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ABSTRACT 

 

Katanin is a heterodimeric enzyme that severs and disassembles microtubules. 

While the p60 subunit has the enzyme activity, the p80 subunit regulates the p60 

activity. The microtubule-severing activity of katanin plays an essential role in axonal 

growth. However, the mechanisms how neuronal cells regulate the expression of 

katanin-p60 remained unknown. Here I showed that USP47 and CHIP 

antagonistically regulate the stability of katanin-p60 and thereby axonal growth. 

USP47 was identified as a katanin-p60-specific deubiquitinating enzyme for its 

stabilization. I also identified CHIP as an ubiquitin E3 ligase that promotes 

proteasome-mediated degradation of katanin-p60. Moreover, USP47 promoted axonal 

growth of cultured rat hippocampal neurons, whereas CHIP inhibited it. Significantly, 

treatment with basic fibroblast growth factor (bFGF), an inducer of axonal growth, 

increased the levels of USP47 and katanin-p60, but not CHIP. Consistently, bFGF 

treatment resulted in a marked decrease in the level of ubiquitinated katanin-p60 and 

thereby in promotion of axonal growth. On the other hand, the level of USP47, but not 

CHIP, decreased concurrently with that of katanin-p60 as axons reach their target cells. 
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These results indicate that USP47 plays a crucial role in the control of axonal growth 

during neuronal development by antagonizing CHIP-mediated katanin-p60 

degradation. 

Interferon-stimulated gene 15 (ISG15), was first identified as an inducing protein 

by type-I IFN, lipopolysaccharide, and viruses. However, it has also been suggested to 

serve as a tumor suppressor, based on the recent studies that cancer chemotherapeutic 

drugs, such as doxorubicin and camptothecin, increase the levels of ISG15 and its 

conjugates. Moreover, the tumor suppressor p53 has been identified as a target protein 

for ISGylation. However, how p53 ISGylation is induced and how it controls 

tumorigenesis remain unknown. Here I showed that ISGylation of p53 plays a crucial 

role in the control of its apoptotic function. Genotoxic stress, such as treatment with 

doxorubicin, camptothecin and UV, markedly induced p53 ISGylation. In addition, 

the ISG15 acceptor site was identified as Lys292 by deletion analysis. 

Moreover, estrogen responsive finger protein (EFP) was identified as a p53-specific 

ISG15 E3 ligase. Intriguingly, doxorubicin-mediated increase in p53 ISGlyation led to 

a significant enhancement of p53 transactivity, resulting in increased expression of its 
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target genes, such as p21 and BAX. These findings indicate that p53 ISGylation plays 

a critical role in the control of its function and in turn tumor suppression.  

 

Key word: CHIP (C-terminus Hsp70-interacting protein), Katanin-p60, Ubiquitin, 

USP47 (ubiquitin specific protease47), ISG15 (interferon-stimulated gene 15), p53 
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BACKGROUND 

 

1. Ubiquitin 

Ubiquitin is a 76amino-acid polypeptide that is ubiquitously present in all 

eukaryotic cells (Schlesinger and Goldstein, 1975). It is conjugated to a variety of 

cellular proteins on ε-amino group of lysine residue or rarely on N-terminal amino 

group (Breitschopf et al., 1998; Ciechanover et al., 1980; Hershko et al., 1983). 

Ubiquitin is covalently modified to target proteins by the three enzymatic steps. 

Ubiquitin-activating enzyme (E1) activates ubiquitin by ATP hydrolysis, leading to 

formation of a thio-ester bond between C-terminal glycine of ubiquitin and a cysteine 

residue of E1 enzyme. Then, the activated ubiquitin is transferred to a cysteine residue 

of ubiquitin-conjugating enzyme (E2) through thio-ester bond. Finally, ubiquitin 

ligase (E3) catalyses the last step of the ubiquitination cascade (Yeh et al., 2000) 

(Figure 1). Ubiquitin E3 ligase creates an isopeptide bond between a lysine of the 

target protein and the C-terminal glycine of ubiquitin. This enzymatic cascade  
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Figure 1. Enzymatic cascade system for protein ubiquitination 

The covalent modification of ubiquitin to target protein is mediated by a cascade 

system consisting of ubiquitin activating enzyme (E1), ubiquitin conjugating enzyme 

(E2), and ubiquitin ligase (E3). This enzyme cascade reaction continues for ligation of 

another ubiquitin to substrate bound ubiquitin, thus forming a polyubiquitin chain. 

26S proteasome recognizes the polyubiquitin chain, and degrades it to peptides. 

Deubiquitinating enzyme (DUB) removes ubiquitin from substrates so that stabilizes 

the target protein. 
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reaction continues forligation of another ubiquitin to the substrate bound ubiquitin, 

and this processes repeated, thus forming a poly-ubiquitin chain. The 26S proteasome 

recognizes this poly-ubiquitin chain, unfolds the polyubiquitinated target protein, and 

degrades it to small peptides.The attachment of ubiquitin to intracellular proteins is a 

crucial mechanism in regulating many cellular processes including signal transduction, 

stress response, DNA repair, chromosome structure regulation, viral pathogenesis, and 

protein trafficking (Hershko and Ciechanover, 1998; Pickart and Fushman, 2004). 

 

2. E3 ubiquitin ligase 

Commonly, the E3 ubiquitin ligase is an enzyme that binds to target substrates and 

promotes the transfer of ubiquitin from a thioester intermediate to amide linkages or 

polyubiquitin chains (Hershko and Ciechanover, 1998). These E3 ubiquitin ligases 

can be classified into two major types, based on their domain structure and substrate 

recognition, the HECT (homologous to E6-associated protein C-terminus), RING 

(really interesting new gene) finger type (Lorick et al., 1999) (Figure 2). 
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Figure 2. Types of ubiquitin E3 ligases 

HECT type E3 ligases, such as E6-AP, Nedd4, and Smurf, form ubiquitin-E3 

intermediate, whereas RING-finger type E3 ligases, includingc-Cbl, Mdm2, and 

Parkin do not form such intermediates. U-box type E3 ligase, such as UFD2 and 

CHIP, neither form ubiquitin-E3 intermediate. 
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The HECT E3 ligases contain a C-terminal region homologous to that of E6-AP 

with a conserved active site cysteine residue near the C-terminus (Scheffner et al., 

1995). The N-terminal regions are highly variable and may be involved in substrate 

recognition (HershkoandCiechanover A, 1998). E6-AP (E6-associated protein) is the 

first family member of HECT-type E3 ligase, and it together with oncoprotein E6 

promotes p53 ubiquitination and degradation. E6-AP lead to formation of a thiol-

intermediate with activated ubiquitin from E2, And then it catalyses the formation of 

isopeptide bond between a lysine of p53 or a lysine of ubiquitin bound to p53 and the 

glycine of ubiquitin (Scheffner et al., 1993).  

The largest type of E3 ligasesis the RING (ReallyInteresting New Gene) family. 

RING finger domains have 40 to 60 residue zinc-binding motrifs containing cysteine 

and histidine as core residues. Commonly, RING finger type E3 ligases can be 

monomeric enzymes or multisubunit complexes. Monomeric RING finger E3s, 

single-polypeptide RING-finger (SPRF), include the oncoprotien Mdm2, IAP, c-Cbl, 

and Parkin. Other RING-finger E3s contain many subunits that serve as scaffolds to 
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bring together the substrate and an E2 conjugated to ubiquitin. Anaphase-promoting 

complex/cyclosome (APC/C) complex is the largest complex E3 ligase. It is important 

in ubiquitination of mitotic cyclin and other proteins that are involvedin cell-cycle 

control. Skp1, Cullin1, F-box (SCF) complex is a well-known group of the RING 

finger type E3 ligase. The F-box protein has substrate-binding motif (e.g.,WD40 

repeat, Leucine-rich repeat), and it binds to an adaptor, Skp1 protein, through a F-box 

domian. Substrates of SCF complex are key molecules that regulate inflammation, 

cell growth (e.g. IkB, NF-kB, b-catenin ) and cell cycle (cyclin E, p27). 

The U-box containing ubiquitin ligases contain atypical RING finger motif 

(Hatakeyama and Nakayama, 2003). CHIP (C-terminus of Hsp70-interacting protein) 

having a U-box domain in the C-terminal region belongs to the U-box containing 

ubiquitin E3 ligase family. With the E3 ligase activity, it promotes ubiquitination of its 

target proteins and escorts them to proteasome for degradation (McDonough and 

Patterson, 2003). CHIP also has a TPR (tetratricopeptide repeat) domain in the N-

terminal region, which is involved inthe interaction with numerous proteins, including 
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HSP70 and HSP90 (Ballinger et al, 1999; Lamb et al, 1995). Significantly, CHIP was 

shown to attenuate the toxicity or pathogenicity of protein aggregates in some 

transgenic mouse models (Dickey et al, 2007), implicating its important preventive 

role in neurodegenerative diseases, such as Parkinson’s and Alzheimer’s diseases 

(Ding and Goldberg, 2009; Ko et al, 2009; Miller et al, 2005). 

 

3. Deubiquitinating enzyme (DUB) 

Analogous to protein phosphorylation and dephosphorylation, protein modification 

by ubiquitin is a reversible process. Deubiquitinating enzymes (DUBs) catalyze the 

removal of ubiquitin from ubiquitinated proteins. The families of DUBs contain UCH 

(Ubiquitin C-terminal hydrolase) and USP (Ubiquitin-specific protease) families that 

were found by screeing for the cleavage of ubiquitin-fusion peptides. DUBs of these 

families are cysteine proteases. The JAMM (Jab1/MPN/Mov34-domain 

metalloprotease) family including the Rpn11/POH1subunit in the 19S regulatory 

particle of the 26S proteasome has the metal-binding JAMM motif that is essential for 
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deubiquitinating activity (Verma et al., 2002). OTU (ovarian tumor protease) and 

MJD (Machado-Joseph disease proteins) are two families of cysteine proteases that 

were most recently idenfied to DUBs (Makarova et al., 2000; Scheel et al., 2003). 

 

4. Interferon-Stimulated Gene 15 (ISG15) 

ISG15, interferon-stimulated gene 15, is the first identified ubiquitin-like protein 

(Farrell et al., 1979). It shows high sequence homology to ubiquitin. The primary 

sequences of the two ubiquitin like domains in the N- and C-terminal regions of 

ISG15 share 29% and 31% identities with ubiquitin (Figure3). Therefore, some 

antibodies directed against ubiquitin also react with ISG15, thereby it was initially 

named as an ubiquitin cross-reactive protein (UCRP) (Haas et al., 1987). 

ISG15 is conjugated to numerous cellular proteins via isopeptide bond by the action 

of a cascade enzyme system consisting of ISG15-activating E1 enzyme (UBE1L), 

ISG15-conjugating E2 enzyme (UbcH8), and ISG15 E3 ligase, including EFP, 

HERC5. On the other hand, UBP43 (also called USP18) serves as a major ISG15- 
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Figure 3. Comparison of the structure of ISG15 with that of ubiquitin 

The structural information was obtained from the protein data bank (PDB): ISG15 

(PDB code 1Z2M) and ubiquitin (PDB code: 1XD3) (A) Ribbon diagram of ISG15 

shows the N-terminal (blue) and C-terminal (purple) domain.The two ubiquitin-like 

domainsare connected by a hinge. (B) Ribbon diagram of ubiquitin (yellow) 
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specific deconjugating enzyme.  

ISG15 is strongly induced by type-I IFNs, lipopolysccharide, viral infection (Yuan 

et al., 2001; Nielsch et al., 1992; Farrell et al., 1979). A number of proteins that are 

involved in antiviral signaling pathways, including RIG-1, MDA-5, STAT1, and 

JAK1, have been identified as target proteins for ISGylation. Significantly, p53 has 

also been identified as a target for ISGylation (Larissa et al., 2010), although its 

physiological significance is totally unknown. In addition, it has been reported that 

ISG15 expression is induced by p53 (Hermeking et al., 1997; Hummer et al., 2001). 

Thus, it appears possible that ISG15 induction and p53 ISGylation may form a 

positive feedback loop for regulating p53 function. 
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CHAPTER I 

 

 

USP47 and CHIP antagonistically 

regulate katanin-p60-mediated axonal 

growth 
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INTRODUCTION 

 

Microtubules are assembled at the centrosome, released by the action of katanin, 

and transported to neurites where they form bundles for the growth of axons and 

dendrites (Baas and Buster, 2004; Hirokawa and Noda, 2008; Vale, 2003). Katanin 

consists of two different subunits, p60 and p80. Of these, the p60 subunit (katanin-p60) 

is a member of AAA ATPase superfamily and utilizes ATP as energy for its 

microtubule-severing activity (Hartman et al., 1998; McNally and Vale, 1993), which 

plays a key role in the growth of axons and dendrites and the formation of axonal 

branches. Significantly, cellular level of katanin-p60 in the brain changes during 

development. Katanin-p60 level is elevated during axonal growth, but falls as axons 

reach their target cells (Karabay et al., 2004). In addition, the level of katanin-p60 is 

dramatically increased in certain cellular regions, such as at the sites of axonal branch 

formation and within growth cones (Qiang et al., 2010). However, the mechanisms 

how the neuronal cells regulate the protein level and thereby the activity of katanin-
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p60 remained unknown. 

Ubiquitin-dependent proteolysis plays an essential role in the regulation of various 

cellular processes, including cell proliferation, differentiation, and apoptosis (Hershko 

and Ciechanover, 1998; Hochstrasser, 1996). Ubiquitinis covalently attached to target 

proteins by a cascade enzyme system consisting of ubiquitin activating (E1), 

conjugating (E2), and ligating (E3) enzymes, which in most but not all cases, causes 

degradation of ubiquitinated proteins by proteasome (Hershko and Ciechanover, 

1998). Reversal of ubiquitination catalyzed by deubiquitinating enzymes also plays 

important roles in the control of numerous biological pathways through stabilization 

of regulatory proteins (Kim et al., 2003; Wilkinson, 1997). 

CHIP (C-terminus of Hsp70-interacting protein) is an ubiquitin E3 ligase that has a 

U-box domain (Hatakeyama and Nakayama, 2003). It promotes ubiquitination of 

target proteins and escorts them to proteasome for degradation (McDonough and 

Patterson, 2003). CHIP also has a TPR (tetratricopeptide repeat) domain, which is 

involved in the interaction with numerous proteins, including HSP70 and HSP90 
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(Ballinger et al., 1999; Lamb et al., 1995).  

USP47 is a deubiquitinating enzyme, whose function is yet to be determined. 

murine USP47 is expressed in neural precursor cells in pre-natal phase and in 

olfactory bulb, cerebellum, hippocampus, and dentate gyrus of adult brain (NCBI 

GENESAT database). Both Ubp64E in Drosophila and a hypothetical protein 

T05H10.1 in C. elegans (Baek et al., 1997), which is expressed exclusively in neurons, 

have high homology with human USP47 in their amino acid sequences. Notably, 

Drosophila Ubp64E was identified as an interacting partner of Drosophila katanin-

p60 (Giot et al., 2003). 

Here, I showed that USP47 and CHIP inversely regulate the stability of katanin-

p60 and thereby katanin-p60-mediated axonal growth. Moreover, bFGF increased the 

expression of USP47, but not CHIP. On the other hand, the level of USP47, but not 

CHIP, decreased in parallel with that of katanin-p60 as axons reach their target cells. 

These findings revealed that antagonistic actions of USP47 and CHIP play a key role 

in the control of katanin-p60-mediated axonal growth during neuronal development. 
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MATERIALS AND METHODS 

 

1. Plasmids and antibodies 

Human USP47 cDNA was provided by Dr. K. Fujita (Biological Resource Center, 

National Institute of Technology and Evaluation, Japan). pcDNA4-HisMax-USP47 

was constructed by inserting the cDNA into KpnI and XhoI sites of pcDNA4-HisMax 

vector (Invitrogen). Katanin-p60 cDNA obtained from KUGI (Korean UniGene 

Information) was inserted into BglII and XbaI site of pFlag-CMV2 vector and 

pcDNA3-HA vector (Invitrogen). Other mammalian expression vectors used were 

pcDNA4.1-katanin-p60-V5-His, pcDNA3-Myc-CHIP, and pcDNA-HSP90. Site-

directed mutagenesis was performed as recommended by the manufacturer’s 

instructions (Stratagene). 

Antibodies used were as follows: mouse monoclonal anti-Flag M2 (Sigma), mouse 

monoclonal anti-HA (Roche), rabbit polyclonal anti-HA Y-11, mouse monoclonal 

HSP90a/b, mouse monoclonal HSP70, rabbit polyclonal CHIP H-231, goat 
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polyclonal anti-katanin-p60 M-13, mouse monoclonal anti-b-actin (Santa Cruz), 

mouse monoclonal anti-USP47 (Abonova), and rabbit polyclonal anti-USP47 

antibodies (Bethyl Laboratories). Polyclonal anti-katanin-p60 antibody was generated 

by injecting purified His-katanin-p60 (the amino acid sequence of 244-434) to mice. 

The purified katanin-p60 was obtained by using Ni2+-NTA agarose column as 

recommended by the manufacturer’s instruction (Qiagen). Horseradish peroxidase-

conjugated anti-rabbit IgG, anti-mouse IgG, FITC- and TRITC-conjugated anti-mouse 

and anti-rabbit IgG were used (Jackson ImmunoResearch). 

 

2. Primary neuron culture 

Cultured cortical and hippocampal neurons were prepared from the brains of 

Sprague Dawley rat of either sex at embryonic day 18 (E18)(Chang and De Camili, 

2001). Dissociated neurons were plated in MEM containing 0.6% glucose, 1 mM 

pyruvate, 2 mM L-glutamine, 10% FBS, 100 mg/ml of penicillin, and 100 mg/ml of 

streptomycin for 4 h, and maintained in Neurobasal medium supplemented with B27, 
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0.5 mM L-glutamine, and 1 mg/ml of gentamycin. All reagents used for the primary 

cell culture were purchased from Invitrogen unless otherwise indicated. 

 

3. Cell culture, transfection and immnoprecipitation 

Neuro2A (a neuroblastoma cell line), HEK293T, and NIH3T3 cells were cultured at 

37°C in a 5% CO2 atmosphere in DMEM supplementedwith 10% FBS, 2 mM L-

glutamine, and 25 units/ml of penicillin and streptomycin.Transfections of plasmids 

were performed using Metafectene reagent (Biontex). Transient transfection of 

plasmids to hippocampal neurons were performed using Lipofectamine 2000 

according to manufacturer’s instruction (Invitrogen). For immunoprecipitation, cell 

lysates were prepared in 50 mM Tris-HCl (pH 7.4) containing 150 mM NaCl, 1 mM 

EDTA, 1 mM NEM, 1 mM sodium vanadate, 1 mM NaF, 1 mM PMSF, and 1 X 

protease inhibitorcocktail (Roche) in the presence or absence of 0.5% (v/v) Triton X-

100. Cell lysates were incubated with appropriate antibodies for 1 h at 4°C and then 

with protein A-conjugated Sepharose for the next 1 h. 



２１ 

 

4. Ubiquitination and deubiquitination assay 

HA-Ub and katanin-p60-V5-His were expressed in HEK293T cells with Myc-

CHIP or Flag-USP47. Cell lysates were prepared by sonication in a lysis buffer (50 

mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% SDS, 0.5% Triton X-100, 1 mM EDTA, 1 

mM PMSF, 1 mM NEM, and 1 X protease inhibitor cocktail), followed by 10-fold 

dilution with the lysis buffer lacking SDS. After incubating them with NTA resins at 4 

°C for 2 h, precipitates were washed and subjected to pull-down with NTA resins 

followed by immunoblot with anti-HA antibody (Oh et al., 2011). 

 

5. Immunocytochemistry of primary cultured neurons 

Cells grown on 0.1 mg/ml of poly-D-lysine coated cover-slips were transfected 

with appropriate plasmids. After culturing for appropriate periods, they were fixed by 

incubation with 3.7% paraformaldehyde in PBS for 10 min, washed three times with 

0.1% Triton X-100, permeabilized with 0.5% Triton X-100 for 5 min, and treated with 

0.1% Triton, 10% goat serum, 1% BSA, and 1% gelatin. After incubation for 1 h with 
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appropriate antibodies in 0.1% Triton X-100 and 3% BSA, they were treated for 1 h 

with FITC-labeled goat anti-mouse IgG and TRITC-labeled goat anti-rabbit IgG in 0.1% 

Triton X-100 and 3% BSA. Cells were then observed under a fluorescence 

microscope (Axioplan II, Zeiss) equipped with a 20X, 0.4 NA LD-achroplan objective 

lens. Images were captured by using a cooled charged coupled-devised (CCD) digital 

camera (Axio-Cam, Zeiss). Cells were also observed under a confocal microscope 

(Fluoview FV1000, Olympus) equipped with a 20X, 0.75 NA plan-apo objective lens. 

 

6. Quantitative analysis of neuronal morphology 

After image acquisition, images were cropped and processed using Adobe 

Photoshop. Image processing for morphometric analysis of neurons was performed 

using semi-manual tracing with “Neuron J” software (NIH). All morphometric 

experiments were repeated in at least three independent experiments with an n>12 per 

condition in each experiment. 
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RESULTS 

 

1. USP47 interacts with katanin-p60 

Since Drosophila Ubp64E, a homolog of human USP47, interacts with Drosophila 

katanin-p60 (Giot et al, 2003), I first examined whether human USP47 could interact 

with human katanin-p60. USP47 was expressed in HEK293T cells with and without 

katanin-p60. USP47 could be co-immunoprecipitated with katanin-p60 (Figure 4A). 

Moreover, endogenous katanin-p60 could also be co-immunoprecipitated with 

endogenous USP47 in rat cortical neurons cultured for 7 days in vitro (DIV) (Figure 

4B). These results indicate that katanin-p60 interacts with USP47 in mammalian cells. 

To locate the katanin-p60-binding region within USP47, various deletions of 

USP47 were generated, expressed in HEK293T cells with katanin-p60, and subjected 

to immunoprecipitation analysis. Katanin-p60 bound to the middle region (amino 

acids 460-754) of USP47 (Figure 5). To determine the USP47-binding region within 

katanin-p60, deletions of katanin-p60 were generated and expressed in cells with 
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Figure 4. USP47 interacts withkatanin-p60 

(A) Flag-tagged katanin-p60 (Flag-Kp60) was expressed in HEK293T cells with 

HisMax-USP47 or HisMax-U/C109S. Cell lysates were subjected to 

immunoprecipitation with anti-Flag antibody or pull-down with NTA resins followed 

by immunoblot with anti-Xpress or anti-Flag antibody. Cell lysates were also directly 

probed with the same antibodies. The asterisk indicates IgG heavy chain. (B) Lysates 

of cortical neurons at 7 DIV were immunoprecipitated with anti-USP47 (left) or anti-

katanin-p60 antibody (right) followed by immunoblot with the same antibodies. 
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Figure 5. Identification of the katanin-p60 binding region within USP47 

Deletions of USP47 (UD1-UD5) were tagged with HisMax to their N-termini and 

expressed in HEK293T cells with and without Flag-Kp60 (top). Cell lysates were 

subjected to immunoprecipitation with anti-Xpress antibody followed by immunoblot 

with anti-Flag or anti-Xpress antibody (bottom). In the top panel, whether the proteins 

bind to each of the deletions or not was shown as “+” or “-” and the binding region 

was indicated by the arrow. 
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USP47. USP47 bound to the AAA ATPase domain of katanin-p60 (Figure 6). 

 

2. USP47 deubiquitinates and stabilizes katanin-p60 

To determine whether USP47 can deubiquitinate katanin-p60, USP47 was 

expressed in HEK293T cells with katanin-p60 and ubiquitin. Ubiquitination of 

katanin-p60 could be reversed by USP47, but not by its catalytically inactive mutant 

(denoted U/C109S), in which the active site Cys109 was replaced by Ser (Figure 7A). 

On the other hand, neither USP3 nor USP10 could remove ubiquitin from katanin-p60 

(Figure 7B), suggesting that USP47 specifically deubiquitinates katanin-p60. To 

confirm the ability of USP47 to deubiquitinate katanin-p60, a USP47-specific shRNA 

(shUSP47) was expressed in Neuro2A cells. Knock-down of endogenous USP47 by 

the shRNA led to a marked increase in the level of ubiquitinated katanin-p60 and this 

increase was further enhanced by treatment with MG132, a proteasome inhibitor 

(Figure 7C). USP47 knockdown also resulted in a decrease in the level of katanin-p60 

in cell lysates and this decrease was abrogated by MG132 treatment. These results  
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Figure 6. Identification of the USP47 binding region within katanin-p60 

Deletions of katanin-p60 (KD1-KD4) were tagged with V5-His to their C-termini and 

expressed in cells with and without Flag-USP47 (top). Cell lysates were subjected to 

pull-down with Flag-M2-beads followed by immunoblot with anti-V5 or anti-Flag 

antibody (bottom). In the top panel, whether the proteins bind to each of the deletions 

or not was shown as “+” or “-” and the binding region was indicated by the arrow. 
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Figure 7. USP47 deubiquitinates katanin-p60 

(A) HA-Ub and Kp60-V5-His were expressed in HEK293T cells with Flag-tagged 

USP47 or U/C109S. Cell lysates were subjected to pull-down with NTA resins 

followed by immunoblot with anti-HA or anti-V5 antibody. (B) HA-Ub and Kp60-

V5-His were expressed in HEK293T cells with Flag-tagged USP47, USP3, and 

USP10. Cell lysates were subjected to pull-down with NTA resins followed by 

immunoblot with anti-HA antibody. (C) Neuro2A cells were transfected with shNS or 

shUSP47. After incubation for 48 h, cell lysates were subjected to 

immunoprecipitation with anti-Kp60 antibody followed by immunoblot with anti-Ub 

antibody. 
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suggest that USP47 is responsible for deubiquitination and stabilization of katanin-

p60. 

To determine whether USP47-mediated deubiquitination indeed affects the 

stability of katanin-p60, USP47 or U/C109S was expressed in Neuro2A cells with 

katanin-p60 followed by incubation with cycloheximide, a protein synthesis inhibitor. 

USP47, but not U/C109S, could markedly increase the stability of katanin-p60 (Figure 

8A). Furthermore, expression of shUSP47 significantly reduced the stability of 

endogenous katanin-p60, as compared to that of a non-specific shRNA (shNS) (Figure 

8B), indicating that the stability of katanin-p60 is at least in part controlled by USP47. 

Treatment with MG132 prevented the decrease in katanin-p60 stability, indicating that 

katanin-p60 is degraded by proteasome (Figure 8C). Collectively, these results 

indicate that USP47 acts as a katanin-p60-specific deubiquitinating enzyme for its 

stabilization. 

 

3. CHIP interacts with katanin-p60 
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Figure 8. USP47 stabilizes katanin-p60 

(A) Flag-Kp60 was expressed in Neuro2A cells with HisMax-tagged USP47 or 

U/C109S. After culturing 24 h, cells were treated with 100 mg/ml of cycloheximide 

followed by immunoblot analysis. (B) Neuro2A cells were transfected with shNS or 

shUSP47. After incubation for 48 h, they were treated with cycloheximide. (C) 

Cortical neurons at 7 DIV were incubated with cycloheximide in the absence or 

presence of 10 mM MG132.  
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To identify E3 ligase(s) that is responsible for katanin-p60 ubiquitination, lysates 

prepared from cortical neurons at 7 DIV were immunoprecipitated with anti-katanin-

p60 antibody. Precipitated proteins were subjected to SDS-PAGE followed by mass 

spectrometry (Figure 9). Identified katanin-p60-interacting proteins included STIP1 

that contains a tetratricopeptide repeat (TPR) domain (Table 1), in addition to heat-

shock proteins, such as HSP70 and HSP90, which are known to interact with the TPR 

domain. Since CHIP (also called as STIP1 homologous and U-box containing protein 

1: STUB1) also has a TPR domain and binds to HSP70 and HSP90, I suspected if 

CHIP is capable of interacting with katanin-p60. To test this possibility, CHIP and 

katanin-p60 were overexpressed in HEK293T cells. Reciprocal immunoprecipitation 

analysis showed that CHIP and katanin-p60 interact with each other (Figure 10A). To 

confirm this finding, lysates from cortical neurons were subjected to 

immunoprecipitation. Endogenous CHIP could be co-precipitated with katanin-p60 as 

well as with HSP70 and HSP90 (Figure 10B), suggesting that CHIP interacts with 

katanin-p60. 



３７ 

 

 

 

 

 

Figure 9. Identification of katanin-p60 binding proteins 

Lysates from cortical neurons at 7 DIV were subjected to immunoprecipitation with 

IgG or anti-katanin-p60 antibody. Precipitated proteins were subjected to SDS-PAGE 

followed by staining with Coomassie brilliant blue R250. They were also subjected to 

mass spectrometry for identification of katanin-p60-binding proteins. The arrowheads 

indicate some of the proteins identified by the mass analysis. HC and LC indicate IgG 

heavy and light chains, respectively. M denotes size markers. 
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Table 1. Identification of katanin-p60 binding proteins 

List of proteins identified as katanin-p60-interacting proteins. Proteins bound to anti-

katanin-p60 antibody were precipitated and analyzed by LC-MS/MS. 
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Figure 10. Interaction of CHIP with katanin-p60 

(A) Flag-Kp60 (top) or Kp60-V5-His (bottom) were expressed in HEK293T cells 

with Myc-CHIP. Cell lysates were subjected to immunoprecipitation with anti-Flag or 

anti-Myc antibody followed by immunoblot with anti-Myc or anti-Flag antibody, 

respectively. (B) Lysates of cortical neurons at 7 DIV were immunoprecipitated with 

anti-CHIP (left) or anti-Kp60 antibody (right) followed by immunoblot with 

respective antibodies. 

 

 

 

 



４１ 

 

 

 

 

 



４２ 

 

CHIP commonly transfers polyubiquitin chains to its target proteins through 

interaction with chaperone proteins, such as HSP90 and HSP70 (Ballinger et al, 1999). 

To determine whether the chaperone proteins are required for the interaction of CHIP 

with katanin-p60, I used a mutant form of CHIP (denoted C/K30A), in which Lys30 

was replaced by Ala. It is known that C/K30A cannot bind the chaperone proteins 

(Jung et al, 2007). Immunoprecipitation analysis revealed that unlike wild-type CHIP, 

C/K30A could interact with neither the chaperone proteins nor katanin-p60 (Figure11), 

indicating that either HSP70 or HSP90 is required for the interaction of CHIP with 

katanin-p60. To locate the HSP90- and HSP70-binding region within katanin-p60, 

various deletions of katanin-p60 were generated,overexpressed in HEK293T cells, 

and subjected to immunoprecipitation analysis. Both HSP90 and HSP70 bound to the 

AAA domain of katanin-p60 (Figure 12). Collectively, these results indicate that 

HSP90 or HSP70 serves as an adaptor for the interaction between CHIP and katanin-

p60. 
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Figure 11. HSP90 acts as an adaptor for the binding of CHIP with Katanin-p60 

Kp60-V5-His was expressed in HEK293T cells with Myc-tagged CHIP or C/K30A. 

Cell lysates were immunoprecipitated with anti-Myc antibody. 
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Figure 12. Identification of the HSP70- and HSP90- binding region within  

katanin-p60  

Deletions of katanin-p60 (KD1-KD4) were expressed in HEK293T cells (top). Cell 

lysates were subjected to immunoprecipitation with anti-V5 antibody followed by 

immunoblot with anti-HSP90, anti-HSP70, or anti-V5 antibody (bottom). In the top 

panel, whether the proteins bind to each of the deletions or not was shown as “+” or “-” 

and the binding region was indicated by the arrow. 
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4. CHIP ubiquitinates and destabilizes katanin-p60 

To determine whether CHIP acts as an ubiquitin E3 ligase for katanin-p60, katanin-

p60 were expressed in HEK293T cells with CHIPorits catalytically inactive mutant 

(denoted C/H260Q), in which the active site His260 was replaced by Gln.Expression 

of CHIP, but not C/H260Q, led to a significant increase in the level of ubiquitinated 

katanin-p60 (Figure 13A), suggesting that CHIP is involved in the control of katanin-

p60 stability. Of note was the finding that katanin-p60 was moderately ubiquitinated 

without CHIP overexpression and this modification could be strongly inhibited by 

C/H260Q, suggesting that the inactive mutant mightact dominant negatively against 

endogenous CHIP. To determine the ability of endogenous CHIP to ubiquitinate 

katanin-p60, a CHIP-specific shRNA (shCHIP) was expressed in Neuro2A cells. 

Knock-down of CHIP led to a marked decrease in cellular levels of ubiquitinated 

katanin-p60 and this decrease was slightly compromised by MG132 treatment (Figure 

13B). CHIP knockdown also resulted in an increase in the level of katanin-p60 in cell  

lysates and this increase was further enhanced by MG132 treatment. These results 
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Figure 13. CHIP ubiquitinates katanin-p60  

(A) HA-Ub and Kp60-V5-His were expressed in HEK293T cells with Myc-tagged 

CHIP or C/H260Q. Cell lysates were pull-downed with NTA resins. (B) Neuro2A 

cells were transfected with shNS or shCHIP. After culturing for 48 h, cell lysates were 

immunoprecipitated with anti-Kp60 antibody.  
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suggest that CHIP is responsible for ubiquitination and destabilization of katanin-p60. 

To determine whether CHIP-mediated ubiquitination indeed affects katanin-p60 

stability, katanin-p60 was expressed in NIH3T3 cells with CHIP or C/H260Q 

followed by incubation with cycloheximide. Overexpression of CHIP significantly 

decreased katanin-p60 stability, but that of C/H260Q rather increased it (Figure 14A), 

again suggesting that the mutant ligase acts dominant negatively against endogenous 

CHIP. Furthermore, the stability of endogenous katanin-p60 was increased by 

expression of shCHIP, but not by that of shNS (Figure 14B). These results indicate 

that CHIP could negatively regulate the stability of katanin-p60,in contrast to USP47 

that could stabilize it. 

Of note was the finding that both USP47 and HSP90 could bind to the AAA 

domain of katanin-p60 (see Figures 6 and 12). Thus, it appeared possible that USP47 

might compete with HSP90 and in turn with CHIP for binding to katanin-p60. To test 

this possibility, increasing amounts of USP47 or HSP90 were expressed in HEK293T 

cells with a constant amount of katanin-p60. Immunoprecipitation analysis revealed  
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Figure 14. CHIP destabilizes katanin-p60  

(A) Kp60-V5-His was expressed in Neuro2A cells with Myc-tagged CHIP or 

C/H260Q. After culturing 24 h, cells were treated with cycloheximide. (B) Neuro2A 

cells were transfected with shNS or shCHIP. Cells were treated as in (A) 
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that the amount of USP47 co-precipitated with katanin-p60 is inversely correlated 

with that of CHIP as well as of HSP90 (Figure 15,16), suggesting that USP47 could 

compete with the chaperone proteins and in turn with CHIP for binding to katanin-p60.  

  To determine whether the competitive binding of HSP90 to katanin-p60 against 

USP47 indeed influences katanin-p60 stability, Neuro2A cells transfected with 

pcDNA or pcDNA-HSP90 were incubated with cycloheximide. The stability of 

katanin-p60 was significantly reduced upon HSP90 expression (Figure 16C). These 

results suggest that USP47 and CHIP could regulate the stability of katanin-p60 not 

only by their antagonistic catalytic functions but also by competing for binding to the 

microtubule-severing enzyme. 

 

5. USP47 and CHIP antagonistically regulate axonal growth 

Both CHIP and katanin-p60 are known to reside in most parts, if not all, of the 

neuron (Dickey et al, 2007; Ko et al, 2009; Yu et al, 2008). To determine the 

localization of USP47 and whether its localization may change during neuronal 
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Figure 15. USP47 competes with HSP90 for binding to katanin-p60 

(A) Kp60-V5-His was expressed in HEK293T cells with and without increasing 

amounts of Flag-USP47. Cell lysates were subjected to immunoprecipitation with 

anti-V5 antibody followed by immunoblot with anti-HSP90, anti-V5, or anti-Flag 

antibody. (B) The intensity of each protein band in (A) was scanned using a 

densitometer and quantified by using “Image J”software. The intensity of HSP90 or 

CHIP seen with an empty vectorwas expressed as 1.0, and the others were as its 

relative values. For USP47, the intensity seen upon transfection of 8 mg of USP47 

cDNA was expressed as 1.0, and the others were as its relative values. Note that in (A), 

cells were incubated with 10 mM MG132 for 4 h prior to the preparation of cell lysates. 
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Figure 16. HSP90 competes with USP47 for binding to katanin-p60 

(A) Myc-Kp60 was expressed with and without increasing amounts of HSP90-V5-His. 

Cell lysates were immunoprecipitated with anti-Myc antibody followed by 

immunoblot with anti-Myc, anti-V5, or anti-CHIP antibody. (D) The intensity of each 

protein band in (A) was quantified as in Figure 16B. The intensity of USP47 seen with 

an empty vector was expressed as 1.0, and the others were as its relative values. For 

CHIP and HSP90, the intensity seen upon transfection of 8mg of HSP90 cDNA was 

expressed as 1.0, and the others were as its relative values. (C) Neuro2A cells were 

transfected with pcDNA (Mock) or pcDNA-HSP90. After incubation for 24 h, cells 

were treated with cycloheximide.Note that in (A), cells were incubated with 10 mM 

MG132 for 4 h prior to the preparation of cell lysates. 
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development, the rathippocampal neurons at 4 DIV and 14 DIV were subjected to 

immunocytochemistry. Like katanin-p60, USP47 was found to reside in most parts of 

the neuron (Figure 17). In addition, the localization of USP47 and CHIP remained 

unchanged during the culture periods examined, suggesting that the locality of both 

USP47 and CHIP does not change during neuronal development. 

To examine whether USP47- and CHIP-mediated changes in katanin-p60 stability 

influence the growth of axons, we first overexpressed USP47, U/C109S, or katanin-

p60with DsRed in hippocampal neurons at 3 DIV. Immunocytochemical analysis 

revealed that USP47 overexpression, similar to that of katanin-p60, leads to a marked 

promotion of axonal growth, whereas U/C109S overexpression shows little or no 

effect (Figure 18A). Quantitative analysis by using “Neuron J”software confirmed the 

increase in axonal length by USP47, but not by U/C109S (Figure 18B), suggesting 

that USP47 is involved in the control of axonal growth by stabilizing katanin-p60. To 

confirm this finding, the ability of USP47 to promote axonal growth was compared 

that of U∆5, a USP47 mutant that cannot bind to katanin-p60 (see Figure 5). Unlike  
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Figure 17. Co-localization of USP47 and CHIP with katanin-p60 in hippocampal  

neurons 

Hippocampal neurons were cultured for 4 DIV (A) and 14 DIV (B) on slide glasses. 

Cell were then fixed, stained with anti-CHIP (green), anti-USP47 (red), and anti-

katanin-p60 antibodies (blue), and observed under a fluorescent microscope. The 

bottom panels show the magnified views of the boxed regions of the upper panels. 

Scale bars: lower magnification, 20 mm; higher magnification, 10 mm. 
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Figure 18. Effects of USP47 and katanin-p60 overexpression on axonal growth 

(A) DsRed was expressed in hippocampal neurons at 4 DIV with Flag only (by 

transfecting pFlag-CMV-2), Flag-Kp60, Flag-USP47, or Flag-U/C109S. After 

culturing for 24 h, cells were fixed and stained with anti-Flag antibody (green). (B) 

The length of axons was determined by using “Neuron J”software. (C) Flag, Flag-

USP47, or Flag-U∆5 was expressed in hippocampal neurons at 4 DIV. After culturing 

24 h, cells were fixed and stained with anti-Flag antibody. The length of axons was 

determined as in (B). Note that the stained cells were not shown.Statistical analysis 

was carried out by using student T test. (*, p < 0.01; **, p < 0.005; ***, p < 0.001). 

Scale bars: 20 mm. SD was shown as error bars. 
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the wild-type enzyme, the U∆5 mutant showed little or no effect on axonal growth 

(Figure 18C), indicating that USP47 stimulates axonal growth by stabilizing katanin-

p60. We next overexpressed CHIP, C/H260Q, or katanin-p60 with DsRed. In contrast 

to USP47, CHIP overexpression attenuated axonal growth (Figure 19A and B). 

Remarkably, overexpression of C/H260Q promoted axonal growth nearly as well as 

that of katanin-p60, indicating that the inactive mutant acts as a dominant negative 

inhibitor of endogenous CHIP. These results suggest that USP47 and CHIP are 

capable of altering axonal growth by antagonistically regulating the stability of 

katanin-p60. 

To determine whether USP47 and CHIP are indeed involved in the control of 

axonal growth, USP47 and CHIP were expressed in hippocampal neurons with a 

katanin-p60-specific shRNA (shKp60) or shNS. Knockdown of katanin-p60 ablated 

the stimulatory effect of USP47 on axonal growth (Figure 20A and B), whereas 

showed little or no effect on CHIP-mediated inhibition of axonal growth (Figure 21A 

and B). Furthermore, knockdown of USP47 by shUSP47 led to a decrease in axonal 
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Figure 19. Effects of CHIP and katanin-p60 overexpression on axonal growth 

(A) DsRed was expressed in hippocampal neurons with Myc (pcDNA3-Myc9), Myc-

CHIP, or Myc-C/H260Q. After culturing 24 h, cells were fixed and stained with anti-

Myc antibody (green). (B) The length of axons was determined as in Figure 19B. 

Statistical analysis was carried out by using student T test. (*, p < 0.01; **, p < 0.005; 

***, p < 0.001). Scale bars: 20 mm. SD was shown as error bars. 
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Figure 20. Effects of knockdown of USP47 and katanin-p60 on axonal growth 

(A) GFP-shNS, GFP-shKp60, and GFP-shUSP47 were expressed in hippocampal 

neurons at 3 DIV. After culturing 24 h, cells were transfected with vectors expressing 

Flag, Flag-USP47, or Falg-Kp60. They were further cultured for the next 24 h. (B) 

The length of axons was determined as in Figure 19B.Statistical analysis was carried 

out by using student T test. (*, p < 0.01; **, p < 0.005; ***, p < 0.001). Scale bars: 

20 mm. SD was shown as error bars. 
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Figure 21. Effects of knockdown of CHIP and katanin-p60 on axonal growth 

(A) GFP-shNS, GFP-shKp60, and GFP-shCHIP were expressed in hippocampal 

neurons at 3 DIV. After culturing 24 h, cells were transfected with vectors expressing 

Myc, Myc-CHIP, or Myc-Kp60. They were further cultured for the next 24 h. (B) The 

length of axons was determined as inFigure 19B. Statistical analysis was carried out 

by using student T test. (*, p < 0.01; **, p < 0.005; ***, p < 0.001). Scale bars: 20 

mm. SD was shown as error bars. 
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length and this decrease could be reversed by katanin-p60 overexpression (Figure 20A 

and B). On the other hand, depletion of CHIP by shCHIP resulted in a marked 

increase in axonal length and this increase was slightly enhanced by katanin-p60 

overexpression (Figure 21A and B). Collectively, these results indicate that USP47 

and CHIP inversely regulate axonal growth by controlling the stability of katanin-p60. 

 

6. bFGF up-regulates the expression of USP47 and katanin-p60 

bFGF is a potent inducer of axonal growth (Archer et al, 1999; Klimaschewski et al, 

2004; Thanos et al, 1989). It is also known to stabilize katanin-p60 (Qiang et al, 2010). 

Therefore, I examined whether bFGF might regulate the expression of USP47, CHIP, 

or both and thereby the stability of katanin-p60. Treatment of cortical neurons with 

bFGF for increasing periods led to a gradual increase in the protein levels of 

USP47and katanin-p60, but not of CHIP and HSP90 (Figure 22A and B). On the 

other hand, other neurotrophins including EGF and BDNF showed little or no effect 

on theprotein levels of USP47, HSP90, and katanin-p60 (data not shown). 
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Figure 22. bFGF upregulates the expression of USP47 and katanin-p60 

(A) Cortical neurons at 3 DIV were treated with 60 ng/ml of bFGF followed by 

immunoblot analysis. (B) The band intensities seen in (A) were determined by using a 

densitometer. Similar data were obtained in three independent experiments. The open 

and closed symbols show without and with bFGF, respectively. 
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Furthermore, bFGF treatment caused a marked decrease in the level of 

ubiquitinated katanin-p60 (Figure 23), indicating that the ability of bFGF to induce the 

expression of USP47 is responsible for the stabilization of katanin-p60. I next 

examined the effect of USP47 knockdown on axonal growth of hippocampal neurons 

cultured with and without bFGF. As reported previously (Archer et al, 1999; 

Klimaschewski et al, 2004; Thanos et al, 1989), bFGF promoted axonal growth 

(Figure 24A and B). Remarkably, depletion of USP47 abrogated bFGF-mediated 

increase in axonal growth. These results demonstrate that bFGF-induced axonal 

growth is at least in part mediated by the increased expression of USP47. 

To determine whether the cellular levels of CHIP and USP47 change during 

neuronal differentiation, cortical neuronsat 3-21 DIV were subjected to immunoblot 

analysis. During early period of the culture (up to ~9 DIV), the levels of all proteins 

tested were unchanged (Figure 25A and B). During later period of the culture (from 

~12DIV), however, the level of USP47, but not of CHIP and HSP90, decreased 

concurrently with that of katanin-p60, suggesting that the decrease in USP47 level is 
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Figure 23. bFGF decreases the level of ubiquitinated katanin-p60 

Cortical neurons were incubated for 36 h with and without bFGF (60 ng/ml). Cell 

lysates were immunoprecipitated with anti-katanin-p60 antibody followed by 

immunoblot with anti-ubiquitin or anti-Kp60 antibody. 
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Figure 24. Depletion of USP47 abrogates bFGF-mediated increase in axonal growth 

(A) GFP-shNS and GFP-shUSP47 were expressed in hippocampal neurons at 3 DIV. 

After culturing them with and without bFGF (60 ng/ml) for 48 h, cells were fixed and 

observed. Statistical analysis was carried out by using student T test. (**, p < 0.005; 

***, p < 0.001). Scale bars: 20 mm. (B) The length of axons was determined as in 

Figure 19B. SD was shown as error bars. 

 

 

 

 

 



７６ 

 

 

 

 

 

 

 

 



７７ 

 

 

 

 

 

 

Figure 25. Protein levels of both katanin-p60 and USP47 change during neuronal 

development 

(A) Cortical neurons were cultured and immunoblotted. (B) The band intensities seen 

in (A) were determined by using a densitometer. Similar data were obtained in three 

independent experiments.. 
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responsible for the reduction in katanin-p60 level. Collectively, these results suggest 

that USP47 is involved in the control of katanin-p60 stability and in turn the growth of 

axons during neuronal development, by antagonizing the ubiquitin E3 ligase function 

of CHIP. 
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DISCUSSION 

 

Based on the present findings, I propose a model for the control of axonal growth 

by antagonistic actions of the ubiquitin E3 ligase CHIP and the deubiquitinating 

enzyme USP47 (Figure 26). CHIP would ubiquitinate katanin-p60 for subsequent 

degradation by the 26S proteasome, leading to a decrease in the protein level of 

katanin-p60 in neuronal cells. On the other hand, USP47 would reverse the 

ubiquitination process by removing ubiquitin from katanin-p60, resulting in 

stabilization and accumulation of katanin-p60. Thus, the changes in the level of 

USP47 relative to that of CHIP and vice versa would critically influence the stability 

and thereby the function of katanin-p60 in axonal growth. Consistently, CHIP 

overexpression or USP47 depletion in hippocampal neurons at 3 DIV led to a 

dramatic decrease in axonal growth, particularly its length, whereas USP47 

overexpression or CHIP depletion showed an opposite effect, similar to katanin-p60 

overexpression. Thus, the control of katanin-p60 stability by the antagonistic actions  
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Figure 26. A model for the control of axonal growth by USP47 and CHIP 
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of CHIP and USP47 should be a critical mechanism for cells to keep katanin-p60 to 

appropriate levels at different stages of neuronal development. 

bFGF, an inducer of axonal growth, up-regulates the protein level of katanin, and 

the microtubule-severing activity of katanin-p60 critically contributes to the growth of 

axons and dendrites (Riano et al, 2009; Yu et al, 2005, 2008). However, it was 

unknown how bFGF increases the stability of katanin-p60. In this study, we showed 

that bFGF treatment leads to a marked increase in the protein level of USP47 with 

little or no effect on that of CHIP, resulting in a decrease in the level of ubiquitinated 

katanin-p60. Moreover, USP47 depletion was found to abrogate the stimulatory effect 

of bFGF on axonal growth. These findings provide a mechanical rational for bFGF-

induced increase in the stability of katanin-p60 and in turn for katanin-mediated 

promotion of axonal growth during early period of neuronal differentiation. 

The cellular level of katanin-p60 in the brain is known to change during 

development. In addition, the level of katanin in cultured neurons is high when axons 

are avidly growing, but declines as they stop growing upon reaching to their targets 
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(Karabay et al, 2004). However, the mechanism for the changes in the level of katanin 

during neuronal development was unknown. Here I showed that the protein levels of 

USP47, CHIP, and HSP90 as well as of katanin-p60 are kept constant during the early 

period of in vitro culture of hippocampal neurons (i.e., when axons are growing), 

suggesting that the maintenance of katanin-p60 to an optimal level by the balanced 

actions of CHIP and USP47 is required for axonal growth. On the other hand, the 

level of USP47 gradually decreased in parallel with that of katanin-p60 during the 

later periods of the culture (i.e., when axons reach to their target cells). Since the 

levels of CHIP and HSP90 were not altered under the culture conditions, it is likely 

that override of CHIP level on that of USP47 is responsible for the decrease in 

katanin-p60 level. Thus, it appears that USP47 plays a crucial role in the control of 

axonal growth by antagonizing CHIP-mediated ubiquitination and destabilization of 

katanin-p60 during early period of neuronal development. 

So far, three different ubiquitin E3 ligases that control the stability of katanin-p60 

have been identified. In C. elegans, katanin-p60 called Mei-1 is ubiquitinated by a 
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Cul3/BTB E3 ligase complex (Pintard et al, 2003; Xu et al, 2003). In this system, 

Mel-26, a BTB domain-containing protein, serves as an adaptor protein that mediates 

the interaction ofMei-1 with Cul3for itsubiquitination and subsequent degradation by 

proteasome. This E3 ligase-mediated degradation of Mei-1 is involved in the control 

of spindle formation during oocyte meiosis (Dow and Mains, 1998). In mammals, 

katanin-p60 is also ubiquitinated by a Cul3/BTB E3 ligase complex, in which the 

BTB domain-containing KLDHC5 (also called Cbt9) acts as the adaptor protein for 

the binding of katanin-p60 and Cul3 (Cummings et al, 2009). This E3 ligase-mediated 

katanin-p60 degradation is involved in progression of mitosis most likely by 

regulating the spindle formation. An additional mammalian E3 ligase that 

ubiquitinates kapanin-p60 is the EDVP complex consisting of EDD, DDB1, and 

VPRBP (Maddika and Chen, 2009). Interestingly, DYRK2 is required not only for the 

assembly of the E3 complex but also for the promotion of katanin-p60 ubiquitination 

by phosphorylating the substrate. Thus, like the Cul3/KLDHC5 E3 ligase, the 

DYRK2-EDVP complex appears to also play a crucial role in regulating normal 
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mitotic progression. However, it remained unknown whether these E3 ligases play a 

role in the control of katanin-p60 stability also in neuronal cells and thus in axonal 

growth. 

Of note is a recent finding that overexpression of DYRK2 inhibits the elongation 

of axon and dendritic branches (Slepak et al, 2012). This result suggests that the 

DYRK2-EDVP complex may also participate in ubiquitination and subsequent 

degradation of katanin-p60 in neuronal cells. In our study, knockdown of endogenous 

CHIP by shCHIP did not completely stabilize endogenous katanin-p60 (see Figure 

14B), suggesting that additional ubiquitin E3 ligase(s) may participate in 

destabilization of katanin-p60. Taken together, these results suggest that both CHIP 

and DYRK2-EDVP may be involved in the control of katanin-p60 stability in 

neuronal cells and thereby in axonal growth. However, it is also possible that CHIP 

and/or USP47 serve as downstream targets for phosphorylation by DYRK2 in the 

control of katanin-p60 stability.  

Among deubiquitinating enzymes (USPs), relatively little is known about the 
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biological function of USP47. The amino acid sequence of USP47 catalytic domain is 

significantly different from that of others. In addition, it was reported that USP47 is 

unable to cleave off ubiquitin from the ubiquitin-b-galactosidase fusion protein, when 

they were co-expressed in E. coli (Quesada et al, 2004). However, it has recently been 

shown that USP47 is capable of deubiquitinating DNA polymerase- b that plays a key 

role in base-excision repair, indicating that USP47 is involved in the control of cell 

viability in response to DNA damage (Parsons et al, 2011). In fact, DNA polymerase-

 b was the only substrate identified as a target of USP47. In this study, we identified 

katanin-p60 as a new target substrate of USP47 having an uncommon catalytic 

domain. Thus, determination of the X-ray-crystallographic structure of USP47 and its 

complex with katanin-p60, which is under investigation, should provide the unique 

mechanism for the catalytic function of the protease. 
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INTRODUCTION 

 

p53 has been referred to as the “guardian of the genome” (Lane et al., 1992) and the 

“cellular gatekeeper” (Levine et al., 1997), as it acts as a tumor suppressor by 

coordinating the cellular responses to various stress signals, including DNA damage, 

abnormal oncogeneactivation, telomere erosion, and hypoxia, in which it 

subsequently orchestrates biological reactions such asapoptosis, cell-cycle arrest, 

senescence, or autophagy (Yee and Vousden 2005; Riley et al., 2008; Green and 

Kroemer 2009). 

Commonly, describing p53 activation in response to cellular stress is composed of 

three steps, stabilization of p53, sequence-sepecific DNA binding, and transcriptional 

activation of target genes (Yee and Vousden, 2005). In normal unstressed conditions, 

the p53 protein is downregulated via the binding of proteins, such as Mdm2, Pirh2, 

COP1, MSL2 and ARF-BP1, which promote a ubquitin-mediated degradation of p53. 

In a normal cells, most of these proteins are up-regulated by p53, this process forms a 
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negative feedback loop that will keep the level of p53 very low (Dornan et al., 2004; 

Leng et al., 2003; perry, 2004). However, under stress conditions (e.g. genotoxic 

stresses), p53 protein is stabilized by distruption of its interaction with Mdm2 and the 

other negative regulators. After its stabilization, the activated p53 binds to a sequence-

specific DNA, termed the p53-responsive element (RE), composed of 

RRRCWWGYYY (~21 nucleotides spacer) RRRCWWGYYY (R; purine, W; A or 

T,Y; pyrimidine) (el-Deiry et al., 1992). The genes in the p53 signal network initiate 

one of three programs, resulting in cell cycle arrest, DNA repair, and apoptosis. 

Following sequence-specific DNA binding, p53 promotes transcriptional activation 

of target genes. In a simplified model, transient or mild stress predominantly leads to 

activation of cell cycle arrest via activation of p53-target genes like p21, cyclin-

dependent kinase inhibitor (el-Deiry et al., 1994), whereas sustained or severe stress 

drives irreversible programs of apoptosis through the induction of p53-target genes, 

such as BAX and PUMA (Miyashita and Reed, 1995; Nakano and Vousden, 2007).  
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p53 can also repress the expression of numerous genes involved in anti-apoptosis 

and cell cycle arrest (Imbriano et al., 2005). There are many mechanisms for 

transcriptional repression, ranging from interaction with other transcriptional repressor 

and corepressor, such as histone deacetylases, and indirect repression via p53-target 

genes. Among the p53-repressed cell cycle genes are G2/M phase-regulating genes, 

cdk1, cyclin B2, and cyclin A2 (Krause et al., 2000; Badie et al., 2000).  

To regulate a wide variety of cellular processes, p53 demands an tightly complicated 

network consisting of many positive and negative regulators (Brooks and Gu et al., 

2003). p53 is regulated by a number of post-translational modifications, including 

phosphorylation, ubiquitination, methylation, and acetylation, which controled the 

stability and transcriptional activity of p53. Mdm2 binds directly to p53 and promotes 

its ubiquitination on six C-terminal lysines (K370, K372, K373, K381, K382, and 

K386), thereby targeting it to 26S proteosome for degradation (Nakamura et al., 2000). 

Subsequent phosphorylation and acetylation lead to activation of sequence-specific 

DNA binding and transcriptional activities of p53 (Appella and Anderson, 2001). 



９１ 

 

Sumoylation and neddylation also occur at specific sites of p53, and the exact 

interplay of these modifications may contribute to p53 promoter specificity (Huang et 

al., 2006; Shi et al., 2007). Moreover, modification of p53 by SUMO and Nedd8 

further adds to the competition for the C-terminal lysines. Sumoylation of K386 

promotes p53 transcriptional activity (Melchior and Hengst, 2002), whereas Mdm2-

mediated neddylation of K370, K372, and K373 (Xirodimas et al., 2004) and 

FOXO11-mediated neddylation of K320 and K321 (Abida et al., 2007) appear to 

inhibit p53-mediated transcriptional activation. Although it remains to be determined 

under what circumstances methylation, sumoylation, and neddylation are required for 

p53 activation, these mechanisms are critical for understanding the p53 response in 

vivo. 

Recently, p53 has also shown to be modified by the product of the interferon-

stimulated gene 15 (ISG15), a 15-kDa ubiquitin-like protein (Larissa et al., 2010). 

ISG15 is one of the most strongly induced genes after interferon treatment and is also 

strongly induced by viral infection and lipopolysaccharide (Kim et al., 2002). 



９２ 

 

Moreover, based on the recent studies that cancer chemotherapeutic drugs, such as 

doxorubicin and camptothecin, increase the levels of ISG15 and its conjugates. 

Intriguingly, a recent study has shown that doxorubicin-induced ISGylation of 

∆Np63 leads to capase-2-mediated cleavage of the oncoprotein and thereby prevents 

∆Np63-mediated tumorigenesis (Jeon et al., 2012). However, it remains unknown 

how ISGylation of p53 affects cellular processes involved in the control of 

tumorigenesis. 

Here, I showed that the tumor suppressor p53 protein is modified by ISG15, and 

identified the ISG15 acceptor site, Lys292. I also found that EFP serves as an ISG15 

E3 ligase for p53 and that UBP43 could remove ISG15 from p53. Moreover, 

doxorubicin, which is known as an anticancer drug, stimulated p53 ISGylation and 

increased its transcriptional activity, resulting in a marked induction of p53 target 

gene expression, such as p21 and BAX. These findings demonstrate that ISG15 

modification plays a critical role in the control of p53-mediated cellular process for its 

tumor suppressive functions. 
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MATERIALS AND METHODS 

 

1. Plasmids and antibodies 

Human ISG15 and UBCH8 cDNAs were amplified from total RNAs of interferon-

treated A549 cells, and subcloned into pFlag-CMV10 vector and pcDNA3-Myc 

vector, respectively. Mouse UBP43 cDNA was amplified from total RNAs of 

lipopolysaccharide-treated macrophage RAW264.7, and subcloned into pFlag-

CMV10 vector. Human p53 cDNAs were obtained from Korean human gene bank. 

p53, its deletion constructs, and K-to-R mutantsweresubcloned into pcDNA3-HA 

vector and pcDNA-HisMax vector (Invitrogen). Site-directed mutagenesis was 

performed as recommended by the manufacturer’s instructions (Stratagene). 

Antibodies used were as follows: mouse monoclonal anti-Xpress (Invitogen); 

mouse monoclonal anti-Flag M2 (Sigma); mouse monoclonal anti-Myc 9E10; mouse 

monoclonal anti-p53 DO-1, rabbit polyclonal anti-p21 C-19; mouse monoclonal anti-

b-actin (Santa CruzBiotechmology) were purchased from their respective 



９４ 

 

manufacturer and used according to manufacturer's specifications. Polyclonal anti-

ISG15 antibody was generated by injecting purified ISG15 protein to rabbit.  

 

2. Immunoprecipitation and pull-down assay 

For immunoprecipitation, cell lysates were prepared in 50 mM Tris-HCl (pH 7.4) 

containing 150 mM NaCl, 1 mM EDTA, 1 mM NEM, 1 mM sodium vanadate, 1 mM 

NaF, 1 mM PMSF, and 1 X protease inhibitorcocktail (Roche) in the presence or 

absence of 0.5% (v/v) Triton X-100. Cell lysates were incubated with appropriate 

antibodies for 1 h at 4°C and then with protein A-conjugated Sepharose for the next 1 

h. For Ni2+-NTAagarose pull-down assay, cells were lysed with lysis buffer consisting 

of 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 10 mM imidazole, 1 mM PMSF, 1 mM 

NEM, 1 X protease inhibitor cocktail, and 0.5% (v/v) Triton X-100. After incubating 

cell lysates with NTA resin (Qiagen) for 1 h at 4°C, the resins wereprecipitated, 

washed three times with lysis buffer containing 20 mM imidazole, and subjected to 

SDS-PAGE followed by immunoblot analysis. 
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3. Cell culture and transfection 

HEK293T, A549 and H1299 cells were cultured at 37°C in a 5% CO2 atmosphere 

in DMEM supplementedwith 10% FBS, 2 mM L-glutamine, and 25 units/ml of 

penicillin and streptomycin.Transfections of plasmids were performed using 

Metafectene reagent (Biontex) and JetPEI (Polyplus) according to the manufacturer's 

instructions.  

 

4. Luciferase assay 

H1299 cells transfected with pcDNA-b-gal and PG13-Luc, p21-Luc or Bax-Luc 

were incubated for 24 h. After treatment with 0.4 mg/ml of doxorubicin forvarious 

periods, lysates were analyzed using luciferase assay system (Promega) as 

recommended by the manufacturer. Transfection efficiency was normalizedby using 

b-galactosidase as a control. 
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RESULTS 

 

1. ISGylation of p53 

Previously, it was shown that p53 is a potential target of ISG15 conjugation 

(Larissa et al., 2010). To determine whether p53 could indeed be modified by ISG15, 

p53 was expressed in HEK293T cells with ISG15-conjugating system (indicated as 

Flag-ISG15/E1/E2) in the presence and absence of UBP43. Cell lysates were 

subjected to immunoprecipitation with anti-Flag antibody. One additional high 

molecular weight band of ISGylated p53 was detected, and this band could be 

disappeared by co-expression of a deISGylating enzyme UBP43 (Figure 27A).Taken 

together, these results indicate that p53 is an authentic ISGylation target and that 

UBP43 deISGylates p53. 

Since it has been shown that ISG15-conjugating machinery is induced under 

genotoxic stress (Jeon et al., 2012), I first examined whether endogenous p53 could 

also be modified by ISG15 under the same conditions. A549 and HeLa cells were  
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Figure 27. ISGylation of p53 

(A) HA-p53 and ISG15-conjugating system were expressed in HEK293T cells with or 

without Flag-UBP43. Cell lysates were subjected to immunoprecipitation with anti-

HA antibody followed by immunoblot with anti-HA or anti-Flag antibody. (B) A549 

cells were incubated for indicated periods in the absence or presence of 4 μg/ml of 

doxorubicin, 0.1 μg/ml of camptothecin. HeLa cells were also treated with or without 

30J/m2 of UV and incubated for 24 h. Cell lysates were immunoprecipitated with anti-

p53 antibody followed by immunoblot with anti-ISG15 or anti-p53 antibody. Cell 

lysates were also directly probed with respective antibodies. 
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cultured with or without doxorubicin, camptothecin, and with or without UV 

treatment. Immunoprecipitation analysis revealed that endogenous p53 could be 

ISGylated under all conditions tested (Figure 27B). These results indicate that 

endogenous p53 serves as a target for ISGylation when cells are under DNA damage 

conditions. 

 

2. Identification of ISGylationsite in p53 

To identify ISG15 acceptor site in p53, various HisMax-tagged deletion constructs 

of p53 were generated (Figure 28A) and expressed in HEK293T cells with ISG15-

conjugating system. Ni-NTA pull-down analysis showed that the deletion construct 

∆1 (amino acids1-300) and ∆4 (201-393) were conjugated by ISG15 (Figure 28A). 

However, neither deletion construct ∆2 (1-200) nor ∆3 (301-393) were conjugated by 

ISG15, suggesting that the amino acid sequence 201-300 have ISGylation site(s). 

Since the 201-300 sequence has two lysine residues, Lys291 and Lys292, each and 

both of them were substituted with arginine in full-length p53 by site-directed  
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Figure 28. Identification of ISGylation site in p53 

(A) Deletion of p53 (pD1-pD4) were tagged with HisMax to their N termini and 

expressed in HEK293T cells with theISG15-conjugating system. Cell lysates were 

subjected to pull-down with NTA resins followed by immunoblot with anti-Flag 

antibody. They were also directly probed with anti-Xpress or anti-Flag antibody. (B) 

each of K-to-R mutants were expressed in HEK293T cells with ISG15-conjugating 

system. Cell lysates were subjected to Immunoprecipitation with anti-HA antibody 

followed by immunoblot with anti-HA or anti-Flag antibody. 
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mutagenesis. Immunoprecipitation analysis revealed that K292R mutant and 

K291R/K292R double mutant, but K291 mutant, were no longer modified by ISG15 

(Figure 28B). These results indicate that Lys292 is the major ISGylation acceptor site 

in p53. 

 

3. EFP interacts with p53 

Thus far, HERC5 and EFP have been identified as major E3 ligases for ISG15 

conjugation. To identify p53-specific ISG15 E3 ligase among them, I first examined 

whether p53 can interact with EFP and its catalytically inactive form, of which the 

active site Lys117 was replaced by arginine (K117R), by expressing them in 

HEK293T cells with p53. Reciprocal Immunoprecipitation and Ni-NTA pull-down 

analyses showed that p53 could interact with both wild-type EFP and its inactive 

mutant (Figure 29A), indicating that the catalytic activity of EFP is not required for its 

interaction with p53. In contrast, HERC5 was unable to interact with p53 as assessed 

by overexpression of the ligase in HEK293T cell with p53 followed by Ni-NTA pull- 
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Figure 29. EFP interacts with p53 

(A) HA-EFP or its K117R mutant was expressed in HEK293T cells with HisMax-p53. 

Cell lysates were subjected to immunoprecipitation with anti-HA antibody or pull-

down with Ni-NTA resins followed by immunoblot with anti-Xpress antibody or anti-

HA antibody. (B) HA-HERC5 was expressed in HEK293T cells with HisMax-p53. 

Cell lysates were subjected to Ni-NTA pull-down analysis followed by immunoblot 

with anti-HA or anti-Xpress antibody.  
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down analysis (Figure 29B). These results suggest that EFP serves as a p53-specific 

ISG15 E3 ligase.  

To identify the region within p53 for binding EFP, various deletion constructs of 

p53 were generated (Figure 30, top panel), tagged with HisMax to their N-termini, 

expressed in HEK293T cells with EFP, and subjected to immunoprecipitation analysis. 

The deletion constructs ∆4 (amino acids 300-393) cannot interact with EFP, while all 

of ∆1 (1-300), ∆2 (1-200), and ∆3 (200-393) are capable of interacting with EFP 

(Figure 30, bottom panel). Thus, it appears that EFP-binding region covers the most of 

p53 molecule except its relatively short C-terminal region (300-393). 

 

4. EFP acts as an ISG15 E3 ligase for p53 

To determine whether EFP indeed acts as a p53-specific ISG15 E3 ligase, p53 was 

expressed in HEK293T cells with ISG15-conjugating system in the absence or 

presence of EFP. Immunoprecipitation analysis showed that overexpression of EFP, 

but not its inactive K117R, markedly increased the level of ISGylated p53 (Figure 31). 
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Figure 30. Identification of EFP-binding site within p53 

Each of p53 deletion constructs (pD1-pD4) was expressed in HEK 293T cells with 

HA-EFP (top). Cell lysates were subjected to immunoprecipitation with anti-Xpress 

antibody followed by immunoblot with anti-HA or anti-Xpress antibody. Cell lysates 

were also directly probed with the same antibodies (bottom). In the top panels, 

whether the proteins bind to each of the deletions or not was shown as “+” or “–”. 
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Figure 31. EFP acts as an ISG15 E3 ligase for p53 

Myc-p53 and ISG15-conjugating system were expressed in HEK293T cells with HA-

tagged wild-type EFP or its K117R mutant form. After incubation for 36 h, cell 

lysates were subjected to immunoprecipitation with anti-Myc antibody followed by 

immunoblot anti-Flag antibody. Total lysates were also probed with anti-HA, anti-

Myc or anti-Flag antibody. 
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These results demonstrate that EFP can function as an ISG15 E3 ligase for p53.  

 

5. ISGylation promotes p53 transactivity for expression of its target genes. 

The fact that p53 is a stress-induced transcription factor led me to investigate the 

effect of ISGylation on the transcriptional activity of p53 and expression of its target 

genes. Given that doxorubicin induced the level of ISGylated cellular proteins and 

ISGylation of p53 more than other agents, such as camptothecin (Jeon et al., 2012), I 

investigated the effect of doxorubicin-induced ISGylation on p53 transactivity and 

expression of p21 and BAX. Wild-type p53 and its ISGylation-defective K292R 

mutant were expressed in p53-null H1299 cells with the p53-responsive luciferase 

reporter genes, including PG13-LUC, p21-LUC, and BAX-LUC. After incubation with 

or without 0.4 μg/ml of doxorubicin for indicated periods, they were subjected to 

assay for luciferase activity. Transcriptional activity of p53 was increased in a time-

dependent manner upon doxorubicin treatment, and this increase was further 

enhanced by expression of wild-type p53, but not by that of the K292R mutant, 
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indicating that ISGylation of p53 promotes its transactivity (Figure 32). To determine 

whether the increase in ISGylation-mediated p53 transactivity can indeed promote the 

expression of its target genes, experiments were performed as above but using p21-

LUC, and BAX-LUC. Figure 32 show that the promoter-derived luciferase activities 

were significantly increased by expression of wild-type p53, but not by that of the 

K292R mutant. These results indicate that doxorubicin-induced p53 ISGylation 

promotes the transcriptional activity of p53 and thereby induces the expression of p21 

and BAX for p53-mediated DNA damage responses, such as cell-cycle arrest and 

apoptosis. 
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Figure 32. ISGylation promotes p53 transactivity for expression of its target  

genes 

Wild-type p53 and its ISGylation-defective mutant were expressed in H1299 cells 

with the p53-responsive luciferase reporter genes, including PG13-LUC, p21-LUC, 

and BAX-LUC. After incubation with or without 0.4 μg/ml of doxorubicin for 

indicated periods, they were subjected to assay for luciferase activity according to 

Promega’s luciferase system instructions. Trasnsfection efficiency was normalized by 

using b-galactosidase constructs. The luciferase activity seen with wild-type p53 in 

the absence of doxorubicin was expressed as 1.0 and the others as its relative values. 
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DISCUSSION 

 

Protein modifications by ISG15 have emerged as critical regulatory processes, such 

as in the control of antiviral response, signaling transduction, and immune response. 

Moreover, ISG15 modification has been implicated in the control of tumorigenesis. 

For example, UBE1L has been suggested to play an important role in the suppression 

of lung cancer growth. UBE1L promotes cyclin D1 ISGylation, which leads to the 

destabilization of cyclin D1, indicating that UBE1L suppresses the cell growth by 

targeting cyclin D1 (Feng et al., 2008). Additionally, UBE1L is located near a 

chromosome 3 region deleted in lung cancers (Kok et al., 1993) and UBE1L mRNA 

expression is often reduced in lung cancer cells (McLaughlin et al., 2000). The 

accumulation of oncogenic PML/RARa fusion protein causes acute promyelocytic 

leukemia (APL). Retinoic acid (RA) treatment increases the level of UBE1L and in 

turn the ISGylation of the PML domain of PML/RARa. This increase leads to a 

reduction in the level of PML/RARa by proteosome-mediated degradation, resulting 
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in suppression of the oncogenic effects (Kitareewan et al., 2002). Furthermore, 

treatment with chemotherapeutics, such as camptothecin and doxorubicin, leads to an 

increase in the level of ISG15 mRNA (Liu et al., 2004), and treatment with both 

interferonsand camptothecin causes synergistic killing of colorectal cancer xenografts 

in nude mice (Ohwada et al., 1996). Recently, our laboratory has shown that ∆Np63a, 

which suppresses the transactivity of p53 family members, is ISGylated and cleaved 

by caspase-2 in respond to doxorubicin. ISGylation abrogated the ability of ∆Np63a 

to promote anchorage-independent cell growth and tumor formation (Jeon et al., 

2012). These findings implicate an important role of ISG15 as a tumor suppressor 

upon its modification to cancer-associated proteins.  

In this study, I took advantage of a previous report showing that p53 is a candidate 

target for ISG15 modification (Larissa et al., 2010). However, little is known about 

the physiological relevance of p53 ISGylation. Therefore, I initiated this study and 

clearly demonstrated that p53 is an authentic target for ISGylation, particularly under 

DNA damage conditions, such as when cells were exposed to DNA-damaging agents 
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(e.g., doxorubicin and camptothecin) or to UV (Figure 33). p53 ISGylation was 

further confirmed by finding that the modification could by reversed in the presence 

of UBP43, which specifically deconjugate ISG15 from its target proteins. Moreover, I 

showed that Lys292 of p53 serve as the ISG15 acceptor site. Mutation of this residue 

by arginine prevented ISG15 conjugation onto p53. Interestingly, this ISG15 acceptor 

site of p53 is the same lysine resiue, which were previously shown to be ubiquitinated 

by the E3 ligase, MKRN1 (Lee et al., 2009). Thus, it appears that p53 ISGylation may 

act in the control of ubiqutination and/or other post translational modification by 

different stimuli, although this issue needs yet to be addressed. 

Futhermore, I also attempted to assess the effects of ISG15 modification on the 

transcriptional properties of p53. Treatment with doxorubicinand camptothecin, which 

are known to increase the level of ISG15 and its conjugates, robustly stimulated 

ISGylation of endogenous p53 in human lung adenocarcinoma epithelial cell line. 

Importantly, doxorubicin-induced p53 ISGylation enhanced p53 transcriptional 

activity toward p53 target genes, such as p21 and BAX, while the K292R mutant  
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 Figure 33. A model for the control of p53 transcriptional activity by 

      modification with ISG15 
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could not. From these data, I concluded that ISG15 modification has an effect on the 

transcriptional activity of p53 and thus for expression of its target genes for cell cycle 

arrest and apoptosis. Thus, it appears that ISGylation promotes the tumor suppressive 

function of p53, particularly under adverse stress conditions (e.g., genotoxic stress). In 

summary, ISG15 has a tumor suppressive function via its conjugation to p53 and 

positive regulation of p53 transcriptional activity. 
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국  

 

Katanin  미 소  자르는 heterodimeric 효소 ,  개  

subunit  p60 이 효소  가지고, p80  p60  효소  

조 한다. 신경 포에  katanin-p60   axon  장에 

필 인 역할  하지만, katanin-p60  이 어떻게 조 는지 잘 

알  있지 않았다. 본 연구에 는 katanin-p60  안 에 

USP47 과 CHIP  상  작용이 axon  장에 미 는 향  

조사하 다. USP47  katanin-p60  안 하는 탈 퀴틴  

효소  작용함  히었고, CHIP  katanin-p60  proteasome 에 

한 분해를 매개하는 퀴틴  효소임  히었다. 한, USP47 이 

양   신경 포  axon  장  진하는 면, CHIP  이를 

억 함  인하 다. Axon  장 도 인자인 bFGF 는 USP47 과 

katanin-p60  level  증가시키고, 퀴틴 를 감소시키어, 

axon  장  진함  히었다. 이러한 결과는, USP47 이 CHIP 에 
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한 katanin-p60  분해를 억 함 써 신경 포 달과 에  

axon  장  진하는 요한 역할  함  시사한다. 

Interferon-stimulated gene 15 (ISG15)  항 이러스  퀴틴 

사단 질  처  견 었지만, doxorubicin 과 camptothecin 같  

항암 료 에 해 포내 단 질  ISG  증가를 통하여 종양  

 억 하는 것  보고 었다. 특히, 종양 억 인자인 p53 이 

ISG15 에 해 변 는 단 질  동 었지만, 그 역할에 해 는 

알 진 가 없다. 본 연구에 는 p53  ISG15 가 종양 억 에 

미 는 향  조사하 다. , p53  292 번 lysine 잔 에 

ISG15 이 결합  히었고, 이러한 결합  ISG15-결합효소인 

estrogen responsive finger protein (EFP)에 해 매  

인하 다. 나아가, doxorubicin  처리  p53  ISG 가 증가 며, 

이는 p21 과 BAX  같  p53  타겟 자  증가를 

도하 다. 이러한 결과는, p53  ISG15 에 한 변 이 종양  

억 에 주요한 작용  함  시사한다.  
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