer biology and the development of potential applications in 

cancer therapy. 

The Tumor Suppressor p53: Guardian of the Genome 

The transcription factor, p53, is involved in a wide variety of responses in the event of 

cellular stresses such as DNA damage and over-expressed oncogenes. Under normal conditions, 

p53 levels are low (Jones, Roe et al. 1995; Leveillard, Gorry et al. 1998; Toledo and Wahl 2006; 

Toledo and Wahl 2007). However, in the event of these cellular stresses, p53 levels accumulate 

in the nucleus, leading to transcription of its target genes involved in cell cycle arrest (p21) and 

apoptosis (PUMA).  P53 can also activate apoptosis in a transcription independent manner where 

it is sequestered into the cytoplasm and interacts with Bcl-XL and Bcl-2 to activate the caspase 

cascade and subsequent apoptosis (Marchenko, Zaika et al. 2000; Sansome, Zaika et al. 2001; 

Mihara, Erster et al. 2003). 

P53 is a modular protein consisting of five domains: a transactivation domain (TAD) 

located in the N-terminal region, a proline rich domain (PRD), a DNA binding domain (DBD), a 

tetramerization domain (4D), and a regulatory C-terminal domain (CTD) (Figure 1-1) (Toledo 

and Wahl 2006; Olsson, Manzl et al. 2007).  
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The TAD domain (amino acids 1-63) consists of a binding site for the regulator Mdm2. 

Under normal conditions, Mdm2 binds to the TAD and subsequently recruits ubiquitin onto 

several lysine residues of p53 and the Mdm2-p53-ubiquitin complex is translocated from the 

nucleus to the cytoplasm where it is degraded in a proteosome-dependant manner (Oliner, 

Pietenpol et al. 1993; Haupt, Maya et al. 1997; Kubbutat, Jones et al. 1997; Boyd, Tsai et al. 

2000). In the event of stress conditions, phosphorylation of certain serine and threonine residues 

by damage-response kinases on p53’s TAD alters the structure of the amphiphatic ∝-helix thus 

preventing Mdm2 from binding to p53 and brings about the subsequent recruitment of the propyl 

isomerase, PIN1, onto the proline-rich domain (PRD)(amino acids 80-94)(Zacchi, Gostissa et al. 

2002; Zheng, You et al. 2002; Bode and Dong 2004; Ou, Chung et al. 2005; Toledo and Wahl 

2006). This further provides steric inhibition for Mdm2 binding onto p53 and allows for 

strengthened interactions with histone acetyl transferases (HATs) such as CREB-binding protein 

(CBP) and p300 (Lill, Grossman et al. 1997; Dornan, Shimizu et al. 2003).  

The DNA binding domain (DBD) (amino acids 100-300) is the central core-domain that 

interacts directly with DNA. This domain binds to p53 response elements of target genes that 

consist of four copies of the pentamer consensus sequence PuPuPuC(A/T) where the pentamers 

orient in alternating directions (Kern, Kinzler et al. 1991; el-Deiry, Kern et al. 1992; Funk, Pak et 

al. 1992; Cho, Gorina et al. 1994). A short stretch of sequences up to 13 base pairs may be 

inserted between the pentamer pairs. The p53 DNA-binding domain (DBD) contains the “hot 

spots” seen in various tumors (Lang, Iwakuma et al. 2004; Olive, Tuveson et al. 2004; 

Hingorani, Wang et al. 2005).  

The tetramerization domain (4D) of p53 (amino acids 307-355), also known as the 

oligomerization domain, allows for the formation of a dimer of dimers, which is critical for the 
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formation of functional p53 (Clore, Omichinski et al. 1994; Lee, Harvey et al. 1994; Jeffrey, 

Gorina et al. 1995). Each of the p53 subunits binds to one quarter site on the p53 response 

elements of the target genes allowing for the subsequent transcription of these targets (McLure 

and Lee 1998). Past literature has implicated the oligomerization domain as the site of the 

nuclear export signal (NES) which when exposed is recognized by the CRM1 transporter and 

shuttles p53 from the nucleus to the cytoplasm (Freedman and Levine 1998; Stommel, 

Marchenko et al. 1999; Budhu and Wang 2005). Those studies are now considered debatable as 

our studies have demonstrated that a newly discovered CRM1 SUMO interacting motif (SIM), a 

region that interacts with the SUMO protein, may be involved in the export of p53 to the 

cytoplasm. In this situation the exposure of p53’s NES is not necessary (see chapter 4). 

The C-terminal domain (amino acids 356-393) is a regulatory domain. This domain is the 

site of many posttranslational modifications (Toledo and Wahl 2006; Olsson, Manzl et al. 2007). 

These modifications include phosphorylation, acetylation, ubiquitin-like modifications 

(neddylation, ubiquitination, and sumoylation), and methylation. In vitro studies have shown that 

posttranslational modifications are important for regulating p53 activity (Toledo and Wahl 

2006).  

Regulation of p53 by Mdm2 

Amplification of the human homolog of murine double minute (Mdm2) gene that encodes 

for a 491 amino acid protein is implicated in about 10% of cancers worldwide (Toledo and Wahl 

2006). In both in vitro and in vivo studies, the Mdm2 oncogene has been shown to function as a 

negative regulator of the tumor suppressor protein p53. Deficiency of Mdm2 in murine models 

leads to embryonic lethality that can be rescued by loss of p53 (Parant, Chavez-Reyes et al. 

2001; Migliorini, Lazzerini Denchi et al. 2002; Laurie, Donovan et al. 2006). 
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The human homolog of Mdm2 consists of three basic domains: an N-terminal domain that 

binds to the N-terminal of p53, a zinc finger domain whose functional significance needs to be 

determined, and a C-terminal RING domain (Shvarts, Steegenga et al. 1996; Jackson and 

Berberich 2000). The RING domain of MDM2 is essential for its action as an E3-ubiquitin-

ligase (Shvarts, Steegenga et al. 1996; Jackson and Berberich 2000).  

As mentioned, Mdm2 is an E3 ubiquitin ligase that binds to p53’s TAD and inhibits p53 

functions in two ways: (1) by playing the role of a steric block and inhibiting transcription co-

factors to bind to p53 and (2) by covalent attachment of ubiquitin onto lysine residues on the C-

terminal regulatory domain of p53 (Toledo and Wahl 2006; Toledo and Wahl 2007). 

Furthermore, Mdm2 can recruit p300, which in this case can act as an E4 ligase and together can 

bring about poly-ubiquitination of p53 (Zhu, Yao et al. 2001; Grossman, Deato et al. 2003). This 

allows for the export of the Mdm2-p53 complex into the cytoplasm where it is degraded in a 

proteosomal dependant fashion (Zhu, Yao et al. 2001; Grossman, Deato et al. 2003). Mdm2 has 

also been implicated in covalent modification of other ubiquitin-like proteins such as Nedd8 and 

SUMO (Harper 2004; Di Ventura, Funaya et al. 2008). Interestingly, Mdm2 is also a target of 

p53-mediated transcription as it contains the response elements recognized by the p53 tetramer 

(Lahav 2008).  

Regulation of p53 by the Small Ubiquitin Related Modifier SUMO 

Post-translational protein modifications regulate a wide variety of cellular activities such as 

modulation of protein activity, stability, protein-protein interactions, and subcellular localization 

(Dohmen 2004). Posttranslational modifications include phosphorylation, acetylation, 

methylation, and ubiquitin-like modifications that include ubiquitination, neddylation, and the 

newly discovered sumoylation. The process of sumoylation involves the protein SUMO. 



 

16 

SUMO (small ubiquitin related modifier) belongs to the ubiquitin family of proteins that 

also consist of ubiquitin and Nedd proteins. It was initially discovered in Saccharomyces 

cerevisae in a genetic screen for Mif2 suppressors (Meluh and Koshland 1995; Geiss-Friedlander 

and Melchior 2007) and was later found to be covalently attached to the Ran GTPase-activating 

protein RanGAP1 (Matunis, Coutavas et al. 1996; Mahajan, Delphin et al. 1997). The discovery 

of this covalent modification led to a huge burst in research to determine its functional effects.  

The SUMO Proteins 

SUMO proteins are ubiquitously expressed in eukaryotic systems. Yeast is known to 

have only one SUMO gene (SMT3) (Johnson, Schwienhorst et al. 1997; Geiss-Friedlander and 

Melchior 2007). Humans on the otherhand are known to have SUMO genes that encode for four 

SUMO proteins (SUMO1-4) (Melchior 2000; Dohmen 2004; Geiss-Friedlander and Melchior 

2007). SUMO1-3 (Geiss-Friedlander and Melchior 2007) are ubiquitously expressed throughout 

the human body whilst SUMO4 is seen strongly expressed in lymph nodes, kidney, and the 

spleen (Guo, Li et al. 2004; Geiss-Friedlander and Melchior 2007). SUMO2 and SUMO3 share a 

97% sequence homology whilst SUMO1 shares a 47% sequence homology to both SUMO2 and 

3 (Geiss-Friedlander and Melchior 2007). SUMO1 and SUMO2-3 have distinct functions as they 

can be differentially conjugated to various target proteins in vivo. SUMO4 however is enigmatic 

as it is not known if it can be processed to its mature form and be covalently attached to 

substrates (Guo, Li et al. 2004; Owerbach, McKay et al. 2005). SUMO modifications seem to be 

an essential process in many organisms. Disruption of the SMT3 gene in budding yeast leads to 

lethality (Alkuraya, Saadi et al. 2006). An exception however is seen in fission yeast where 

disruption of the SMT3 gene leads to sick but nonetheless viable cells (Tanaka, Nishide et al. 

1999). 
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The SUMO proteins are about 10kDa in size and are similar to ubiquitin in that they have 

similar crystal structures (Bayer, Arndt et al. 1998; Mossessova and Lima 2000). SUMO 

however shares only 17% sequence homology with ubiquitin and they have different 

distributions of surface charges (Dohmen 2004; Geiss-Friedlander and Melchior 2007). SUMO 

proteins carry a stretch of 10-25 amino acids at the N-terminus that is unstructured in nature and 

absent in ubiquitin (Geiss-Friedlander and Melchior 2007). It is here at the N-termini that the 

formation of SUMO chains is observed for some of the SUMO family proteins (Geiss-

Friedlander and Melchior 2007).  

SUMO-Modification 

SUMO is linked to the target proteins through an isopeptide bond between the C-terminal 

glycine of SUMO and an internal lysine residue of the protein in the context of a consensus 

sequence ΨKXE (where Ψ is a large hydrophobic amino acid and X is any amino acid residue) 

(Rodriguez, Dargemont et al. 2001; Verger, Perdomo et al. 2003; Dohmen 2004; Hilgarth, 

Murphy et al. 2004).  

The process of SUMOylation (Figure 1-2) starts with an inactive precursor of SUMO 

bearing a short C-terminal peptide that is cleaved by sentrin/SUMO specific proteases (SENPs) 

to give mature glycine-glycine C-terminal residues (Rodriguez, Dargemont et al. 2001; Dohmen 

2004; Li, Evdokimov et al. 2004). SUMO is then activated in an ATP-dependent fashion where 

the adenylated SUMO is bound by a thioester bond with the E1 activating enzyme, a complex 

that consists of a SAE1-SAE2 heterodimer in humans or AOS1-UBA2 in yeast (Verger, 

Perdomo et al. 2003; Dohmen 2004). The activated SUMO is then transferred to the E2 

conjugating enzyme Ubc9 (Melchior and Hengst 2002; Dohmen 2004; Lin, Ohshima et al. 

2004). An E3 ligase then stimulates SUMO conjugation to the amino group of a specific lysine 
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in the target substrate (Kahyo, Nishida et al. 2001; Schmidt and Muller 2003; Dohmen 2004). 

The E3 ligases are best characterized by the presence of an SP-RING motif that is essential for 

their function. The domain is predicted to resemble the RING domain of ubiquitin E3 ligases. 

These SP-RING ligases non-covalently attach to SUMO via SUMO Interacting Motifs (SIM) 

(Geiss-Friedlander and Melchior 2007). These proteins include the PIAS family of proteins and 

the nuclear protein RanBP2. Interestingly, literature has shown that the ubiquitin E3 ligase, 

Mdm2, can also promote SUMOylation of some substrates (Chen and Chen 2003; Di Ventura, 

Funaya et al. 2008). The entire process is dynamic and reversible (Dohmen 2004; Geiss-

Friedlander and Melchior 2007). SUMO conjugation can be removed by SENPs (Dohmen 2004; 

Mukhopadhyay and Dasso 2007). 

SUMO/Sentrin Specific Endopeptidases (SENPs) 

Ubiquitin like proteases (Ulp) (Table 1-1) and their counterpart human homologs, 

SUMO/Sentrin specific endopeptidases (SENPs) (Table 1-2), are the key enzymes responsible 

for SUMO maturation and SUMO-deconjugation from the target substrate (Mukhopadhyay and 

Dasso 2007). The Ulps/SENPs directly regulate the pools of free and conjugatable SUMO and 

also regulates the half-life of the conjugated species (Mukhopadhyay and Dasso 2007). Budding 

yeast has two Ulp/SENPs whilst humans have six and Arabidopsis has seven to date 

(Novatchkova, Budhiraja et al. 2004; Colby, Matthai et al. 2006). In yeast, Ulp1p and 2p are 

related to adenoviral proteases and belong to the C48 family of proteases (Li and Hochstrasser 

1999; Mossessova and Lima 2000). Both Ulps and SENPs have the catalytic C48 domains that 

are involved in nucleophillic attack of the isopeptide bond linking the SUMO to the substrate 

(Mukhopadhyay and Dasso 2007). Normally, this catalytic domain is located close to the C-

terminus though some exceptions exist especially in SENP6 and 7 where the domains are split in 

two (Mukhopadhyay and Dasso 2007). 
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Interestingly, both Ulp1p and the Ulp1p human homolgs, SENP1 and 2, have nuclear 

export signals and Ulp1p has been shown to regulate nuclear-cytoplasmic trafficking and in 

particular, the export of the 60S pre-ribosomal particle (Stade, Vogel et al. 2002; Panse, Kressler 

et al. 2006; Mukhopadhyay and Dasso 2007). SENP1 and SENP2 are known to localize around 

the nuclear pore (Hang and Dasso 2002; Zhang, Saitoh et al. 2002; Bailey and O'Hare 2004), 

whilst SENP3 and 5 are known to be present in the nucleolus (Di Bacco, Ouyang et al. 2006; 

Gong and Yeh 2006; Mukhopadhyay and Dasso 2007). SENP6 and 7 are localized in the 

nucleoplasm (Cheng, Bawa et al. 2006; Mukhopadhyay, Ayaydin et al. 2006). Each SENP also 

has a preference for SUMO1-3 paralogs (Mukhopadhyay and Dasso 2007). With respect to 

nuclear-cytoplasmic trafficking, it has been shown in vertebrates that the extreme end portion of 

the N-terminus of SENP2 is necessary for its association with the nucleoplasmic face of NPC 

(Hang and Dasso 2002). Importantly, Ulp1p (Panse, Kuster et al. 2003), and SENP1 (Kim, Sung 

et al. 2005), and SENP2 (Itahana, Yeh et al. 2006) are subject to export from the nucleus via the 

Ran-dependant nuclear export protein, CRM1.  

Table 1-1. Ubiquitin like proteases (Ulps) in yeast and their cellular localization 
Name Length 

aa 
NES Subcellular 

localization 
SUMO 

Maturation 
Deconjugation

Ulp1p 621 Yes Nuclear periphery Yes Yes 
Ulp2p 1034 No Nucleoplasm No No 

 
 

Table 1-2. SUMO/Sentrin specific endopeptidases in humans and their cellular localization 
Name Length 

aa 
NES Subcellular 

localization 
SUMO 

Maturation 
Deconjugation

SENP1 643 Yes Nuclear pore and 
nucleoplasmic 

speckles 

Yes Yes 

SENP2 589 Yes Nuclear pore Yes Yes 
SENP3 574 No Nucleolus Unknown Yes 
SENP5 755 No Nucleolus Unknown Yes 
SENP6 1112 No Nucleoplasm No No 
SENP7 984 No Nucleoplasm Unknown Unknown 
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The CRM1 Exporter 

CRM1 is a major transporter of proteins from the nucleus to the cytoplasm. It moves 

cargoes that contain a nuclear export signal (NES) rich in leucine residues (Fornerod and Ohno 

2002). CRM1 has a ring-like structure similar to that of the yeast exporter, Cse1, in the unbound 

state (Petosa, Schoehn et al. 2004; Cook, Bono et al. 2007). The crystal structure identifies a 

region in the CRM1 protein that forms a loop in the eighth HEAT repeat that is proposed to be 

responsible for regulating cargo binding by an allosteric mechanism (Petosa, Schoehn et al. 

2004). At present, little is known about the determinants of cargo binding to the CRM1 system. 

In the nucleus, CRM1 recognizes the NES of the cargo along with RanGTP. They 

together form the ternary complex, which is then localized to the nuclear pore complex (NPC) 

(Bischoff, Krebber et al. 1995). It is at this NPC that GTP hydrolysis occurs allowing for the 

release of RanGDP that destabilizes the loop conformation and allows for the release of the 

cargo from the binding site (Bischoff, Krebber et al. 1995).  

SUMO-Modification of P53 

One target protein of sumoylation is p53. It is modified at lysine 386 (Gostissa, 

Hengstermann et al. 1999; Rodriguez, Desterro et al. 1999; Muller, Berger et al. 2000; Kwek, 

Derry et al. 2001; Melchior and Hengst 2002; Dohmen 2004; Hilgarth, Murphy et al. 2004; 

Muller, Ledl et al. 2004). Literatures highlighting the role of SUMO modification of p53 vary. 

Gostissa et al. employed a luciferase reporter construct that contained the p53 response elements 

of the p21 promoter and reported that SUMO1 modified p53 enhanced transcription from the p21 

promoter (Gostissa, Hengstermann et al. 1999; Rodriguez, Desterro et al. 1999). In contrast, in a 

different study, it was suggested that SUMO-modification may not influence p53-mediated 

transcription (Muller, Berger et al. 2000; Kwek, Derry et al. 2001). Schmidt and Muller also 
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showed that there was no substantial increase in p53 mediated transcription of its targets 

(Schmidt and Muller 2003).  

To elucidate the nature of sumo-modification of the p53 tumor suppressor, our study 

utilizes two approaches: (1) a chemical induced fusion method and (2) SUMO fused to the C-

terminus of p53. The chemical induced fusion method utilizes the Argent™ Regulated 

Heterodimerization kit from Ariad technologies (Cambridge, MA). In this system, two 

differentially engineered fusion proteins are brought together through the addition of rapamycin, 

a small molecule dimerizer, which bridges the two fusion domains (Zhu, Zhang et al. 2006). The 

second approach utilizes the p53 open reading frame (ORF) fused to the SUMO ORF.  

Our results show that sumoylation of p53 appears to attenuate its transactivation 

potential. Sumoylation of p53 appears to promote nuclear export of p53, thereby reducing its 

nuclear concentration, leading to reduced activation of its target genes   

 

 

Figure 1-1. P53 Schematic. The tumor suppressor is a 396 amino acid long protein made up of 
five domains: (1) Transactivation domain (TAD), (2) Proline rich domain (PRD), (3) 
DNA binding domain (DBD), (4) Tetramerization/Oligomerization domain (4D), and 
(5) C-terminal regulatory domain (CTD). 

 



 

22 

 

Figure 1-2. SUMO Conjugation/deconjugation cycle. SENPs cleave the SUMO precursor (1) to 
give mature SUMO (2) that is then linked to the human E1 complex SAE1-SAE2 (3). 
The SUMO is eventually transferred to the E2 enzyme Ubc9 (4). Subsequently, 
SUMO is covalently attached to the target substrate’s lysine residue in the ΨKXE 
consensus amino acid sequence (5). The process is reversible as SENPs deconjugate 
SUMO from the target substrate (6). 

 

ΨKXE



 

23 

CHAPTER 2 
CELLULAR FUNCTIONS OF DAXX 

Daxx and Apoptosis  

Daxx, the death domain associated protein, was identified by a yeast two-hybrid screen as 

a protein interacting with the Fas receptor’s death domain (Yang, Khosravi-Far et al. 1997). It is 

a 120 kDa protein that is ubiquitously expressed in mammalian cells (Kiriakidou, Driscoll et al. 

1997). Both mice and human Daxx showed a 72% amino acid homology with each other 

(Kiriakidou, Driscoll et al. 1997). It was initially shown as a cytoplasmic protein linking Fas 

signaling to the JNK pathway via ASK1 (apoptosis signal-regulating kinase 1). A subsequent 

study showed that mouse Daxx could potentate ASK1 activation by binding to ASK1 and 

eventually relieving the inhibitory intramolecular interaction between the N-terminal and C-

terminal domains of the protein (Yang, Khosravi-Far et al. 1997). However, it has been shown 

that Daxx may not only exert pro-apoptotic effects but also anti-apoptotic effects, depending on 

specific contexts. Homozygous deletion of the Daxx gene in mice results in embryonic lethality 

whilst Daxx-deficient cells undergo apoptosis suggest an anti-apoptotic role for Daxx 

(Michaelson, Bader et al. 1999).  

Daxx and Transcription  

Daxx (Figure 2-1) interacts with SUMO-modified PML-NB (promyelocytic leukemia 

nuclear bodies). PML-NB is a nuclear domain implicated in oncogenesis and viral infection 

(Boisvert, 2000). It has been reported that PML-NB is rich in RNA and regulates gene 

expression (Boisvert, 2000). When PML is absent, Daxx is relocated to condensed 

heterochromatin where it could potentially be involved in some biochemical function (Ishov, 

Vladimirova et al. 2004). Subsequent studies revealed that Daxx could interact not only with 

core histones, but histone deacetylase 2 (HDAC2), Dek (Hollenbach, McPherson et al. 2002) and 
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the SWI/SNF chromatin remodeling protein ATRX (Xue, Gibbons et al. 2003). All together, 

these interactions, amongst others, indicated the possibility that Daxx might act as a regulator of 

transcription. It has been shown that Daxx interacts with p53 (Gostissa, Morelli et al. 2004; 

Zhao, Liu et al. 2004; Chang, Lin et al. 2005), Smad4 (Chang, Lin et al. 2005), and Pax 

transcription factor family members, as well as certain other transcription factors (Lehembre, 

Muller et al. 2001; Emelyanov, Kovac et al. 2002; Hollenbach, McPherson et al. 2002). 

Therefore, Daxx can modulate gene expression mediated by transcription factors. 

Interestingly, a recent study revealed that Daxx binds to small ubiquitin-like modifiers 

(SUMOs) when they are conjugated to specific proteins and this interaction is mediated through 

a conserved sequence termed SUMO-interacting motif (SIM) near the C-terminus of the Daxx 

protein (Lin, Huang et al. 2006). Furthermore, the Daxx-SUMO interaction appears to be 

important for intranuclear targeting of Daxx to PML-NB as well as its transcriptional repression 

activity (Gill 2004; Lin, Huang et al. 2006). Given the well-supported role for sumoylation in 

transcriptional repression (Gill 2004), interaction between sumoylated transcription factors and 

Daxx may indeed underlie Daxx-mediated repression. Nevertheless, it is worth noting that Daxx 

can potentiate heat shock factor 1 (HSF1)-mediated transcription (Boellmann, Guettouche et al. 

2004). HSF1 is a known SUMO-mediated transcription factor (Hong, Rogers et al. 2001; 

Hietakangas, Ahlskog et al. 2003). Daxx-SUMO interaction might also lead to transcriptional 

activation. 

Daxx is only found in the animal kingdom. In humans, the Daxx gene resides in 

chromosome 6p21.32, centromeric to the major histocompatibility complex (MHC) region. A 

Daxx-like protein (a.k.a DLP) is also present in the Drosophila genus and other insect species. 

Surprisingly, the putative Drosophila protein has 1659 amino acid residues, much larger than the 
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human counterpart of 740 residues. Sequence comparison indicates that a region spanning ~200 

residues near the C-terminus of DLP represents the conserved domain of the Daxx family of 

proteins during evolution, which we refer to as the core domain. Thus, the majority of the DLP 

sequence is not conserved and likely dispensable for function. In the Daxx core domain, two 

putative coiled-coil domains are present. These coiled-coil domains are conserved in the animal 

kingdom and as such they probably play structural roles; for example, the core domain may 

mediate homo or hetero-oligomerization via the coiled-coil sequences. Interestingly, like human 

Daxx that physically binds to the tumor suppressor p53 and regulates its activity (Kim, Park et al. 

2003; Zhao, Liu et al. 2004), interaction between DLP and Drosophila p53 is also observed 

(Bodai, Pardi et al. 2007), suggesting that the Daxx family of proteins probably also have 

conserved functions. Nonetheless, it remains to be determined whether the conserved functions 

of Daxx family are mediated through common functional domains.  

In our study, we have uncovered a novel SIM near the N-terminus of the human Daxx 

protein. This motif, like the previously reported SIM near the C-terminus (Lin, Huang et al. 

2006), interacts with SUMO moiety and is highly conserved throughout evolution, suggesting 

that SUMO-biding property is critical for diverse cellular functions ascribed to Daxx. Additional 

conserved domains include a stretch of acidic residues and a highly conserved domain seen in 

most animal species but not in insects. Interestingly, the sequences between the conserved 

domains are extremely variable in distant species. Thus, preservation of essential functions is 

likely the principal constraint of molecular evolution of the Daxx family. 
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Figure 2-1. Cellular Functions of Daxx. Daxx is known to interact with SUMO-modified 
proteins such as PML or other proteins (e.g. MSP58 and ATRX). In terms of 
transcriptional regulation, Daxx can downregulate transcription of certain targets 
through interaction with SUMO-modified transcription factors. It can also upregulate 
HSF-1 mediated transcription. 
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CHAPTER 3 
MATERIALS AND METHODS 

Materials  

PC4-RHE, pC4EN-F1, and pC4EN-F2 were obtained from Ariad Technologies 

(Cambridge, MA). pCDNA 3.1 Myc-His (+) was obtained from Invitrogen (Carlsbad, CA). 

SUMO-1 G97A-FRB-HA (SUMO-1-FRB) was obtained from Michael Matunis (Johns Hopkins 

University). pExchange-3, pAdEasy-1 and pShuttle-CMV vectors were obtained from Stratagene 

(La Jolla, CA). Rapamycin and anti-FLAG® M2-Agarose were obtained from Sigma-Aldrich 

(St. Louis, MO). 

Antibodies 

Anti-p53 (DO-1) mouse monoclonal antibody, anti-p53 rabbit polyclonal antibody (FL 

393), and HA rabbit monoclonal were obtained from Santa Cruz Biotechnology (Santa Cruz, 

CA). Anti-FLAG rabbit polyclonal antibody was obtained from Sigma-Aldrich (St. Louis, MO). 

Anti-GFP and anti-Myc mouse monoclonal antibodies were obtained from Babco (Berkeley, 

CA).  

Cell Lines  

Human colorectal cancer line HCT116 p53-/-, Osteosarcoma cell line Saos2, and lung 

cancer cell line H1299 are all deficient of wild-type p53. Double knockout for p53 and Mdm2 

mouse embryonic fibroblasts (MEFp53/Mdm2 =/=) were also used. Cells were cultured in Dulbecco 

Modified Eagle Medium supplemented with 10% fetal bovine serum and 1% 

penicillin/streptomycin antibiotic and incubated at 37ºC in an atmosphere with 5% CO2.  

Cloning p53-SUMO Fusion Constructs 

To make the p53-SUMO fusion constructs, the DNA fragments encoding SUMO-1 and 3 

were PCR amplified and inserted into the BamHI and HindIII sites of pExchange-3B 
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(Stratagene). The DNA fragment encoding p53 was then cloned into the BamHI site of the 

pExchange-3B-SUMO constructs to generate p53-SUMO1 and p53-SUMO3. The DNA 

encoding the p53 R248W mutant was cloned into the BamHI site of the pExchange-3B-SUMO1 

to generate p53-R248W-SUMO1. The DNA encoding GFP, p53, p53-SUMO1, p53-SUMO3, 

and p53-R248W-SUMO1 were cloned into pShuttle-CMV to generate recombinant adenovirus 

(Ad): Ad-GFP, Ad-wt p53, Ad-p53-SUMO-1, Ad-p53-R248W-SUMO-1, and Ad-p53-SUMO-3 

using the AdEasy system (Stratagene). 

Cloning DNA Constructs for Rapamycin-induced Fusion 

For the chemical induced fusion model, pC4-RHE, pC4EN-F1, and pC4EN-F2 from 

Argent™ Regulated Heterodimerization kit from Ariad Technologies (Cambridge, MA) were cut 

with SpeI and XbaI to release the DNA fragments encoding 1xFKBP, 2xFKBP, and the FRB 

respectively. The fragments were individually cloned to pcDNA 3.1 Myc-His (+) at the XbaI site 

to generate pcDNA-1xFKBP-myc-His6 (1xFKBP), pcDNA-2xFKBP-myc-His6 (2xFKBP), and 

pcDNA-FRB-myc-His6 (FRB). The DNA fragment encoding p53 was cloned into the EcoRI site 

of pcDNA-1xFKBP, pcDNA-2xFKBP, and pcDNA-FRB to respectively generate pcDNA-p53-

1xFKBP (p53-1xFKBP-myc-His6), pcDNA-p53-2xFKBP (p53-2xFKBP-myc-His6) and 

pcDNA-p53-FRB (p53-FRB-myc-His6). SUMO3 with point mutation G92A was cloned into the 

EcoRI site of pC4-RHE to generate pC4-RHE-SUMO3 G92A-FRB-HA (SUMO3-FRB). 

SUMO1 G97A-FRB-HA (SUMO1-FRB) was obtained from Michael Matunis (Johns Hopkins 

University). The DNA fragment encoding SUMO3 G92A was also inserted into the Bgl II site of 

pEGFP-C1 to generate GFP-SUMO-3 G92A. SUMO1-FRB and SUMO3-FRB were point 

mutated to give the F36A and F31A substitutions respectively (SUMO1 F36A FRB and SUMO3 

F31 FRB). 
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Transfection  

MEFp53/Mdm2 =/= and the human tumor cell lines HCT116 p53-/-, H1299, and Saos2 which 

were either transiently transfected with various DNA plasmids using either Effectene (Qiagen, 

Valencia, CA) or Lipofectamine (Invitrogen, Carlsbad, CA) transfection reagent kits or infected 

with an Ad vector expressing GFP, p53, p53-SUMO-1, p53-SUMO-3, p53-R248W-SUMO-1. 

For rapamycin induced hetero-dimerization, rapamycin was added to a final concentration of 0.1 

µM 6 hours post-transfection.   

Immunofluorescence Microscopy 

Saos2, H1299, and MEFp53/Mdm2 =/= cells were grown up to 30-50% confluency on glass 

coverslips before they were transiently transfected. The cells were washed with phophate 

buffered saline (PBS) and fixed with 1 ml of 3% paraformaldehyde (in PBS with 0.1 mM MgCl2 

and 0.1 mM CaCl2) for 15 minutes at room temperature. They were washed once with PBS and 

then permeablized with 1 ml of 0.2% Triton X-100 (in PBS) for 15 minutes at room temperature 

before being washed twice with PBS and blocked with 1 ml of blocking solution (PBS 

containing 2% FBS, 0.1% Sodium Azide, 0.1% Tween 20) for 30 minutes at room temperature. 

The cells were stained with primary antibody(ies) (1:200 dilution in blocking buffer) for 30 

minutes at room temperature and then with secondary IgG rhodamine or FITC conjugate (1:200 

dilution in blocking buffer) in the dark at room temperature for 30 minutes. The coverslips were 

mounted on glass slides using Vectashield® mounting medium with DAPI from Vector 

Laboratories, Inc. (Burlingame, CA) and the cells were examined under red, green, and blue 

channels with Zeiss Axiophot microscope (Carl Zeiss, Thornwood, NY) using 20X and 63X 

objectives.  
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Luciferase Reporter Gene Assays  

The firefly luciferase reporter driven by the p53 target promoters (p21, PUMA, Mdm2, 

PIG3, Fas, AIP, and PIDD) were used. These promoter DNA fragments were cloned into the 

HindIII site of pGL3-Basic (Promega, Madison, WI). The firefly luciferase reporter under the 

control of an artificial promoter containing five consecutive Gal4-binding sites upstream of the 

adenovirus E4 core promoter containing a TATA box and an initiator (Inr) element was also 

generated. The full-length c-Jun ORF was fused with the coding sequence for Gal4 DNA-

binding domain. The reporters along with a sea pansy luciferase reporter were transiently 

transfected into HCT116 p53-/- and H1299 cells. Each transfection was done in duplicate. Dual 

luciferase reporter assays from Promega (Madison, WI) were conducted 24h after transfection. 

The firefly luciferase activities were normalized against that of the sea pansy.  

Colony Formation Assays  

H1299 cells were transfected with 1 µg empty vector or that for the expression of wt p53, 

p53-SUMO-1, p53-SUMO-3, or p53 R248W-SUMO-1, along with 0.1 µg plasmid for the 

expression of puromycin-resistant gene. Cell growth was selected in medium containing 2 µg/ml 

puromycin (Sigma-Aldrich, St. Louis, MO) for two weeks. The plates were then stained with 

methylene blue. 

Real Time PCR  

H1299 cells were infected with adenoviral vector containing either GFP, wt-p53, p53-

SUMO-1, p53-R248W-SUMO-1, and p53-SUMO-3 in duplicate. Total cellular RNA was 

prepared from the mock-infected and infected cells using the Serious RNA Purification™ 

(Gentra Systems) or Purelink™ Micro-to-Midi (Invitrogen) kits. The RNA was subjected to 

reverse transcription with random hexamers using SuperScript™ First-Strand Synthesis kit 

(Invitrogen). The cDNA generated was used for real-time PCR with SYBR green reagents using 
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PCR primers for p21 (CCGCGACTGTGATGCGCTAATG and 

CTCGGTGACAAAGTCGAAGTTC), PUMA (TGCGGCGGATGGCGGACGAC and 

TCCAGGGTGAGGGGCGGTGC), and Mdm2 (GTGAATCTACAGGGACGCCATC and 

CTGATCCAACCAATCACCTGAA). House keeping gene beta-actin mRNA was also subjected 

to real-time PCR using primer pair (GCTCCTCCTGAGCGCAAGTACTC and 

GTGGACAGCGAGGCCAGGAT). The relative levels of p21, PUMA, and Mdm2, were 

normalized against that of beta-actin. 

Yeast Two-Hybrid Assays 

Different DNA fragments of the Daxx, p300 and CRM1 ORFs were fused to Gal4 DNA-

binding domain (BD) in plasmids pGBDU-C(x). Site-specific mutations of Daxx, SUMO, Ubc9, 

and p53 were made using Quick-Change protocol (Stratagene). The Daxx constructs were tested 

for interacting with SUMO or Ubc9 ORF fused to Gal4 AD (activation domain). The p300 and 

CRM1 constructs were tested for interacting with SUMO and/or p53 fused to Gal4 AD. Two 

complementary oligonucleotides that encode the Drosophila melanogaster SIM1 

(MSASVICVDLSSESD) or SIM2 (PVIADQIIISDEES) were annealed and ligated to the pGAD-

C1 or pGBDU-C1 vector at the EcoRI and PstI sites. Yeast two-hybrid assays were conducted as 

described (Liu, Colosimo et al. 2000).  

Glutathione-S-Transferase (GST) Pull-Down Assays 

DNA fragment encoding the N (aa 1-130) or C-terminal region (aa 644-740) of Daxx was 

fused to the ORF of GST. The GST fusion proteins were expressed in and purified from E. coli. 

The purified GST fusion proteins immobilized in glutathione Sepharose 4B were separately 

incubated with 0.1 µg of purified SUMO1 (Boston Biochem, Cambridge, MA) in buffer A (50 

mM Tris, pH 8, 150 mM KCl) at room temperature for 30 min. The beads were washed four 

times with buffer A. The beads were then resuspended in SDS sample buffer and the dissolved 
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samples were subjected to SDS-PAGE and Western blot analysis using anti-SUMO1 monoclonal 

antibody (clone 21C7, Zymed).   

Sequence Analysis 

The Daxx protein sequences in different species were deduced from nucleotide sequences 

and retrieved from GenBank, Swiss-Prot or Ensembl (www.ensembl.org/index.html). The 

protein sequences were aligned using the ClustalW program in the MacVector software package 

and visually inspected to correct obvious misalignments.   

FLAG Immunoprecipitations (FLAG IPs) 

Cells were lysed in situ with cold buffer B [20 mM Tris-HCl, pH 8.0, 5 mM MgCl2, 10% 

glycerol, 0.1% NP-40, 150 mM KCl and 100x diluted protease inhibitor cocktails (Sigma 

P8340)]. Lysate was frozen at -80°C for 30 minutes and then thawed at room temperature. 

Lysate was rotated at 4°C for 30 minutes.  Lysate was spun down at 4°C for 10 minutes at 13k 

rpm. Half the supernatant was used for IP and the other half used as input control. Anti-FLAG® 

M2-Agarose (Sigma) was pretreated with 0.1 M glycine (pH 2.5) for 2 minutes at room 

temperature. Beads were washed twice with 0.1 M Tris (pH 8.0). The beads were mixed with 

clear cell extracts. The mixture was rotated at 4°C for 2 hrs. It was then centrifuged at 4k rpm for 

2 minutes and the supernatant aspirated. Buffer B was added to the beads. The mixture was 

inverted several times and the beads were settled by centrifugation and the supernatant removed. 

This step was repeated thrice. Bound proteins were eluted by incubating with buffer B containing 

0.1 mg/ml FLAG peptide at 4 °C for 1 hr with agitation, or by boiling directly in 10-20 µl 2x 

SDS sample buffer. Samples were analyzed by Western blotting. 
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CHAPTER 4 
SUMO-MODIFICATION OF P53 NEGATIVELY REGULATES P53-MEDIATED 

FUNCTIONS 

The importance of posttranslational SUMO modification in diverse cellular mechanisms 

has become increasingly apparent. One technical challenge for assessing functional impacts of 

sumoylation is the instability of SUMO-modified proteins. The SUMO moiety is quickly 

removed from p53 in the cell (Dohmen 2004). This problem might complicate several previous 

studies regarding the functional significance of p53 sumoylation. Under normal conditions, 

SUMO-modified p53 is undetectable, thus suggesting rapid desumoylation by SENPs. In order to 

circumvent the destabilization of SUMO-modified p53 by the SENPs, stable p53-SUMO fusions 

were generated via two ways. The first involved genetic manipulation where SUMO was fused 

in-frame to p53 at its C-terminus (described in chapter 3). This allows for a stabilized p53-

SUMO product that cannot be cleaved by SENPs. The second method involved chemical 

dimerization of p53 to SUMO by rapamycin using Argent™ Regulated Heterodimerization kit 

(Bayle et al. 2006; Dirnberger et al. 2006; Zhu et al. 2006). Here, the engineered FKBP and FRB 

domains were fused respectively to p53 and SUMO (described in chapter 3). FKBP is a 

derivative of FKBP12, an abundant cytoplasmic protein that is the initial intracellular target for 

the immunosuppressive drugs FK506 and rapamycin (Siekierka et al. 1989; Balbach et al. 2000). 

FRB is a derivative of the rapamycin-binding domain of mTOR, a cytoplasmic protein and a 

major regulator of many biological processes essential for cell proliferation, angiogenesis, and 

cell metabolism. Rapamycin, an immunosuppressant, forms a complex with FKBP and together 

they bind to FRB to form a heterodimer. This technique artificially simulates SUMO-

modification of p53 and provides an alternative to the p53-SUMO fusion construct.  With these 

techniques, the association of SUMO to p53 could be efficiently manipulated, permitting us to 

assess the potential functional significance of p53 sumoylation. 
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SUMO-Modified p53 is Unable to Suppress Clonogenic Growth  

We initially assessed the potential impact of p53 sumoylation on its function using 

colony formation assays in order to determine if the p53-SUMO constructs could arrest cell 

growth like wild-type p53. We examined the SUMO modifiers SUMO1 and SUMO3, two 

proteins that are known to conjugate to p53. H1299 lung cancer cells, deficient in p53, were 

cotransfected in duplicate with an expression plasmid for the puromycin-resistant gene together 

with either an empty vector control, wt p53, and the p53-SUMO fusions, p53-SUMO1 and p53-

SUMO3. A negative control, p53-R248W-SUMO1 was also used. This p53-SUMO1 mutant has 

a mutation in the p53 DNA-binding domain which prevents it from binding to p53 target 

promoters and blocks p53’s ability to bring about cell growth arrest. Colony formation assays 

were carried out in puromycin-containing media selecting for those cells cotransfected with the 

puromycin gene and the fusion constructs. The plates were stained with methylene blue (Figure 

4-1). 

The absence of colonies reflected the ability of wild-type p53 to abolish H1299 

clonogenic growth (Panel B, Figure 4-1) as expected. Surprisingly, both p53-SUMO1 and p53 

SUMO3 were largely defective to suppress cell growth as seen by the numerous H1299 colonies 

(Panels C and D, Figure 4-1) in contrast to previous reports that sumoylation of p53 might 

enhance cell growth arrest (Gostissa et al. 1999). As expected, the DNA-binding mutant p53 

R248W-SUMO1 failed to inhibit cell growth (Panel E, Figure 4-1). These results suggest that 

sumoylation of p53 might impair its function in tumor growth suppression. 

SUMO Modification Inhibits Transcription of p53 Target Genes  

Because p53 is a transcription factor, we assessed whether SUMO modification would 

impact p53-mediated transcription. Different p53 target promoters (Fas, Mdm2, PIG3, and 

PIDD) were fused to the luciferase gene in the pGL3-Basic vector. Colorectal cancer cells 
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deficient for p53 (HCT116 p53-/-) were transiently transfected with the different p53 target 

promoter reporter constructs along with the SUMO1 and SUMO3 fused p53 constructs as 

indicated by the legend in Figure 4-2. The transfected cells were harvested 24h posttransfection 

and whole cell extracts were processed for luciferase assays. Luciferase reporter gene assays 

(described in chapter 3) were carried out. The luciferase activity was normalized against that of 

the control transfected with an empty vector. Expression of wt p53 resulted in marked activation 

of p53-responsive promoters of Fas (∼8 fold), Mdm2 (∼30 fold), PIG3 (∼50 fold), and PIDD 

(∼110 fold). P53-SUMO1 and p53-SUMO3 were largely defective in activating the p53 target 

promoters (Fas (∼3 fold), Mdm2 (∼5 fold), PIG3 (∼5 fold), and PIDD (∼25 fold)) (Figure 4-2). 

Hence, SUMO conjugation to p53 appeared to impair the ability of p53 to activate transcription 

from various p53 target promoters.  

To substantiate the results of the above luciferase reporter gene assays, we transduced 

H1299 cells with recombinant adenoviral vectors expressing GFP, wt p53, p53-SUMO1, p53-

SUMO3, and the p53-R248W-SUMO1 mutant. The wt p53 and the p53-SUMO constructs were 

the same ones as in the colony formation assays. Forty-eight hours posttransduction, cells were 

washed and harvested. The whole cell extracts were then analyzed for the expression of several 

p53 target genes using real-time PCR to determine their mRNA levels.  

The following genes for mRNA analysis were selected as they represent well studied p53 

target genes: p21, Mdm2, and PUMA. The RNA levels were normalized to that of non-

transfected cells. Real-time analysis showed markedly elevated mRNA levels for p21 (∼60 fold), 

PUMA (∼6 fold), and Mdm2 (∼40 fold) in H1299 cells expressing wt p53 (Figure 4-3). H1299 

cells infected with adenovirus expressing p53-SUMO1 showed lower mRNA levels for p21 (∼2 

fold), PUMA (∼2 fold), and Mdm2 (∼10 fold). Cells infected with adenovirus expressing p53-
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SUMO3 also showed lower mRNA levels for p21 (no change), PUMA (no change), and Mdm2 

(∼5 fold).  As expected, cells infected with adenovirus for GFP and p53-R248W-SUMO1 

controls showed little fold changes in mRNA levels (Figure 4-3). The results thus demonstrated 

that under normal conditions SUMO-fusion of p53 inhibited p53-mediated transcription.  

Effects of p53 Sumoylation through Inducible Heterodimerization  

In order to validate the results utilizing the p53-SUMO fusion constructs, a different 

approach was employed based on the chemical induced fusion model developed by Ariad 

Technologies. This strategy involved the fusion of engineered domains (1xFKBP, 2xFKBP, and 

FRB) to the proteins of interest and the introduction of a chemical dimerizer to bring about a 

tight association of the two proteins. The C-terminus of p53 was fused to the 1xFKBP, 2xFKBP, 

and FRB domains (p53-1xFKBP, p53-2xFKBP, and p53-FRB). The C-terminus of SUMO was 

fused to the FRB domain (SUMO-FRB). Introduction of rapamycin resulted in a tight association 

between the 2xFKBP and FRB domains in a fashion mimicking SUMO’s C-terminal conjugation 

to the Lys386 of p53.  

P53 and SUMO fusions used for heterodimerization were generated as indicated in 

Materials and Methods (see chapter 3). In order to determine if p53-1xFKBP, p53-2xFKBP, and 

p53-FRB fusion constructs mimicked physiological p53 in terms of their ability to activate 

transcription, we tested these constructs using luciferase assays in conjunction with Western blot 

analysis. Immunoflourescence studies were carried out to determine if p53-2xFKBP exhibited 

similar subcellular localization as wt-p53. 

 H1299 cells lacking endogenous p53 were transiently transfected with the firefly 

luciferase reporter driven by the p53 target p21 promoter as well as wt-p53, p53-1xFKBP, p53-

2xFKBP, or p53-FRB. Luciferase assays were conducted on whole cell extracts (WCEs) to 
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determine the transcriptional activity of the artificial p53 constructs. Luciferase activity was 

normalized to that of control transfected with an empty vector. Protein levels of these constructs 

in WCEs were examined by Western blot analysis with mouse anti-p53 (DO1). P53-2xFKBP had 

the highest luciferase activity. The fold induction by p53-FRB construct was smaller compared 

to wt p53, p53-2xFKBP or p53-1xFKBP, which might be attributable to the obviously lower 

protein levels of p53-FRB (Figure 4-4). Wt-p53 and p53-1xFKBP also markedly activated the 

expression of the luciferase. The results indicated that, similar to wt p53, the artificial p53 

constructs retained transactivation potential from the p21 promoter. Therefore, the attachment of 

1xFKBP, 2xFKBP, or FRB to the C-terminus of p53 did not affect the transactivation potential 

of p53. P53-2xFKBP was arbitrarily selected for further studies. 

To further demonstrate the similarity of the p53-2xFKBP to wt p53 in terms of their 

cellular localization, immunoflourescence (IF) experiments were carried out on p53 deficient 

Saos2 cells. They strongly adhere to coverslips compared to H1299 cells, which facilitated the 

experimental procedure in IF. These cells were transiently transfected in duplicate with vectors 

for either wt-p53, p53-2xFKBP, or p53-2xFKBP together with that for the FRB domain. Cells 

were either untreated or treated with rapamycin to the final concentration of 0.1 µM 6h 

posttransfection. It is well known that p53 is strongly localized to the nuclear compartment 

(Lang, Iwakuma et al. 2004; Green and Chipuk 2006) and we wanted to determine if the p53-

2xFKBP construct also showed similar nuclear localization. P53-2xFKBP in free form indeed 

showed strong localization in the nuclear compartment similar to wt-p53 (Figure 4-5). P53-

2xFKBP chemically fused to FRB also showed strong nuclear localization indicating that FRB 

had no effect on subcellular localization of p53-2xFKBP (Figure 4-5). We can therefore 

conclude from the luciferase reporter assays and the IF experiments that fusion of p53 to the 
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2xFKBP domain as well as its subsequent heterodimerization with FRB did not affect its 

transactivation activity or subcellular localization. Hence, p53-2xFKBP behaved like wt-p53. 

Effects of Rapamycin-Induced p53-SUMO Heterodimerization on p53-Mediated 
Transcription  

Upon sumoylation, the transactivation function of p53 appeared to be impaired as 

demonstrated in luciferase reporter assays and real-time PCR using the p53-SUMO fusions 

(Figures 4-2 and 4-3). To substantiate those results using the chemical induced dimerization 

system, H1299 cells deficient of p53 were transiently transfected in duplicate with a luciferase 

reporter driven by the p21 promoter along with p53-2xFKBP and SUMO-FRB constructs (Figure 

4-6). The cells were either untreated (white bar graph) or treated (black bar graph) with 

rapamycin, to the final concentration of 0.1 µM 6h posttransfection. Cells were then harvested 

24h posttransfection and whole cell extracts were processed for luciferase assays. Normalized 

luciferase activities were expressed relative to the basal promoter activity (control). Chemical 

fusion of either SUMO1-FRB or SUMO3-FRB with p53-2xFKBP showed significant decreases 

in p21 reporter activity (black bar graph) when compared to reporter levels of untreated samples 

(white bar graph). Rapamycin had no effect on transcription from the p21 promoter mediated by 

wt p53 as demonstrated by similar luciferase levels of untreated and rapamycin-treated cells. 

Similarly, coexpression of GFP-SUMO3 and p53-2xFKBP only moderately decreased the 

reporter activity in the presence of rapamycin (Figure 4-6). GFP-SUMO3 was not expected to 

interact with p53-2xFKBP due to the absence of the FRB domain. Hence, tethering SUMO 

moiety to p53 through rapamycin-induced heterodimerization of p53-2xFKBP and SUMO-FRB 

inhibits p53-mediated transcription. 
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SUMO Modification Promotes Nuclear Export of p53 

P53 is a transcription factor and present in the nucleus. Under normal conditions, p53 

levels are kept low as it is believed that p53 is exported to the cytoplasm where it is degraded 

(Lane 1992; Leveillard, Gorry et al. 1998). Our previous results demonstrated that SUMO 

negatively regulated p53-mediated transcription. To determine if sumoylation of p53 affects its 

subcellular localization, the localization of p53-SUMO fusions (p53-SUMO1 and 3) was 

examined through IFs. Saos2 cells were transiently transfected with p53-SUMO1 and p53-

SUMO3 fusion constructs. Twenty-four hours posttransfection, cells were fixed and stained with 

mouse anti-p53 (DO1) antibody followed with secondary antibody anti-mouse IgG conjugated to 

rhodamine. Wt p53 was predominantly seen in the nucleus (Figure 4-5A). However, the covalent 

p53-SUMO1 and p53-SUMO3 fusion constructs were seen not only in the nucleus but also in the 

cytoplasm (Figure 4-7A and 4-7B respectively). Quantitative analysis demonstrated that 50-60% 

of transfected cells showed the presence of p53-SUMO fusions in the cytoplasm compared to 

only 10% of transfected Saos2 cells that showed cytoplasmic wt p53 (Figure 4-7C).  

To further investigate if SUMO modification may have a role in regulating p53 

localization, Saos2 cells were transfected in duplicate with p53-2xFKBP and SUMO-FRB 

constructs as indicated in the legend to Figure 4-8. Six hours posttransfection, cells were treated 

with rapamycin to the final concentration of 0.1 µM. Twenty-four hours posttransfection, cells 

were fixed and probed with mouse anti-p53 (DO1) and rabbit anti-HA antibody to detect SUMO-

FRB that was HA-tagged. Secondary antibodies used were anti-rabbit IgG conjugated to FITC or 

anti-mouse IgG conjugated to rhodamine. Subcellular distribution of p53 was examined using 

immunofluorescent microscopy. In the absence of rapamycin, p53-2xFKBP was mostly localized 

in the nucleus, regardless of the coexpressed constructs (SUMO1-FRB, SUMO3-FRB or GFP-

SUMO3 G92A, panels A, B, C of Figure 4-8). Strikingly, in the presence of rapamycin, p53-
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2xFKBP was localized predominantly in the cytoplasm, when either SUMO1-FRB (panel D) or 

SUMO3-FRB (panel E) was coexpressed. As expected, coexpression of GFP-SUMO3 G92A 

construct, which lacked the FRB domain, did not affect nuclear localization of p53-2xFKBP 

despite the presence of rapamycin (panel F). These observations demonstrated that attachment of 

SUMO to p53 through rapamycin-mediated heterodimerization resulted in cytoplasmic 

localization of p53, in agreement with the notion that SUMO modification of p53 promotes 

nuclear export of p53. Quantitative analysis of transfected cells (Figures 4-8G-H) further 

demonstrated that SUMO chemically fused to p53 was frequently present in the cytoplasm 

(black bar). Wt p53 and p53-2xFKBP in the absence of rapamycin showed strong localization in 

the nucleus (Figure 4-5).  

Mdm2 might be Involved in Promoting Cytoplasmic Localization of p53  

Previous studies have shown that the major p53 regulator, Mdm2, has a critical role in 

regulating subcellular localization of p53. Here, Mdm2 binds to p53’s transactivation domain 

and posttranstionally modifies p53 with ubiquitin or ubiquitin-like modifiers (SUMO) as an E3 

ligase, and the cysteine residue at position 438 is critical for the ligase activity (Di Ventura, 

Funaya et al. 2008; Jackson and Berberich 2000). We investigated whether Mdm2 also 

influences SUMO-mediated nuclear export of p53 as mentioned above. Mouse embryonic 

fibroblasts (MEF) with double knockouts of both p53 and Mdm2 (MEFp53/Mdm2 =/=) were 

transiently transfected with p53-2xFKBP together with either SUMO1-FRB, or SUMO3-FRB. 

P53-2xFKBP was Myc-tagged and the SUMO-FRBs were HA-tagged. Six hours 

posttransfection, cells were treated with rapamycin to the final concentration of 0.1 µM. Twenty-

four hours posttransfection, cells were fixed and treated with anti-Myc and anti-HA antibody. 

The secondary antibodies were anti-rabbit IgG conjugated to FITC or anti-mouse IgG conjugated 

to rhodamine. Immunoflourescent microscopy experiments demonstrated that both in the 
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absence and presence of rapamycin, p53-2xFKBP (red) was localized to the nucleus (results not 

shown). MEFp53/Mdm2=/= was again transfected with p53-2xFKBP together with either SUMO1-

FRB, or SUMO3-FRB along with either wild-type Mdm2 or the Mdm2 (C438A) mutant lacking 

E3 ligase activity. In the absence of rapamycin, p53-2xFKBP (red) was strongly localized in the 

nucleus as expected (Figure 4-9A and E). Upon addition of rapamycin, p53-2xFKBP (red) was 

present in both the cytoplasm and the nucleus, when Mdm2 was also expressed, in 80% of 

transfected cells (Figure 4-9B & F). In contrast, when Mdm2 C438A mutant was coexpressed, 

p53-2xFKBP (red), even with the coexpression of SUMO1-FRB or SUMO3-FRB (green) and 

the presence of rapamycin, remained in the nuclear compartment (Figure 4-9D and H). This was 

seen for 90% of transfected cells. Quantitative analysis of transfected MEFs shown in Figures 4-

9I-J further demonstrated that p53-2xFKBP chemically fused to SUMO-FRB was frequently 

present in the cytoplasm when wt-Mdm2 but not with mutant Mdm2 was coexpressed. These 

results suggest that Mdm2 and its E3 ubiquitin ligase function appeared to play an important role 

in regulating SUMO-mediated cytoplasmic localization of p53.  

Involvement of the SUMO Pocket that Binds to SIM 

Structural study revealed that a specific pocket on the SUMO protein is responsible for 

interacting with previously characterized SUMO-interacting motif (aka SIM, also see Chapter 5 

below). The SUMO pocket has been implicated in protein-protein interactions. The pocket is 

hydrophobic in nature (Baba et al 2005; Hecker et al, 2006) and consists of amino acids such as 

phenylalanine, valine, and leucine. SUMO1 has a phenylalanine at position 36, which is critical 

for interacting with SIM. Likewise, the corresponding F31 in SUMO3 is also essential for 

binding to SIM.  

In order to determine if the SUMO pocket is important for the nuclear export of p53, we 

mutated F31 of SUMO3 and F36 of SUMO1 to alanine. The mutant constructs were then fused 
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to the FRB construct (see chapter 3) and transfected into Saos2 along with p53-2xFKBP and the 

transfected cells were either treated or untreated with rapamycin as demonstrated in the legend to 

Figure 4-8. The transfected cells were then examined using immunoflourescent microscopy. As 

shown in Figure 4-10A-B, the addition of rapamycin to cells with coexpression of p53-2xFKBP 

(red) and SUMO3 F31A-FRB (green) failed to induce nuclear export of p53. The same 

phenomenon was observed with SUMO1 F36A-FRB (Figure 4-10 C-D). The results tabulated in 

Figure 4-10E showed that p53 exhibited nuclear localization in 95% of the transfected cells 

despite the presence of SUMO3 F31A-FRB and rapamycin. On the contrary, SUMO1-FRB and 

SUMO3-FRB when chemically fused to p53-2xFKBP in the presence of rapamycin were 

observably shifted to the cytoplasm (Figure 4-8G-H). The results thus demonstrated the SIM-

binding pocket of SUMO is important for SUMO-mediated nuclear export of p53, possibly via a 

SIM of an undetermined protein involved in export (Figure 4-10F). 

P53 is Exported as a Tetramer 

Current paradigm regarding nuclear export of p53 holds that in order for p53 to be 

exported, the NES of p53 must be exposed. The export protein, CRM1, interacts with the p53 

NES and forms a complex along with another protein RanGTP (Petosa, Schoehn et al. 2004). 

This complex is then shuttled to the nuclear pore complex on the nuclear membrane where p53 is 

released to the cytoplasm. Since the NES is embedded in the oligomerization domain of p53 

(4D), disruption of the p53 tetramer is required to expose the NES. We found above that 

tethering SUMO to p53 results in nuclear export of p53. If the paradigm still holds true, we 

would expect the disruption of p53 tetramer upon rapamycin-induced heterodimerization. To test 

this, we carried out immunoprecipitation (IP) experiments. FLAG-p53 (generated by fusing 

FLAG to p53’s N-terminus) was co-expressed with p53-2xFKBP (76-kDa) and SUMO3-FRB 

constructs. In the parallel control experiment, FLAG-p53 was coexpressed with GFP-p53 (80-
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kDa)(generated by fusing GFP to p53’s N-terminus) and SUMO3-FRB constructs. The 

transfected cells were either untreated or treated with rapamycin 6h posttransfection. Twenty-

four hours posttransfection, the cells were then processed for IP using anti-FLAG M2 antibody 

conjugated to agarose beads. Western blot analysis was done using anti-p53 (DO1) antibody. As 

shown in Figure 4-11A, both p53-2xFKBP (Panel 1, IP lane) construct and GFP-p53 (Panel 2, IP 

lane) was coprecipitated with FLAG-p53 in the absence of rapamycin. This suggested that 

FLAG-p53 could oligomerize with both p53-2xFKBP and GFP-p53 as expected. In the presence 

of rapamycin, GFP-p53 was coprecipitated with FLAG-p53 (the 80-kDa band) (Figure 4-11B 

Panel 4, IP lane). This was expected as rapamycin should have no influence on their association. 

However, in the presence of rapamycin when p53-2xFKBP was chemically fused to SUMO3-

FRB, FLAG-p53 still pulled down the 76-kDa p53-2xFKBP band (Figure 4-11B Panel 3, IP 

lane). These results suggested that rapamycin-mediated attachment of SUMO3-FRB to p53-

2xFKBP did not result in the dissociation of the p53 tetramer, as FLAG-p53 could still form a 

complex with p53-2xFKBP that is attached to SUMO3-FRB by rapamycin. 

 These results nonetheless did not test whether SUMO3-FRB-HA was indeed attached to 

the p53-2xFKBP construct in the presence of rapamycin. To evaluate this, we conducted similar 

IP experiments as shown in Figure 4-12. Saos2 cells were transfected with FLAG-SUMO3-FRB 

(FLAG at the N-terminus of SUMO3-FRB in pcDNA vector), p53-2xFKBP, and HA-p53. 

Western blot analysis was carried out using anti-FLAG and anti-p53 (FL393) antibodies. As 

shown in Figure 4-12, in the absence of rapamycin, little p53-2xFKBP (the 76-kDa band) and 

HA-p53 (the 53-kDa band) were precipitated with FLAG-SUMO3-FRB (lane 1, IP Panel). In 

contrast, much more p53-2xFKBP and HA-p53 were coprecipitated in the presence of rapamycin 

(lane 3, IP Panel). In separate IPs, we also used SUMO3-FRB-FLAG (with FLAG at the C-
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terminus of SUMO3-FRB in pcDNA), to replace FLAG-SUMO3-FRB. Although the expression 

levels of p53-2xFKBP and HA-p53 appeared to be lower when coexpressed with SUMO3-FRB-

FLAG (lanes 2 and 4 in the Input panel), it is clear that the presence of rapamycin resulted in 

more coprecipitation of both HA-p53 and p53-2xFKBP when compared to the samples that were 

untreated with rapamycin (compare lane 4 to lane 2, IP panel). Collectively, the IP results 

confirm that p53 could still form the complex when SUMO is attached to the C-terminus of p53. 

There are three key hydrophobic residues of the putative p53 NES, L344, L348 and 

L350, which mediate the formation of the p53 tetramer (Lee et al., 1994; Clore et al., 1995; 

Jeffrey et al., 1995; Waterman et al., 1995; Mateu and Fersht, 1998). This suggests that mutation 

of these residues would lead to an inhibition of the formation of the p53 tetramer. We used yeast 

two-hybrid assays to test the interaction between CRM1 and p53 mutants with mutations in the 

oligomerization domain. Yeast was cotransformed with constructs fused to the Gal4-AD and 

Gal4-BD domains as indicated in the legend to Figure 4-13. The following p53 mutants 

inhibiting p53 tetramer formation were used: p53 with leucines substituted at aa348 by alanine 

and at aa350 by proline (p53 L348A/350P) or aa344 by alanine (p53 L344A). Wt-p53 or p53 

mutants unable to form p53 tetramer (p53 L348A/350P and p53 L344A) were fused to Gal4-AD. 

A fragment of the p53 coactivator, p300, and the export protein, CRM1, fragment spanning 

amino acid positions 571-1071 (CRM1 571-end), both of which are known to interact with p53 

were fused to Gal4-BD as described in chapter 3. Petosa et al demonstrated that the structure 

around Phe572 in CRM1 is an important region for cargo protein binding whilst the N-terminal 

domain was needed for RanGTP binding. As expected, yeast two-hybrid assays revealed that p53 

could interact with its coactivator p300 and the CRM1 region spanning amino acid residues 571-

1071 as indicated with the growth of yeast colonies (Figure 4-13 sectors 1 and 2 respectively). 
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Interestingly, we observed that p53 could not interact with the full-length CRM1 (results not 

shown). This could be explained by the short half-life of the p53-CRM1-RanGTP complex and 

the dynamic export system. Mutations preventing the formation of the p53 tetramer abolished the 

interaction of p53 with CRM1 (571-1071) fragment as seen by the absence of yeast colonies 

(Figure 4-13 sectors 3 and 4). The data thus corroborated the previous IP studies suggesting that 

p53 might be exported as a tetramer. 

CRM1 has a Possible SIM 

An amino acid sequence analysis revealed a possible SUMO-interacting motif (SIM) in 

the nuclear export protein, CRM1, with a hydrophobic core at the amino acid positions 429-433. 

The core is depicted as Leu-Val-Ile-Ile (LVII). SIM is important in its interaction with a SUMO 

pocket as mentioned above. We have also showed that if the SUMO pocket is mutated, p53 is 

localized to the nucleus (Figure 4-10). By contrast, wt-SUMO when tethered to p53 resulted in 

its export to the cytoplasm (Figure 4-8). To demonstrate the importance of the SIM of CRM1, a 

yeast two-hybrid assay was performed. P53, SUMO1, SUMO1 pocket mutant (SUMO1 F36A), 

SUMO3, p53-SUMO1, and p53-SUMO3 were fused to Gal4-AD. Mdm2 and full-length CRM1 

were fused to Gal4-BD. The plasmids expressing the p53-Gal4-AD fusions were cotransformed 

with that expressing the Gal4-BD-CRM1 hybrids in yeast. As a positive control, p53 could 

interact with its regulator Mdm2 as indicated by the growth of yeast colonies (data not shown). 

Interestingly, small yeast colonies were seen (data not shown) when the yeast were transformed 

with vectors for CRM1 and SUMO1. We also found that SUMO3 did not interact with CRM1 

(data not shown). As was anticipated, SUMO1 with the pocket mutation (SUMO1 F36A) did not 

interact with CRM1 (data not shown). These results suggest that the SIM of CRM1 can be a 

functional SIM due to its interaction with SUMO1 via the SUMO-pocket. Furthermore, p53-

SUMO1 and 3 fusion constructs could not interact with full-length CRM1 (data not shown). 
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These results point to the possibility of another SUMO-modified protein with a SIM that could 

interact with both SUMO-modified p53 and at the same time the SIM of CRM1. 

To further investigate the potential interaction of CRM1’s SIM with SUMO-fused p53, 

FLAG IPs were carried out followed by Western blot analysis using anti-FLAG and anti-GFP 

antibodies. Saos2 cells were transfected with DNA constructs as indicated in the legend to figure 

4-14. Here, GFP-fusion of the full-length CRM1 or the CRM1 mutant, where the SIM was 

mutated by converting the valine at the position 430 to lysine (V430K), was used along with 

FLAG-p53-SUMO1 and FLAG-p53-SUMO1 F36A mutant where the SUMO pocket was 

mutated (F36A). As seen in Figure 4-14, FLAG-p53-SUMO1 (~63 kDa) could moderately 

coprecipitate with the mutated CRM1 (150 kDa), whereas a smaller amount of wt CRM1 was 

precipitated (compare lanes 1 and 2). Interestingly, FLAG-p53-SUMO1 F36A with the mutated 

SUMO pocket seemed to have higher affinity to wt GFP-CRM1 (lane 3). An even stronger 

interaction of the mutated CRM1 with the p53-SUMO1 F36A construct was seen (lane 4). These 

data suggest that the putative SIM of CRM1 and the SUMO pocket of the SUMO-modified p53 

might impede the CRM1-p53 interaction. The results therefore point to the importance of a 

functional SIM and SUMO pocket in regulating the nuclear export of p53, possibly through the 

efficient release of p53 from the CRM1 export system. 

We conducted additional IP experiments as shown in figure 4-15. Saos2 cells were 

transfected again with vectors for either GFP-CRM1 or the mutant GFP-CRM1 V430K along 

with that for either FLAG-p53 and mutant FLAG-p53 where the SUMO-modification site at 

lysine386 was altered to arginine (K386R). Western blot analysis in figure 4-15 showed that 

FLAG-tagged wt-p53 (53 kDa) showed a moderate interaction with the mutant CRM1 (150 kDa) 

(lane 2) compared to the wt-CRM1 (lane 1). Interestingly, more wt CRM1 or the CRM1 V430K 
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mutant was coprecipitated with the p53 K386R mutant (compare lanes 3 and 4 with 1 in Figure 

4-15). These results implied that the absence of the SUMO modification site of p53 might 

facilitate its interaction with CRM1. Conversely disruption of the functional SIM of CRM1 

appeared to enhance p53-CRM1 interaction. These observations are consistent with a model in 

which sumoylation of p53 weakens its affinity to the CRM1 exporter, resulting in the efficient 

release of p53 to the cytoplasm. Additionally, an unknown SUMO-modified protein is likely 

involved in mediating CRM1-p53 interaction for facilitated export of p53 (see chapter 6).  

Potential Roles of SENP in Nuclear Export of p53 

Since SUMO-modification has a role in the export of p53 into the cytoplasm, it was 

hypothesized that the SUMO proteases (SENPs) may regulate the release of SUMO-modified 

p53 at the nuclear pore complex where CRM1 is known to release its cargoes. The Ulp1p in 

yeast has been shown to be involved in nuclear-cytoplasmic trafficking of proteins. The Ulp1p 

human homologs (SENP1 and SENP2) both have a NES like Ulp1p.  

To demonstrate the importance of the SENPs in the nuclear export of p53, Saos2 cells 

were cotransfected with vectors for p53-2xFKBP and SUMO3-FRB along with that for different 

SENPs that were GFP-tagged at the N-terminus of SENPs. The transfected cells were examined 

by IFs as indicated in the legend to Figure 4-16. In the presence of GFP-SENP2, p53-2xFKBP 

could still be exported into the cytoplasm in around 50% of transfected cells, upon rapamycin-

induced heterodimerization with SUMO-3-FRB (Figure 4-16A-B and K). By contrast, in the 

presence of rapamycin, SUMO-3-FRB and overexpression of GFP-SENPs 3, 5, 6 and 7, p53-

2xFKBP strongly localized in the nucleus in at least 80% of transfected cells (Figure 4-16C-H 

and K). Similar results were observed in MCF7 that has wt endogenous p53 (results not shown). 

There are two possibilities based on these observations: (1) The Ulp1p family of enzymes (e.g. 

SENP1 and SENP2) may be required for the release of p53 at the nuclear pore complex (NPC) 
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given their close proximity to the NPC; and (2) the blockade of the nuclear export of p53 by 

SENPs 3, 5, 6 and 7 in our experimental system suggests that these proteases might inhibit 

nuclear export through their action on other unknown SUMO-modified proteins involved in the 

export process, rather than on SUMO-modified p53, as they should not affect the rapamycin-

mediated heterodimerization of p53-2xFKBP and SUMO-FRB. Further studies are required to 

test these possibilities. 

 

Figure 4-1. P53-SUMO constructs are unable to suppress clonogenic growth. H1299 cells were 
transfected in duplicate with (A) an empty vector or that for the expression of (B) wt 
p53, (C) p53-SUMO1, (D) p53-SUMO3, or (E) p53 R248W-SUMO1, along with a 
plasmid for the expression of puromycin-resistant gene. Cell growth was selected in 
medium containing 2 µg/ml puromycin for two weeks. H1299 colonies were then 
stained with methylene blue. P53-SUMO was unable to suppress clonogenic growth 
(Panels C and D). 
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Figure 4-2. Luciferase reporter assays on different p53 target gene promoters. HCT116 p53 -/- 
cells were transiently transfected with wt-p53 and p53-SUMO constructs along with 
the luciferase gene fused to different p53 target promoters of: (A) Fas, (B) Mdm2, (C) 
PIG3, and (D) PIDD. Luciferase assays were carried out on whole cell extracts and 
the results were normalized to the control in each assay. Each histogram bar 
represented the mean of two different independent transfection duplicates. Standard 
deviations are indicated. The p53-SUMO fusion constructs exhibited markedly 
reduced ability to activate the p53 responsive promoters.  
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Figure 4-3. Real-time analysis examining the effects of p53-SUMO constructs on the mRNA 
levels of p53 targets. H1299 cells were either not infected (control) or infected with 
an adenoviral vector for GFP, wt p53, p53-SUMO-1, p53-R248W-SUMO-1, or p53-
SUMO-3. Cells were harvested 48 hours after infection for real-time analysis using 
primers specific to the following p53 targets: (A) p21; (B) PUMA; and (C) Mdm2. 
RNA levels were normalized to the control RNA levels of each expression study. 
Each histogram bar represented the mean of two different independent transduction 
duplicates. Standard deviations are indicated. 
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Figure 4-4. Verification of p53 constructs for chemical induced fusion. (A) Luciferase reporter 
assays on whole cell extracts were carried and revealed the transactivation potential 
of the artificial p53 constructs in comparison to wt-p53 on the p21 promoter. 
Luciferase levels were normalized to control. Each histogram bar represented the 
mean of two independent transfection duplicates. Standard deviations are indicated. 
(B) The protein levels of p53 and the p53 fusion constructs in transfected cells were 
revealed by Western blotting analysis using the anti-p53 (DO1) antibody.  
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Figure 4-5. Subcellular localization of wt p53 and the p53-2xFKBP fusion. Saos2 cells were 
transiently transfected with different p53 constructs and the FRB control: (A, D) wt-
p53, (B, E) p53-2xFKBP and, (C, F) p53-2xFKBP and FRB control. Six hours 
posttransfection, cells were treated with rapamycin to the final concentration of 0.1 
µM (panels D, E, and F). Twenty-four hours posttransfection, IFs were carried out as 
indicated in Methods and Materials. P53 or p53-2xFKBP (red) and FRB (green) were 
detected with anti-p53 DO1 or anti-HA antibody, respectively. The secondary 
antibodies were anti-rabbit IgG conjugated to FITC or anti-mouse IgG conjugated to 
rhodamine. Cells untreated or treated with rapamycin showed similar p53 distribution 
in the nucleus. 
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Figure 4-6. SUMO modification of p53 inhibited p53-mediated transactivation of the p21 
promoter. (A) Model of heterodimerization of p53 with SUMO in the presence of 
rapamycin. (B) Schematic of different p53 fusion constructs paired with SUMO 
fusion constructs. (C) p21 luciferase reporter assays. The Luciferase gene fused to the 
p21 promoter was transfected along with p53-2xFKBP (p53-2x) and either GFP-
SUMO3 control, SUMO1-FRB, or SUMO3-FRB. Cells were either untreated (white 
bars) or treated with rapamycin (black bars) six hours posttransfection. Twenty-four 
hours posttransfection, cells were harvested. Whole cell extracts were examined for 
luciferase activity and normalized to basal control. Each histogram bar represented 
the mean of two different independent transfection duplicates. Standard deviations are 
indicated. Chemical fusion of p53-2xFKBP to SUMO resulted in reduced luciferase 
activity compared to untreated samples. 
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Figure 4-7. SUMO modification of p53 affected p53’s subcellular localization. Saos2 cells were 
transiently transfected with different p53-SUMO fusions: (A) p53-SUMO1, and (B) 
p53-SUMO3. P53-SUMO (red) was detected with anti-p53 DO1. The secondary 
antibody was anti-mouse IgG conjugated to rhodamine. (C) Quantification of p53-
SUMO localization. Two hundred transfected cells were counted for each assay. 
Percentage of cells with “nuclear only” p53 or “nuclear + cytoplasmic” p53 were 
determined by dividing the number of cells exhibiting either p53 cellular localization 
by 200. Each histogram bar represented the mean of three different independent 
transfections. Standard deviations are indicated. P53-SUMO1 and p53-SUMO3 were 
found in the cytoplasm (denoted by arrows) when compared to wt p53.  
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Figure 4-8. SUMO modification of p53 influenced its subcellular localization. Saos2 cells were 
transiently transfected with different p53 and SUMO constructs: (A, D) p53-2xFKBP 
and SUMO-1-FRB, (B, E) p53-2xFKBP and SUMO3-FRB, and (C, F) p53-2xFKBP 
and GFP-SUMO3 G92A. Six hours posttransfection, cells were treated with 
rapamycin to the final concentration of 0.1 µM (panels D, E, and F). Twenty-four 
hours posttransfection, IFs were carried out as indicated in Materials and Methods. 
P53-2xFKBP (red) and SUMO1-FRB or SUMO3-FRB (green) were detected with 
anti-p53 DO1 and anti-HA antibodies respectively. The secondary antibodies were 
anti-rabbit IgG conjugated to FITC and anti-mouse IgG conjugated to rhodamine. In 
the absence of rapamycin (A, B, and C), p53-2xFKBP was localized to the nuclear 
compartment. In the presence of rapamycin, p53-2xFKBP was predominant in the 
cytoplasm (D and E) (denoted by arrows). The GFP-SUMO3 G92A control had no 
effect on p53 localization (F). (G-H) Quantification of p53 subcellular localization in 
(G) absence and (H) presence of rapamycin was determined as indicated in the legend 
of Figure 4-7. One hundred transfected cells were counted for each assay. Percentage 
of cells with “nuclear only” p53 or “nuclear + cytoplasmic” p53 were determined by 
dividing the number of cells exhibiting either p53 cellular localization by 100. Each 
histogram bar represent the mean of two independent transfections. Standard 
deviations are indicated. 
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Figure 4-8. SUMO modification of p53 influenced its subcellular localization (continued). 
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Figure 4-9. Mdm2 is a potential mediator in cellular localization of SUMO-modified p53. (A) 
Mouse embryonic fibroblasts deficient in p53 and Mdm2 (MEF p53/Mdm2=/=) were 
transiently transfected with p53-2xFKBP along with different SUMO constructs 
together with either wt Mdm2 or the C438A mutant lacking E3 ubiquitin ligase 
activity: (A, B) expression of p53-2xFKBP, SUMO-1-FRB, and Mdm2, (C, D) 
expression of p53-2xFKBP, SUMO-1-FRB, and Mdm2 C438A mutant, (E, F) p53-
2xFKBP, SUMO-3-FRB, and Mdm2, and (G, H) expression of p53-2xFKBP, 
SUMO-3-FRB, and Mdm2 C438A mutant. Six hours posttransfection, B, D, F and H 
were treated with rapamycin to the final concentration of 0.1 µM. Twenty-four hours 
posttransfection, IFs were carried out as indicated in Materials and Methods. P53-
2xFKBP (red) and SUMO1-FRB or SUMO3-FRB (green) were detected with mouse 
anti-Myc or rabbit anti-HA antibody, respectively. The secondary antibodies were 
anti-rabbit IgG conjugated to FITC or anti-mouse IgG conjugated to rhodamine. (I-J) 
Quantification analysis was generated. Fifty transfected cells were counted for each 
assay. Percentage of cells with “nuclear only” p53 or “nuclear + cytoplasmic” p53 
were determined by dividing the number of cells exhibiting either p53 cellular 
localization by 50. Each histogram bar represented the mean of two different 
independent transfections. Standard deviations are indicated. In absence of 
rapamycin, p53 was localized to the nucleus (A, C, E, G). In the event of chemical 
induced fusion and the presence of functional Mdm2, p53 was present in both the 
cytoplasm and nucleus (B and F). However, in the presence of the dimerizer and the 
Mdm2 mutant, p53 was strongly localized to the nucleus (D and H). 
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Figure 4-9. Mdm2 is a potential mediator in cellular localization of SUMO-modified p53 
(continued). 
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Figure 4-10. The SIM-interacting pocket of SUMO is important for nuclear export of p53. Saos2 

cells were transiently transfected with p53-2xFKBP along with either SUMO3 F31A 
FRB (A, B) or SUMO1 F36A FRB (C, D). Six hours posttransfection, cells were 
treated with rapamycin to the final concentration 0.1 µM (Figures B and D). Antibody 
staining and microscopy were done as in Figure 4-8. In the absence of rapamycin, p53 
was localized to the nuclear compartment (A and C). In the presence of rapamycin, 
the same phenomenon was observed (B and D). (E) Quantitative representation of the 
phenomena seen in A-B was generated. One hundred transfected cells were counted 
for each assay. Percentage of cells with “nuclear only” p53 or “nuclear + 
cytoplasmic” p53 were determined by dividing the number of cells exhibiting either 
p53 cellular localization by 100. Each histogram bar represented the mean of three 
different independent transfections. Standard deviations are indicated. (F) Cartoon of 
the SUMO pocket interaction with a SIM of an unknown protein (Protein X). 
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Figure 4-10. The SIM-interacting pocket of SUMO is important for nuclear export of p53 
(continued). 
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Figure 4-11. Effects of rapamycin-mediated attachment of SUMO3-FRB to p53-2xFKBP on its 
hetero-oligomerization with FLAG-p53. Saos2 cells were transfected with relevant 
DNA constructs as follows: (1 and 3) p53-2xFKBP + SUMO3-FRB + FLAG-p53, (2 
and 4) GFP-p53 + SUMO3-FRB + FLAG-p53. Experiments 3 and 4 were done in the 
presence of rapamycin to the final concentration 0.1 µM. Twenty-four hours 
posttransfection, FLAG IPs were carried out and p53 was detected in Western 
blotting analysis using mouse anti-p53 (DO1). In the absence of chemically induced 
SUMO fusion, all p53 constructs were pulled down in the IP signifying that all p53 
constructs could interact with each other. In the presence of rapamycin, FLAG-p53 
could still pull down p53-2xFKBP (76kDa band). As expected, FLAG-p53 could pull 
down GFP-p53 (80kDa band) in the presence of rapamycin. 

A 
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Figure 4-12. SUMO-modification of p53 does not disrupt p53 oligomerization. Saos2 cells were 
transfected with relevant DNA expression plasmids as follows: lanes 1 and 3, p53-
2xFKBP + FLAG-SUMO3-FRB + HA-p53, lanes 2 and 4, p53-2xFKBP + SUMO3-
FRB-FLAG + HA-p53. Cells were either untreated (lanes 1 and 2) or treated (lanes 3 
and 4) with rapamycin to the final concentration 0.1 µM. Twenty-four hours 
posttransfection, IP was done using anti-FLAG M2 agarose beads and the precipitated 
materials were analyzed by Western blot analysis using rabbit anti-p53 (FL393) 
antibody. Inputs were probed with rabbit anti-p53 (FL393) and rabbit anti-FLAG 
antibody. In the presence of rapamycin, chemical fused p53-SUMO could interact 
strongly with HA-p53 (lanes 3 and 4) when compared to untreated samples (lanes 1 
and 2). 
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Figure 4-13. P53 tetramer is required for interaction with the CRM1 export protein. Yeast was 
transformed as indicated in the Materials and Methods section. P53 has been well 
documented to interact with the transcription co-activator, p300 (Sector 1 as positive 
control). P53 interacted with the CRM1 fragment spanning residues 571 to 1071 
(Sector 2). Disruption of the p53 tetramer (L348/L350P and L344A mutations) 
abolished the interaction between p53 and CRM1 (Sectors 3 and 4).  
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Figure 4-14. Interactions between CRM1 and p53-SUMO fusion constructs. Saos2 cells were 

transfected with DNA constructs as follows: (1) GFP-CRM1 + FLAG-p53-SUMO1, 
(2) GFP-CRM1 V430K + FLAG-p53-SUMO1, (3) GFP-CRM1 + FLAG-p53-
SUMO1 F36A, (4) GFP-CRM1 V430K + FLAG-p53-SUMO1 F36A. FLAG IPs 
were carried out followed by Western blot analysis. IP was probed with mouse anti-
GFP antibody. Inputs were probed with rabbit-anti-FLAG and mouse anti-GFP 
antibodies respectively. 
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Figure 4-15. The putative SIM of CRM1 and the K386 sumoylation site of p53 influence CRM1-
p53 interaction. Saos2 cells were transfected with DNA constructs as followed: (1) 
GFP-CRM1 + FLAG-p53, (2) GFP-CRM1 V430K + FLAG-p53 K386R, (3) GFP-
CRM1 + FLAG-p53, (4) GFP-CRM1 V430K + FLAG-p53 K386R. FLAG IPs were 
carried out followed by Western blot analysis. IPs were probed with mouse anti-GFP 
antibody. Inputs were probed with rabbit anti-FLAG and mouse anti-GFP antibodies 
respectively. Results demonstrated the importance of the p53’s SUMO-modification 
K386 site and the CRM1 SIM as indicated by strong pull downs of CRM1 (lane 2-4) 
compared to lane 1. 
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Figure 4-16. Potential regulation of the nuclear export of p53 by SENPs. Saos2 cells were 

transfected with DNA constructs in duplicate as indicated: (A-B) GFP-SENP2 + p53-
2xFKBP + SUMO3-FRB, (C-D) GFP-SENP3 + p53-2xFKBP + SUMO3-FRB, (E-F) 
GFP-SENP5 + p53-2xFKBP + SUMO3-FRB, and (G-H) GFP-SENP6 + p53-
2xFKBP + SUMO3-FRB, and (I-J) GFP-SENP7 + p53-2xFKBP + SUMO3-FRB. Six 
hours posttransfection, with rapamycin to the final concentration 0.1 µM. IFs were 
carried as indicated in Methods and Materials. P53-2xFKBP (red) was probed with 
anti-p53 DO1 antibody. The secondary antibody was anti-mouse IgG conjugated to 
rhodamine. Overexpression of SENP2 still permitted chemically fused p53-SUMO to 
be localized to the cytoplasm (denoted by arrows). Overexpression of SENPs 3-7 
blocked nuclear export of p53-2xFKBP in the presence of rapamycin. (K) Graphical 
representation tabulating localization of p53-2xFKBP with the expression of different 
SENPs was generated. One hundred transfected cells were counted for each assay. 
Percentage of cells with “nuclear only” p53 or “nuclear + cytoplasmic” p53 were 
determined by dividing the number of cells exhibiting either p53 cellular localization 
by 100. Each histogram bar represented only one transfection.  
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Figure 4-16. Potential regulation of the nuclear export of p53 by SENPs (continued).
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CHAPTER 5 
IDENTIFICATION OF TWO INDEPENDENT SUMO-INTERACTING MOTIFS IN DAXX: 
EVOLUTIONARY CONSERVATION FROM DROSOPHILA TO HUMANS AND THEIR 

BIOCHEMICAL FUNCTIONS 

Daxx is an essential protein for embryonic development and has been shown to function 

in diverse cellular pathways including apoptosis and transcription. How Daxx is involved in 

these pathways at the molecular levels remains elusive. We have analyzed the structure and 

functions of the Daxx protein from an evolutionary perspective and using various molecular 

biological approaches. We found that the ability of Daxx to bind SUMO seems critical for its 

diverse cellular functions.   

Daxx Possesses Two Independent SUMO-Interacting Motifs (SIMs) 

Daxx is recruited to promyelocytic leukemia protein (PML) nuclear bodies and 

sumoylation of PML was shown to be required for this recruitment (Ishov, Sotnikov et al. 1999). 

Therefore, Daxx might have SUMO-binding property. To examine whether Daxx has the 

recently characterized SIM from a number of known SUMO-binding proteins (Minty, Dumont et 

al. 2000; Song, Durrin et al. 2004; Hannich, Lewis et al. 2005), we inspected the primary 

sequence of Daxx protein and found two stretches of sequences bear striking similarity to SIM. 

One stretch is near the N-terminus and the other near the C-terminus. Fig. 5-1A shows a 

sequence alignment of the two Daxx SIMs against other known SIMs. Like other SIMs, the two 

Daxx motifs have the conserved hydrophobic core consisting of four consecutive Leu/Ile 

residues, and interestingly, the two motifs in Daxx have exactly the same sequence for the 

hydrophobic core. Two recent structural studies indicate that the hydrophobic core confers the 

primary affinity and specificity for SUMO-binding and that these residues insert into a 

hydrophobic groove on a conserved surface of the SUMO1 structure (Song, Durrin et al. 2004; 

Song, Zhang et al. 2005). Another important feature of SIM is a Glu/Asp-rich sequence that lies 
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at either N-terminal or C-terminal to the hydrophobic core (see Fig. 5-1A), and structural studies 

revealed that the negatively charged acidic residues interact electrostatically with positively 

charged Lys residues on the SIM-binding pocket of SUMO (Song, Zhang et al. 2005; Hecker, 

Rabiller et al. 2006). Some of the SIMs also have Ser/Thr residues embedded in the acidic 

residues, and in this context Ser/Thr residues might be within the casein kinase 2 (CK2) 

phosphorylation sites. Presumably, the interaction between SUMO and SIMs might be regulated 

by phosphorylation.   

To test whether the two SIMs in Daxx are capable of SUMO-binding, we performed 

yeast two-hybrid assays as indicated in Figure 5-1B with the Gal4-BD fused to different Daxx 

constructs along with SUMO1 fused to Gal4-AD. As shown in Fig. 5-1B, Daxx can bind to 

SUMO1 and mutation in the conserved hydrophobic core of either SIM in full-length Daxx (I7K 

or I733K) did not affect SUMO-binding, but simultaneous mutation of both motifs abolished 

Daxx-SUMO1 interaction. Likewise, Daxx fragment carrying either the N or C-terminal SIM can 

still bind to SUMO1 and I733K mutation of the Daxx C-terminal fragment (aa 573-740, sector 7 

in Fig. 5-1B) disabled its SUMO-binding ability. GST pull-down assays where GST was fused to 

either the Daxx N-terminus or C-terminus SIM fragments demonstrated strong binding between 

the N or C-terminal fragment of Daxx and SUMO1 using purified proteins from E. coli, whereas 

GST alone had no affinity to SUMO1 (Fig. 5-1C).  

Interaction between Daxx and SUMO Paralogs 

There are four paralogs of SUMO in the humans. SUMO1-3 are bona fide modifiers that 

can be conjugated to target proteins, whereas SUMO4 may not be attached to other proteins 

(Mukhopadhyay and Dasso 2007). We tested the ability of these SUMO paralogs to interact with 

Daxx. Daxx could bind to SUMO1-3, but not SUMO4 (Data not shown). Since the SIM-binding 

pocket is well conserved in SUMO4, these results are consistent with the notion that Daxx may 



 

 70

not necessarily interact with free SUMO; rather it may have higher affinity to proteins that are 

modified by SUMO.   

The Two SIMs of Daxx are Conserved during Evolution 

A Daxx-like protein was identified in Drosophila melanogaster based on sequence 

identity with the mammalian Daxx proteins. To assess molecular changes of the Daxx family in 

evolution, we have compared the protein sequences of Daxx from diverse species. As shown in 

Fig. 5-2A, the Daxx core domain is highly conserved in species ranging from insects to humans. 

Interestingly, the beginning and ending block of the core domain contain sequences that 

potentially form coiled-coil helices, which likely mediate homo- or hetero-oligomerization of the 

Daxx protein with itself or other binding partners. A novel nuclear localization signal (NLS) 

identified recently (Yeung, Chen et al. 2008) resides in this region and is almost invariant during 

evolution (Fig. 5-2A). The sequences of the core domain can be aligned end to end without 

major insertion/deletions or rearrangements, except for the Daxx protein from T. rubripes (tiger 

pufferfish), in which there are two major insertions (Fig. 5-2A). Such insertions, nonetheless, 

may form flexible loops, and thus might not affect the structural integrity of the Daxx core-

domain. In addition, a second conserved sequence block is present in animals other than insects. 

This block, termed conserved sequence region 1 (CR1), lies near the N-terminus. Among the 81 

amino acid residues in this domain, there are seven conserved Phe/Tyr residues (denoted with • 

in Fig. 5-2B), which account for about one-third of all such residues in the human Daxx and such 

unusual high concentration of Phe/Tyr suggests that these conserved Phe/Tyr might be important 

for structural or functional aspects of the Daxx protein. Additionally, there are two conserved 

Cys residues in this block (denoted with * in Fig. 5-4B). The block ends with a cluster of three 

consecutive basic residues (Lys/Arg). This region contains the putative paired amphipathic 

helices (PAH), as suggested previously (Hollenbach, McPherson et al. 2002), and might mediate 
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interactions with other proteins such as ATRX (Tang, Wu et al. 2004), MSP58 (Lin and Shih 

2002) and DMAP1 (Muromoto, Sugiyama et al. 2004). Strikingly, the two short SIMs in Daxx 

apparently exist in all animal species including insects (Fig. 5-2C). All the SIMs consist of a 

hydrophobic core and acidic tails. In most species, the hydrophobic core contains four 

consecutive Ile/Leu residues. Variations of the hydrophobic core include a substitution of Ile 

with Phe in the SIM1 from C. porcellus and S. purpuratus, a sequence of five hydrophobic 

residues in the SIM1 from S. purpuratus, and the substitution of the C-terminal Leu by Met or 

Pro in the SIM2 from C. intestinalis and A. aegypti, respectively. In SIM1, the hydrophobic core 

is followed by a stretch of Asp/Glu residues of variable length, ranging from four to ten residues. 

Occasional Ser/Thr residues are found in the acidic tail from lower species (fishes, sea urchin, 

tunicates, and insects). For the Daxx SIM2, the acidic tail is shorter and contains the invariable 

“SDSD” sequence in mammalian species, whereas quite variable acidic tails exist in other 

species. In the purple sea urchin P. purpuratus, there is only one Glu residue C-terminal to the 

hydrophobic core. However, a stretch of four Glu/Asp residues precedes the hydrophobic core in 

this organism, which might have similar role in mediating interaction with SUMO moiety, as 

SIM in reverse orientation appears to have equivalent binding capacity to SUMO (Song, Zhang 

et al. 2005). In Drosophila, the hydrophobic cores of the two SIMs in the DLP exhibit 

considerable variation from other species; however they are conserved among different species 

of the Drosophila genus (Fig. 5-3A). The hydrophobic core of SIM1 has an almost invariable 

sequence of VICVDL, whereas that of SIM2 consists of three consecutive Ile residues. Because 

of their obvious deviation from the consensus sequence of the Daxx SIMs, we assessed whether 

they are indeed bona fide SIM in their own right. The coding DNA sequences for both SIMs of 

D. melanogaster were fused with that of Gal4 activation domain (AD) and the resulting 
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constructs were assayed for interaction with SUMO1 or 3 that was fused with Gal4 DNA-

binding domain (BD) in yeast two-hybrid assays. As shown in Fig. 5-3B, both SIMs were able to 

bind to SUMO1 or 3. Therefore, the Drosophila DLP possesses two functional SIMs.   

Preservation of Functional Domains of the Daxx Family of Proteins during Evolution  

Based on aforementioned sequence analysis, it becomes apparent that several non-

contiguous regions of the Daxx protein family are highly conserved in diverse species (Figure 5-

4). The order of arrangement of these conserved domains is also preserved. The two SIMs 

occupy one or the other extreme end of the protein, whereas the core-domain resides in the 

central part. Interestingly, located at C-terminal to the core domain, a stretch of acidic residues of 

quite variable length is found in all members of this family, indicative of functional significance 

of this acidic patch. Our previous study demonstrated that this acidic sequence is important for 

interacting with the basic C-terminal tail of p53 (Zhao, Liu et al. 2004). Because of repetitive 

nature of this region, it is expected that this sequence might be subject to higher level of variation 

during evolution. The CR1 region is found between SIM1 and the core domain in diverse 

organisms from C. intestinalis to H. sapiens, although this domain is conspicuously absent in all 

insect species such as A. aegypti and D. melangogaster. Interestingly, the spacers between the 

conserved domains largely consist of Pro/Ser-rich sequences or the so-called PEST sequences in 

species from C. intestinalis to H. sapiens. Although the spacers are highly similar in sequence in 

closely related species, they are quite variable in mammals and completely different in distant 

species. Several sites in the spacers may be phosphorylated. For examples, Ser-178 (Ryo, Hirai 

et al. 2007) and Ser-668 (Ecsedy, Michaelson et al. 2003) of the human Daxx appear to be 

phosphorylated and such modifications may represent signaling events in stress-induced 

apoptosis (Song and Lee 2004; Ryo, Hirai et al. 2007), and such events may largely organism-

specific, because these phosphorylation sites are not always conserved. The DLP in the genus 
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Drosophila is much larger than the orthologs in other species, even in other insects such as 

mosquitoes (e.g. A. aegypti). Insertion of repetitive sequences might explain the expanded Daxx 

sequence in Drosophila. For example, the Gln-rich region of the D. melanogaster DLP is 

encoded by a retro-element called TART (telomere-associated non-LTR retrotransposon) 

(Casacuberta and Pardue 2003) as well as the CAG tri-nucleotide simple repeats.     

SUMO mediates Daxx-Ubc9 Interaction via the SIMs of Daxx 

Ryu et al. reported that Daxx also interacts with Ubc9 (Ryu, Chae et al. 2000). However, 

the nature of Ubc9-Daxx interaction remains undefined. Although the results described above 

indicate that Daxx binds to SUMO directly, it is also possible that SUMO might interact with 

Daxx via Ubc9 when SUMO is conjugated to Ubc9, thereby bypassing the SIM-SUMO 

interaction. We have addressed this issue using various mutants of Daxx and Ubc9. Data shown 

in Fig. 5-5A demonstrate, surprisingly, that presence of at least one SIM in Daxx is required for 

Daxx-Ubc9 interaction as Daxx constructs lacking functional SIMs failed to bind Ubc9. Since 

Ubc9 does not have a binding pocket for SIM, these results appear to indicate that Daxx might 

interact with Ubc9 when it is covalently conjugated to SUMO, which occurs in the sumoylation 

reaction cascade. To test this possibility, we examined whether Daxx could bind to Ubc9 C93A 

mutant. As shown in Fig. 5-5B and D, Daxx can still bind to this mutant and that such interaction 

strictly requires at least one functional SIM. Thus, conjugation of Ubc9 to SUMO is not required 

for Daxx-Ubc9 interaction.  It was shown recently that Ubc9 also interacts with SUMO non-

covalently and several residues in Ubc9 including H20 are essential for such interaction 

(Knipscheer, van Dijk et al. 2007). Mutating H20 to aspartic acid abolishes noncovalent Ubc9-

SUMO interaction, but still permits their conjugation via the thioester bond (Knipscheer, van 

Dijk et al. 2007). We confirmed that Ubc9 H20D mutant can no longer bind SUMO1, SUMO2 

(Fig. 5-5C), or SUMO3 (data not shown). This mutation also abolished Daxx-Ubc9 interaction 
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(Fig. 5-5D). Taken together, these results suggest that Daxx, Ubc9 and SUMO form trimeric 

complex and no covalent bond is required for the complex formation. Furthermore, at least one 

SIM in Daxx is necessary for the formation of this complex.   

Roles of Daxx SIMs in Daxx-SUMO and Daxx-PML Interaction 

We also assessed potential interaction of the SIMs of Daxx and SUMO in cultured cells. 

As shown in Fig. 5-6A, in transfected Saos2 cells, GFP-SUMO3 colocalizaed with wt Daxx (Fig. 

5-6A panels a-c), the I7K mutant (Fig. 5-5A panels d-f) or I733K mutant (Fig. 5-6A panels g-i), 

but not with the I7/733K double mutant (Daxx∆SIM; see Fig. 5-6A panels j-l), corroborating the 

findings that the two SIMs of Daxx independently interact with SUMO. Similarly, the SIM of 

Daxx is also required for interacting with SUMO1 (data not shown). It is known that Daxx is 

recruited to PML-NBs via interaction with sumoylated PML and that the SIMs of Daxx is 

essential for colocalization of Daxx with PML-NBs (Lin, Huang et al. 2006). To test whether this 

may indeed be the case, we coexpressed PML (isoform VI) with wt Daxx or the I7/733K double 

mutant in Saos2 cells. As expected, wt Daxx colocalized with PML (Fig. 5-6B panels a-c). 

Surprisingly, the Daxx∆SIM mutant also colocalized with PML (Fig. 5-6B panels d-f). We 

further tested whether the sumoylation status of PML might affect PML-Daxx interaction. There 

are three major SUMO-modification sites in PML (K65, 160 and 490) (Kamitani, Kito et al. 

1998; Duprez, Saurin et al. 1999). We mutated all three residues to Arginine. Surprisingly, this 

triple mutant (PML∆S) could still colocalize with wt Daxx (Fig. 5-6B panels g-i). Additionally, 

we detected clear colocalization of PML∆S with the Daxx∆SIM mutant, although the amount of 

this Daxx mutant was significantly reduced in the colocalization spots (pointed with arrows in 

panels j-l of Fig. 5-6B). Thus, it appears likely that sumoylation of PML and the SIMs of Daxx 

are required for strengthening Daxx-PML interactions.    
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Interplay of Daxx and PML in Regulating c-Jun-Mediated Transcription 

It has been demonstrated that PML markedly activates transcription mediated by c-Jun 

(Best, Ganiatsas et al. 2002) or c-Fos (Vallian, Gaken et al. 1998), two major components of the 

AP-1 complex. We examined whether Daxx alone or together with PML might also modulate c-

Jun-dependent transcription. We fused c-Jun to the Gal4 DNA-binding domain and assessed 

whether this fusion construct affects transcription in a heterologous reporter system. Data 

presented in Fig. 5-7 show that tethering c-Jun to the artificial promoter containing Gal4 DNA-

binding sites and the adenovirus E4 core promoter elements activated the reporter expression by 

about 8-fold. Coexpression of Gal4-c-Jun and wt Daxx markedly enhanced c-Jun-mediated 

activation by ~45-fold. However, mutating either of the Daxx’s SIM abolished this coactivation 

(Fig. 5-7A). c-Jun is essential for this coactivation because Daxx or Gal4-BD alone or 

coexpressed together had minimal effects on the reporter activity (data not shown). We observed 

similar effects using reporters containing other core promoters (data not shown). Thus, in 

contrast to roles of Daxx in repression, Daxx could also activate transcription, as reported 

previously (Boellmann, Guettouche et al. 2004), and both SIMs in Daxx are required for this 

coactivation. Consistent with a previous report (Best, Ganiatsas et al. 2002), PML drastically 

increased c-Jun-mediated transcription in our reporter system (Fig. 5-7B). The oncogenic fusion 

product PML-RARα was completely devoid of this property. Surprisingly, mutating the three 

major sites of sumoylation (K65, 160 and 490) individually or in combination markedly reduced 

or completely abolished the ability of PML to coactivate c-Jun-mediated transcription (Fig. 5-

7B). Notably, K65R and K160R retained residual activity in coactivating c-Jun, but the 

K65/160R double mutant or any mutant containing the K490R mutation individually or in 

combination was totally devoid of this activity. Therefore, sumoylation of PML is required for 

coactivating transcription with c-Jun.   
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To assess potential interplay between Daxx and PML, we coexpressed PML and Daxx in 

the reporter assays. As shown in Fig. 5-7C, the reporter activity was increased for ~50-fold when 

both PML and Daxx were expressed. The fold induction is similar to that when Daxx alone was 

expressed but much less than that when only PML was expressed with the reporters.  

Interestingly, coexpression of a Daxx mutant with mutation in either or both SIMs with PML 

resulted in ~100-fold induction, which is similar to that when only PML was expressed in the 

reporter assays (Fig. 5-7C). These results suggest that Daxx and PML independently regulate c-

Jun-mediated transcription with Daxx having a dominant role over PML. Indeed, data shown in 

Fig. 5-7D reinforces this notion. Co-expression of wt Daxx with various PML mutants except for 

the PML-RARα oncogene still led to stimulation of c-Jun-dependent transcription and the fold 

induction was similar to that when Daxx wt was expressed alone (Fig. 5-7D). Interestingly, the 

reporter activity was markedly reduced when wt Daxx was coexpressed with PML-RARα to 

~18-fold (lane 2 in Fig. 5-7D), suggesting that PML-RARα might interfere with Daxx-mediated 

coactivation of c-Jun. 

Roles of c-Jun Sumoylation in Daxx-Mediated Coactivation 

C-Jun is modified by SUMO, and K229 is the major site of sumoylation (Muller, Berger 

et al. 2000). To assess whether sumoylation of c-Jun has a role in Daxx-mediated coactivation of 

c-Jun, we tested the effects of Daxx on c-Jun K229A mutant. As shown in Fig. 5-8, the Gal4-c-

Jun K229A construct was much more potent in activating the reporter expression, which, in 

accord with a previous finding (Muller, Berger et al. 2000), suggests that K229 sumoylation has 

repressive effects on c-Jun-regulated transcription. Coexpression of Daxx with this mutant also 

clearly resulted in further increase of the reporter activity. However, the extent of induction by 

Daxx was different: Daxx increased the transcription mediated by wt c-Jun by ~10-fold, but 

enhanced that by the c-Jun K229A mutant by only ~4-fold (Fig. 5-8C). Thus, sumoylation of c-
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Jun at K229 may be involved in Daxx-mediated coactivation with c-Jun. 

Daxx can interact with HDACs (Hollenbach, McPherson et al. 2002; Puto and Reed 

2008). Additionally, HDAC activities are involved in suppressing c-Jun-regulated gene 

expression (Ogawa, Lozach et al. 2004). To gauge potential involvement of HDACs in Daxx-

mediated transcriptional coregulation with c-Jun, we added trichostatin A (TSA) in one set of the 

transfected cells in the reporter assays. Data shown in Fig. 5-8 revealed that TSA dramatically 

enhanced c-Jun-mediated transactivation and such additional enhancement occurred regardless 

of the presence or absence of Daxx. Indeed, the fold induction by TSA was similar with or 

without Daxx coexpression (Fig 5-8B). Thus, it appears that Daxx and TSA independently 

stimulate c-Jun-mediated transcription. The fact that TSA stimulated transcription mediated by 

wt c-Jun or the K229A mutant to a similar extent suggests that repression exerted by 

sumoylation is independent of HDAC activities and is in addition to HDAC-mediated repression 

for c-Jun-regulated transcription. Such notion was also proposed for Sp3-mediated gene 

regulation (Valin and Gill 2007). 
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Figure 5-1. Daxx interacts with SUMO1 via SIMs. (A) Daxx possesses two distinct SUMO-
interacting motifs (SIMs). The sequences of the two Daxx motifs are aligned against 
that of other known SIMs. The starting and ending positions of each motif in each 
protein are shown. The hydrophobic core is depicted in a gray box. Shown on the top 
is a schematic drawing of the linear sequence of Daxx with potential sequence or 
structural domains. Proteins that are known to interact with Daxx are listed above a 
domain with which they interact. (B) Daxx binds to SUMO1 via SIMs. Yeast two-
hybrid assays were performed with indicated hybrid constructs and the transformants 
were grown on medium without histidine. (C) In vitro interaction of Daxx with 
SUMO1. GST and indicated GST-Daxx fusions were expressed in and purified from 
E. coli and were incubated with purified SUMO1 (Boston Biochem). After extensive 
washes, the beads were mixed with SDS sample buffer and the samples were 
subjected to SDS-PAGE and Western blot analysis with anti-SUMO1 antibody. GST-
Daxx NT carries amino acids 1-130 and GST-Daxx CT contains residues 644-740 
(denoted with arrowheads). 



 

 79

 

Figure 5-2. Sequence alignment of evolutionarily conserved domains of the Daxx orthologs. (A) 
An alignment of the Daxx core domain. The multiple-sequence alignment was 
obtained using the ClustalW program in the MacVector software package. Positions 
at which the amino acid residues are conserved in ≥50% of the selected species are 
depicted with white letter in black background. Two putative coiled-coil motifs are 
indicated with a line. A nuclear localization signal (NLS) with four Lys/Arg residues 
is also indicated. The numbers indicate positions of the beginning or ending residues 
in each protein. (B) Alignment of the conserved region 1 (CR1). Alignment was made 
as in (A). Multiple conserved Phe/Tyr residues are denoted with dots (•) and two 
conserved Cys residues with asterisks (*). (C) Alignments of two conserved SIMs of 
Daxx. The hydrophobic core is depicted with white letters in black background. 
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Figure 5-3. The Daxx SIMs in the Drosophila genus. (A) Sequence alignments of the Daxx SIMs 
in various Drosophila species. Different residues are highlighted with white letter in 
black background. (B) The Daxx SIMs of D. melanogaster (Dme) interact with 
SUMO. The DNA sequences encoding the two Dme SIMs were fused to Gal4 BD 
and tested for interaction with the human SUMO1 or SUMO3 fused to Gal4 AD as in 
Fig. 5-1. 
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Figure 5-4. Evolutionary conservation of domain structure of the Daxx family of proteins. 
Shown is schematic representation of the Daxx orthologs from indicated species. The 
double SBMs at each end of the protein are drawn as black ovals. The core domain is 
shown as black rectangles. The two putative coiled-coil motifs (CC) within the core 
domain are indicated. The stretch of acidic residues is depicted as hatched boxes. The 
CR1 domain, absent in insect species, is shown as gray rectangles. The numbers 
denote the beginning or ending positions of each conserved domain. The accession 
numbers for the Daxx orthologs assigned in GenBank, Swiss-Prot or Ensembl 
databases are shown. The figures are not drawn to scale. 
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Figure 5-5. Daxx interacts with Ubc9 via SIMs. Yeast two-hybrid assays were conducted with 
indicated hybrids. The yeast transformants were restreaked in agar medium lacking 
histidine. (A) A functional SIM in Daxx is required for binding to Ubc9. (B) 
Specificity of Daxx-Ubc9 interaction. Indicated Daxx and Ubc9 mutants were tested 
for interaction in yeast two-hybrid assays. Sectors 1 & 2 show positive controls in the 
two-hybrid assays using the indicated Ad12 E1B and mSin3A hybrid constructs. (C) 
Noncovalent interaction between SUMO and Ubc9. Sector 1 show positive control in 
the two-hybrid assays using the indicated Mdm2 and p53 hybrid constructs. (D) 
Noncovalent SUMO-Ubc9 interaction is required for Daxx-Ubc9 interaction via SIM. 
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Figure 5-6. Colocalization of Daxx and its mutants with SUMO3 and PML. (A) Requirement of 
SIM for colocalization of Daxx with SUMO3. Full-length SUMO3 was fused at its N-
terminus with GFP and the corresponding expression vector was cotransfected with 
that for wt Daxx or indicated mutants into Saos2 cells. Cells were fixed 24h after 
transfection and Daxx was detected with anti-FLAG antibody and goat anti-rabbit 
IgG conjugated with rhodamine. Arrows denote SUMO3 foci where wt Daxx, the I7K 
or I733K mutant, but not the I7/733K double mutant (Daxx∆SIM) was also 
concentrated. 
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Figure 5-6. Colocalization of Daxx and its mutants with SUMO3 and PML (continued). (B) 
Determinants of Daxx-PML colocalization. PML wt (isoform VI) or the 
K65/160/490R triple mutant (PML∆S) was coexpressed with GFP-Daxx wt or the 
∆SIM mutant in Saos2 cells. Cells were fixed 24h after transfection. PML wt was 
epitope-tagged with FLAG at the N-terminus and detected with anti-FLAG antibody 
as in (A). PML∆S mutant was epitope-tagged with (His)6 at the N-terminus and 
stained with mouse monoclonal anti-(His)6 antibody and rabbit anti-mouse IgG 
conjugated with rhodamine. Note that the anti-(His)6 antibody appeared to recognize 
the nuclear pore complex in the transfected as well as non-transfected cells. 
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Figure 5-7. Daxx coactivates c-Jun-regulated transcription. HCT116 cells were transfected with 
the firefly luciferase reporter driven by a heterologous promoter containing five Gal4 
DNA binding sites upstream of the adenovirus E4 core promoter as depicted, and the 
control see pansy luciferase reporter driven by the SV40 promoter, along with other 
indicated expression plasmids. Dual reporter luciferase assays were done 24h after 
transfection. Shown are the average values of the normalized firefly luciferase 
activities from two independent transfections with standard deviations. (A) The SIMs 
of Daxx are required for coactivation of c-Jun-mediated transactivation. (B) 
Requirement of the sumoylation sites of PML for PML-mediated coactivation of c-
Jun. (C) Effects of wt Daxx and corresponding SIM mutants on PML-mediated 
coactivation of c-Jun. (D) Effects of wt PML and its sumoylation mutants on Daxx-
mediated coactivation on c-Jun. 
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Figure 5-8. Independent regulation of c-Jun by Daxx and TSA. HCT116 cells were transfected 
with reporters as in Fig. 5-7, along with the indicated expression plasmids for c-Jun 
and Daxx. TSA was added to the final concentration of 1.3 µM in one set of the 
transfected cells 12 after transfection. Cells were processed for dual luciferase assays 
24h after transfection. (A) Coactivation of transcription mediated by wt c-Jun and the 
K229A mutant by Daxx and TSA. (B) Impact of TSA on c-Jun-regulated 
transcription in the absence or presence of Daxx coexpression. Fold increase due to 
TSA treatment was calculated by dividing the normalized luciferase activities in the 
presence of TSA by that in its absence. (C) Effects of Daxx coexpression on c-Jun-
mediated transcription. Fold increase due to Daxx cotransfection was obtained by 
dividing the normalized luciferase activities in the presence of Daxx cotransfection by 
that in the absence. 

 

 

 

 

 

 



 

 87

CHAPTER 6 
SUMMARY AND CONCLUSIONS 

Discussion of SUMO-Modification of P53 

Data presented in Chapter 4 are consistent with our notion that SUMO modification of 

p53 negatively regulates the expression of p53 target genes (Figures 4-2, 4-3 and 4-6). P53-

SUMO fusions and chemical fused p53-SUMO impaired the ability of p53 to activate its targets 

responsible for cell-cycle arrest (p21) and apoptosis (PIG3 and PIDD) as seen in luciferase 

reporter assays and real-time PCR experiments. P53-SUMO was also largely defective to 

suppress H1299 cell growth as shown by colony formation assays (Figure 4-1). Thus SUMO 

negatively regulates p53 function. 

We have shown that SUMO modification of p53 resulted in strong nuclear export of p53 

(Figures 4-7 and 4-8). Thus, strong nuclear export of p53 promoted by sumoylation depletes p53 

in the nucleus where it activates transcription, leading to the inhibition of p53 function in 

transcriptional activation.  This was demonstrated for both SUMO1 and SUMO3 where both the 

p53-SUMO fusions and the chemical induced SUMOylation of p53 resulted in strong p53 

cytoplasmic localization. Since SUMO2 is 97% similar to SUMO3 (Geiss-Friedlander and 

Melchior 2007; Dohmen 2004), it can be hypothesized that SUMO2 when modified to p53 could 

also result in significant p53 cytoplasmic localization, although further investigation is required 

to address this topic. SUMO4 is not known to modify p53.  

Our study has also revealed that the export of p53 when SUMO-modified involves the 

p53 regulator, Mdm2 as shown in IF experiments using mouse embryonic fibroblasts deficient of 

Mdm2 and p53 genes (Figure 4-9). The E3 ligase activity of Mdm2 was shown to be important 

as ablation of that activity via the C438A mutation in its RING domain resulted in p53 nuclear 
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localization. These results are consistent with documented roles for Mdm2 in regulating 

intracellular trafficking of p53.  

Furthermore, we have demonstrated through immunoprecipitation experiments (IPs) that 

SUMO-modification of p53 does not disrupt the p53 tetramer (Figure 4-10 and Figure 4-11). 

Yeast two-hybrid (Y2H) assays also revealed that disruption of oligomerization of p53 abolished 

its interaction with CRM1 (Figure 4-13). In light of these studies, it appears likely that p53 is 

exported as a tetramer to the cytoplasm thus challenging the paradigm that p53 is exported as a 

monomer.   

Mutational analysis of the hydrophobic SUMO pocket further revealed the involvement 

of a SUMO interacting motif (SIM) of an unknown protein in the nuclear export of p53 as shown 

in our immunoflourescence studies (Figure 4-10). The SUMO1 and 3 pocket mutants (F36A and 

F31A respectively) when chemically fused to p53 failed to export p53 to the cytoplasm (Figure 

4-10). The results point to an unknown protein that is involved in a putative SUMO-SIM 

interaction. 

Amino acid sequence analysis of the nuclear exporter, CRM1, revealed a putative SIM 

positioned at amino acids 429-432 of CRM1. Mutational analysis of this SIM suggested a 

potential role of this motif in efficient release of p53 from the export machinery. We found that 

mutation of V430 of CRM1 enhanced its interaction with wt p53, the p53 K386R mutant, or p53-

SUMO1 fusion (Figure 4-14 and 4-15). Conversely, compared to wt p53, p53-SUMO1 F36A 

pocket mutant and p53 K386R exhibited stronger interactions with wt CRM1 (Figure 4-14 and 4-

15). These results suggest that SUMO-modification of p53 weakens its interaction with CRM1. 

We propose that sumoylation of p53 facilitates the release of p53 to the cytoplasm from the 

CRM1 exporter complex (see below).  
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Finally, over-expression of Ulp1p family of SUMO proteases in human osteosarcoma 

Saos2 and breast cancer MCF7 cells revealed possible involvement of the pore-associated 

membrane SENPs, SENP1 and 2, in the release of p53 from the CRM1 export machinery at the 

nuclear pore complex (NPC). Overexpression of SENP2 permitted p53 localization to the 

cytoplasm when p53 was SUMO-modified (Figure 4-16A-B). In contrast, over-expression of the 

Ulp2p family of SENPs, SENP3-7 inhibited the export of chemical fused p53-SUMO to the 

cytoplasm (Figure 4-16 C-I). It can be theorized that overexpression of these SENPs destabilized 

an unknown SUMO-modified protein (designated as Factor X, see Figure 6-1) involved in 

export. One possibility could be Ran-GTP that is involved in the CRM1 export machinery where 

GTP is hydrolyzed at the NPC for the release of cargo. However, further analysis will be needed 

to determine if Ran-GTP is indeed SUMO-modified or if an unknown adaptor protein is involved 

in the export of p53.  

In the light of all these observations, the following hypothetical p53 export model has 

been proposed. Under low stress conditions, p53 is sumoylated by Mdm2 but the modification 

does not inhibit p53’s ability to form the tetramer. However, it might inhibit its binding to p53 

response elements and the subsequent activation of the target genes. The SUMO-modified p53 

tetramer can be bound to the C-terminal region of CRM1 along with RanGTP. Published reports 

have shown that the RanGTP is required for the ternary export complex (CRM1-RanGTP-Cargo) 

(Petosa et al. 2004). It is hypothesized that a SIM exists in RanGTP. P53-SUMO interacts with a 

SIM. It is also hypothesized that RanGTP has a SUMO-modification site. RanGTP is sumoylated 

at this site. The SUMO pocket of RanGTP-SUMO can interact with CRM1’s SIM. The ternary 

export complex is shuttled to the nuclear pore complex (NPC) where SENP1 and SENP2 reside. 
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RanGTP hydrolysis occurs at the NPC to give RanGDP. SUMO is deconjugated from RanGDP 

by the SENPs. The p53 tetramer is released and RanGDP is imported back into the nucleus.  

Further analysis is needed to validate this hypothesis. Future experiments include the 

determination of a possible SIM and SUMO-modification site in RanGTP and the identification 

of any adapter proteins that are involved in the export machinery. The roles of the pore-

associated SENPs and the status of the p53 tetramer in the cytoplasm merits further 

investigation. Understanding in detail the determinants of p53 loading and release via the CRM1 

pathway will be very important in the future design of molecules (small peptides or chemical 

inhibitors) to inhibit this export. The study could also be extrapolated to other proteins that can 

be SUMO-modified and exported via the CRM1 machinery. In conclusion, this study provides 

new insights into the role of p53 sumoylation and such knowledge will have implications in our 

understanding of tumorigenesis and future anticancer therapy. 

Discussion of SUMO-Interacting Motifs of Daxx 

The Daxx protein exists in diverse species ranging from insects to mammals. Although 

there is only limited sequence identity among orthologs of Daxx in distant species, the presence 

of a well-conserved core domain of ~200 residues permits unambiguous identification of the 

members of this family in organisms that contain this protein. Our results reported here 

demonstrate that in addition to the core domain, two short sequence motifs capable of interacting 

with SUMO are present in all members of this family. Significantly, the position of two SIMs is 

also conserved, one at each end of this protein. These features suggest that the presence of SIMs 

and their positions are important for biological function of this protein.  

SIM occurs in proteins with diverse functions and mediates noncovalent interactions with 

a wide variety of SUMO-conjugated proteins (Kerscher 2007). It is envisioned that SUMO-

binding proteins play fundamental roles in mediating biological functions of sumoylated 
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proteins. In the case of transcriptional regulation, SUMO-binding proteins may facilitate the 

recruitment and retention of corepressors or coactivators, resulting in transcriptional repression 

or activation. In this study, we have shown that Daxx, a known transcriptional regulator, has two 

distinct SUMO-interacting motifs (SIMs). It was reported that the C-terminal SIM of Daxx 

(SIM2) seems important for Daxx-mediated transcriptional repression (Lin, Huang et al. 2006). 

In contrast, we showed that Daxx stimulates c-Jun-mediated transcription and both SIMs are 

required for this effect. Interestingly, Daxx-mediated coactivation of c-Jun partly depends on the 

integrity of K229, the principal site of c-Jun sumoylation (Muller, Berger et al. 2000). Thus, it is 

likely that Daxx interacts with SUMO-modified c-Jun in the coactivation mechanism. We 

showed that the c-Jun K229A mutant is a much more potent transactivator (Fig. 5-8), suggesting 

that sumoylation of c-Jun has intrinsic repressive effects on transcription, as proposed by others 

(Muller, Berger et al. 2000). Binding of Daxx to sumoylated c-Jun via SIMs could sequester 

SUMO moiety, thereby preventing corepressors from binding to SUMO-modified c-Jun. This 

mode of coactivation could also operate in coactivation with other sumoylated DNA-binding 

transcription factors. Indeed, a recent manuscript demonstrated that the Drosophila Daxx (DLP) 

seems to interact with SUMO-modified Drosophila p53 (Mauri, McNamee et al. 2008). In light 

of our results that DLP possesses SIMs, one obvious possibility is that DLP binds sumoylated 

p53 partly through one or both SIMs of DLP. Additionally, Daxx has been shown to enhance 

HSF1-mediated transcription (Boellmann, 2004). HSF1 is a known SUMO-modified 

transcription factor (Hietakangas, 2003; Hong, 2001). We predict that the two SIMs of Daxx will 

be important for it to enhance HSF1-dependent transcription. Future studies should address 

whether binding of Daxx to SUMO-modified transcription factors such as c-Jun, p53 and HSF1 

would preclude the recruitments of corepressors to the promoters regulated by these factors.  
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Our data revealed that the Daxx mutant that could no longer interact with SUMO (the 

I7/733K double mutant or Daxx∆SIM) still colocalized with PML (Fig. 5-6). One obvious 

question is how Daxx∆SIM mutant could be recruited to PML-NB in the absence of SUMO-

binding. One scenario could be that SUMO-modified Daxx might be targeted to PML-NB, since 

certain isoforms of PML also carry a SIM (Shen, Lin et al. 2006). However, this seems unlikely, 

as PML-VI, the isoform used in our experiments, does not contain a SIM. Furthermore, our 

unpublished data showed that Daxx itself is not SUMO-modified. Alternatively, Ubc9 could 

tether Daxx to PML-NB, because Daxx interacts with Ubc9 (Fig. 5-5). This is also unlikely 

because Daxx∆SIM mutant could no longer interact with Ubc9 (Fig. 5-5). Based on these 

considerations, we propose that hetero-oligomerization of Daxx with PML, rather than 

interaction between SIMs of Daxx and SUMO-conjugated PML per se, might be critically 

important for PML-Daxx colocalization in PML-NB. Nonetheless, our data demonstrated that 

the ability of the Daxx∆SIM mutant to colocalize with PML∆S mutant was significantly 

impaired (Fig. 5-5B), suggesting that the SIMs of Daxx and sumoylation of PML, although not 

essential, have important roles in stabilizing PML-Daxx interaction (Figure 6-2). Further 

biochemical experiments will be required to test whether Daxx and PML form hetero-oligomers 

via the coiled-coil sequences of Daxx (see Figures 5-2 and Figure 6-2).  

Daxx has been described as a promiscuous binding partner that interacts with a wide 

variety of proteins with diverse functions. In most cases, the Daxx-binding proteins were 

identified through yeast two-hybrid screens and the C-terminal fragment harboring the SIM2 of 

Daxx was implicated as the interacting domain. The ability of Daxx to bind to SUMO could 

provide an explanation as to why Daxx exhibits binding-affinity to diverse proteins. Presumably, 

Daxx could interact with proteins that undergo sumoylation in yeast cells, as the enzymology of 
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SUMO conjugation is conserved from yeast to mammals. Daxx may not bind to all SUMO-

modified proteins. The binding specificity may be imparted by a Daxx-binding domain within a 

specific protein and the SUMO-moiety attached to such protein is expected to strengthen its 

affinity to Daxx. The PML-Daxx interaction appears to exemplify this mode of molecular 

recognition (see Figure 6-2).  

 

 

 
Figure 6-1. P53 export in the context of SUMO-modification. SUMO-modified p53 tetramerizes 

and associates with CRM1 and the SUMO-Interacting Motif of a SUMO-modified 
Factor X-Mdm2 complex which in turn interacts with CRM1’s SIM. The export 
complex is then translocated to the nuclear pore complex on the nuclear membrane 
where SENPs deconjugate the SUMO-modified substrates and results in the release 
of p53 into the cytoplasm. 
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Figure 6-2. A model explaining Daxx-PML interaction. Both PML and Daxx have coiled-coil 
sequences (Jensen, 2001 and see Figure 5-2), which might allow for their hetero-
oligomerization. Additional contacts between the two SIMs of Daxx and the SUMOs 
attached to PML are expected to strengthen Daxx-PML interaction. 
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