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Abstract

Ki-1/57 is a nuclear and cytoplasmic regulatory protein first identified in malignant cells from 

Hodgkin’s lymphoma. It is involved in gene expression regulation on both transcriptional and 

mRNA metabolism levels. Ki-1/57 belongs to the family of intrinsically unstructured proteins, 

undergoes phosphorylation by PKC and methylation by PRMT1. Previous characterization of its 

protein interaction profile by yeast two-hybrid screening showed that Ki-1/57 interacts with 

proteins of the SUMOylation machinery: the SUMO E2 conjugating enzyme UBC9 and the 

SUMO E3 ligase PIAS3, which suggested that Ki-1/57 could be involved with this process. Here 

we identified seven potential SUMO target sites (lysine residues) on Ki-1/57 sequence and 

observed that Ki-1/57 is modified by SUMO proteins in vitro and in vivo. FLAG-Ki-1/57 wild-

type and mutant Lys to Arg proteins were overexpressed in HEK293T cells, immunoprecipitated 

with the antibody anti-FLAG and probed with anti-SUMO-1 or anti-SUMO-2/3. SUMOylation of 

Ki-1/57 occurred on lysines 213, 276 and 336. In transfected cells expressing FLAG-Ki-1/57 wild-

type, its paralog FLAG-CGI-55 wild-type or their non-SUMOylated triple-mutants, the average 
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number of PML-nuclear bodies (PML-NBs) is reduced compared to the control cells not 

expressing the constructs. More interestingly, after treating cells with arsenic trioxide (As2O3) the 

mean number of PML-NBs is no more reduced when the non-SUMOylated triple-mutant Ki-1/57 

is expressed, suggesting that the SUMOylation of Ki-1/57 has a role in the control of As2O3-

induced PML-NBs formation. A proteome-wide analysis of Ki-1/57 partners in the presence of 

either SUMO-1 or SUMO-2 suggests that the involvement of Ki-1/57 with regulation of gene 

expression is independent of the presence of either SUMO-1 or SUMO-2; however the presence of 

SUMO-1 strongly influences the interaction of Ki-1/57 with proteins associated to cellular 

metabolism maintenance and cell cycle.
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Introduction

Ki-1/57 (HABP4) is a regulatory protein first identified by the cross-reactivity of the CD30 

antibody Ki-1 in malignant cells from Hodgkin lymphoma1–3. Electron microscopic 

analyses demonstrated that Ki-1/57 is located in the cytoplasm, nuclear pores and in the 

nucleus, where it can frequently be found in association with nucleoli and other smaller 

nucleolar bodies4. Ki-1/57 is phosphorylated on serine and threonine residues by protein 

kinase C (PKC)5,6, and methylated by protein arginine N-methyltransferase 1 (PRMT1)7.

Ki-1/57 has a paralog protein, CGI-55 (SERBP1), which was first identified as a PAI-1 

mRNA binding protein (PAIRBP1)8. CGI-55 is also located in the cytoplasm and in the 

nucleus, where it can be found in the nucleoli and p80-coilin-positive coiled bodies9. 

Ki-1/57 and CGI-55 share 40.7% identity and 67.4% similarity10, and both have a conserved 

domain named hyaluronic acid binding (HABP4) domain11. The so-called HABP4 domain 

is enriched with several positively charged amino acids, which may explain the initial report 

that Ki-1/57 has an activity of binding to negative-charged hyaluronan11. In addition, 

Ki-1/57 and CGI-55 proteins have several RGG/RXR motifs which can act as RNA or other 

nucleic acid binding modules7,12,13.

Several Ki-1/57 protein partners are directly or indirectly related to transcriptional 

regulation14,15, while others are involved in mRNA metabolism, such as pre-mRNA splicing 

and translation6,7,12,16. Moreover, a previous global transcriptome profile analysis performed 

after over-expressing Ki-1/57 revealed that these functional activities are related to cell 

proliferation and apoptosis control13.

Prior studies also showed the association of Ki-1/57 and CGI-55 with several proteins 

involved in the small ubiquitin-like modifier (SUMO) conjugation pathway, a reversible 

post-translational modification that regulates diverse cellular processes, including 

transcription, DNA repair, chromatin structure, cell-cycle progression and subcellular 

protein localization9,15,17–19. In the process of SUMOylation, SUMO is covalently attached 

to a lysine residue in a ΨKX(D/E) sequence of a specific target protein, where Ψ is a large 

hydrophobic residue and X represents any amino acid. Four 11-kDa SUMO proteins can be 
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found in mammals, SUMO-1, -2, -3, and -4; the capacity to form polymeric chains through 

its lysine 11 is only known for SUMO-2/3, but not SUMO-120–22.

Both Ki-1/57 and CGI-55 interact with several proteins of PML nuclear bodies (PML-NBs) 

such as p53, DAXX, TOPORS, UBC9 and PIASy9,15,23. PML-NBs are dynamic domains 

formed by PML proteins, which recruit protein partners in response to oxidative stress and 

interferon stimulation24–26. SUMOylation has been shown as a key player in PML-NBs 

organization and biochemical functions25. Upon arsenic trioxide (As2O3) treatment, PML 

oxidation leads to PML nucleation onto nuclear bodies (NBs), followed by recruitment to 

NBs of the SUMO E2 enzyme UBC9, which binds to PML and stimulates the SUMO-

conjugation of PML. Then, the SUMOylated PML becomes a docking site for the 

association of partner proteins through multiple labile SUMO-SIM interactions. The SUMO-

interacting motif (SIM) of the partner protein is able to interact to SUMOs covalently linked 

to PML, forming a polarized interaction and resulting in the retention of the partner within 

the NB core.

In this work, we demonstrate that the human protein Ki-1/57 and its paralog CGI-55 are 

modified by both SUMO-1 and SUMO-2 proteins. Our results suggest a possible 

involvement of both Ki-1/57 and CGI-55 in the control of PML-NBs formation, but only 

Ki-1/57 SUMOylation has a role in As2O3-induced PML-NBs formation control. The 

proteome-wide analyses performed suggest that the involvement of Ki-1/57 in gene 

expression control is independent of the presence of either SUMO-1 or SUMO-2, while 

SUMO-1 strongly influences the interaction of Ki-1/57 with cellular metabolism and cell 

cycle proteins. Together, our data show the SUMOylation of Ki-1/57 and suggest an 

involvement of this post-translational modification with the control of As2O3-induced PML-

NBs formation.

Experimental Procedures

Plasmid Construction

The cDNA encoding full-length Ki-1⁄57 (1-413) in fusion with the N-terminal FLAG tag 

into pcDNA6 (pcDNA6-FLAG-Ki-1/57) has been previously described12. Cloning Ki-1/57 

as a C-terminal fusion to GST (GST-Ki-1/57) into pGEX-2TK has been described6. Point 

mutant derivatives of Ki-1/57 consisting of two double-mutants (K213R/K336R or K276R/

K336R), and one triple mutant (K3R= K213R/K276R/K336R) were constructed using 

QuikChange™ Site-Directed Mutagenesis Kit (Stratagene) with the primers 5′-

GCTTTTGACCAGAGAGGAAGGCGAGAATTTGAAAG-3′ (K213R sense, mutated 

codon underlined) and 5′-CTTTCAAATTCTCGCCTTCCTCTCTGGTCAAAAGC-3′ 
(K213R antisense), 5′-GAGTCTCCAGCCAGAGTTCCTGAGTTGG-3′ (K276R sense, 

mutated codon underlined) and 5′-CCAACTCAGGAACTCTGGCTGGAGACTC-3′ 
(K276R antisense), 5′-

ACAGAGATGATATGGTAAGAGATGACTATGAGGACGATTCC-3′ (K336R sense, 

mutated codon underlined) and 5′-

GGAATCGTCCTCATAGTCATCTCTTACCATATCATCTCTGT-3′ (K336R antisense). 

Mutants were sub-cloned into pcDNA6-FLAG. The cDNA encoding the isoform 1 of 

CGI-55 (1-408) was cloned in fusion with the N-terminal FLAG tag into the pcDNA6 
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(pcDNA6-FLAG-CGI-55) using BamHI-XhoI restrictions sites. A mutant of CGI-55 

containing three lysines mutated to arginines (triple mutant, K3R= K102R/K228R/K281R) 

was synthesized, flanked by BamHI and XhoI restriction sites and cloned in fusion with the 

N-terminal FLAG tag into pcDNA6-FLAG (Genscript, USA). Full-length human SUMO-1, 

SUMO-2 and UBC9 cDNAs were PCR-amplified from HeLa cDNA library and cloned in 

fusion with the N-terminal Myc tag using BamHI-XhoI restrictions sites of pcDNA3.1/

Hygro-Myc vector generating the constructs: pcDNA3.1-Myc-SUMO-1; pcDNA3.1-Myc-

SUMO-2 and pcDNA3.1-Myc-UBC9.

Protein Expression and Purification

GST-Ki-1/57 was expressed in Escherichia coli BL21 strain by induction with 0.5 mM 

IPTG. Purification of lysate was performed using GST-Trap column (Amersham) and 

elution buffer containing 50 mM Tris-HCl pH 8,0; 50 mM NaCl; 0,1 mM EDTA; 20 mM 

reduced glutathione. The obtained GST- affinity purified fractions were pooled and dialyzed 

against the buffer: 50 mM Tris-HCl pH 8,0; 50 mM NaCl; 0,1 mM EDTA. The 

concentration of the recombinant protein was determined spectroscopically using the 

calculated extinction coefficient for the denatured proteins as described27.

In vitro SUMOylation assay

For the in vitro SUMOylation assays, a SUMOylation Kit (BIOMOL) was used according to 

the manufacturer’s instructions. GST-RanGAP1 protein provided by the kit and GST-

Ki-1/57 were used at 2 nM concentration each. The control reactions were carried out in the 

absence of ATP. Reactions were analyzed by Western blot using rabbit polyclonal anti-

SUMO-2/3 (1:1000 dilution - BIOMOL) or mouse monoclonal anti-Ki-1/57 (A26)2.

Cell culture and transfections

HEK293T and HeLa cells were cultivated in high-glucose Dulbecco’s modified Eagle’s 

medium (DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS, 

Invitrogen, South America), 100 U/ml penicillin and 100 μg/ml streptomycin (Invitrogen) at 

37 °C and 5% CO2 atmosphere. Transient transfections in HEK293T cells were performed 

using the calcium phosphate method12 or the linear 25 kDa polyethylenimine (PEI, 

Polysciences)13. HeLa cells were transfected with Fugene 6 Transfection Reagent (Promega) 

according to the manufacturer’s instructions.

Immunoprecipitation assay for detection of SUMOylated proteins by Western blot

After 48 h of transfection, cells were washed in ice-cold PBS supplemented with 10 mM N-

ethylmaleimide (NEM, Sigma-Aldrich), lysed in buffer containing PBS, 1% SDS, 5 mM 

EDTA, 5 mM EGTA, 10 mM NEM and complete protease inhibitor cocktail (Roche). After 

brief sonication, 50 mM DTT was added to the cell lysates, and the mixture was boiled for 

95 °C and diluted 1:3 in cold RIPA dilution buffer (20 mM phosphate buffer pH 7.4, 150 

mM NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 5 mM EDTA, 5 mM EGTA, 10 

mM NEM and complete protease inhibitor set). Lysates were cleared at 16000 × g at 4 °C 

for 20 min28. Protein concentrations were determined using the BCA Protein Assay Reagent 

Kit (Thermo Scientific). The cleared lysates were incubated with a homemade rabbit 
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polyclonal anti-Ki-1/57 or anti-CGI-55 coupled to protein A-Sepharose 4 fast-flow beads 

(GE Healthcare), or mouse monoclonal anti-FLAG M2 (Sigma-Aldrich) coupled to protein 

G-Sepharose 4 fast flow beads (GE Healthcare) at 4 °C for 16 h. Beads were recovered and 

washed three times in lysis buffer before elution of immunoprecipitated proteins in sample 

buffer. The eluates were analyzed by Western blot, using rabbit polyclonal anti-SUMO-2 

(1:1000 dilution; Abcam), rabbit polyclonal anti-SUMO-1 (1:500 dilution, Abgent) and 

mouse monoclonal anti-FLAG M2 (1:5000 dilution; Sigma-Aldrich). Membranes were 

incubated with the respective horseradish peroxidase-conjugated secondary (1:5000 dilution) 

for 1 h, washed and developed by chemiluminescence using Amersham ECL Prime Western 

Blotting Detection Reagent.

Immunofluorescence and image analysis

HeLa cells were cultivated onto coverslips, transfected with the constructs, and treated or not 

with 2 μM of As2O3 (Sigma-Aldrich) for 90 min. The cells were fixed and permeabilized for 

immunofluorescence in 3.7% formaldehyde solution (Sigma-Aldrich) containing 0.2% 

Triton X-100 in PBS 1x at room temperature for 20 min. The fixed specimens were 

quenched with 7.5 mg/mL glycine following rehydration in PBS at room temperature for 5 

min, and blocked in PBS-AT (3% BSA, 0.5% Triton X-100 in PBS 1x) at room temperature 

for 30 min. The cells were incubated for 1 h at room temperature in primaries antibodies 

diluted in PBS-AT: mouse anti-PML (PG-M3; Santa Cruz Biotechnology; sc-966, 1:400 

dilution); goat anti-P53 (C-19; Santa Cruz Biotechnology; sc-1311, 1:500 dilution); rabbit 

anti-FLAG (F7425; Sigma-Aldrich, 1:1000 dilution); mouse anti-FLAG (F1804; Sigma-

Aldrich, 1:1000 dilution). Primary antibodies were removed by washing with PBST-AT and 

incubated for 40 min with the related secondary antibodies diluted in PBS-AT: chicken anti-

mouse Alexa Fluor 488 (A21200; Life Technologies); chicken anti-goat Alexa Fluor 488 

(A21467; Life Technologies); donkey anti-rabbit Alexa Fluor 546 (A10040; Life 

Technologies); chicken anti-mouse Alexa Fluor 647 (A21463; Life Technologies); donkey 

anti-goat Alexa Fluor 546 (A11056; Life Technologies); chicken anti-rabbit Alexa Fluor 488 

(A21441; Life Technologies). The cells were stained with Hoescht 33258 (Sigma-Aldrich) 

to visualize nuclei. After rinsing in PBS 1x, cells were mounted in ProLong Gold mounting 

media (Life Technologies), followed by confocal microscopy imaging.

From the coverslips, a series of Z-stack images of interphase cells was captured from 0.35 

μm thick sections using a Confocal Laser Scanning Microscope SP8 (Leica) or from 0.7 μm 

thick sections using a Carl Zeiss LSM 780 confocal microscope equipped with objective 

Plan-Apochromat 63x/1.40 Oil DIC M27. The entire fixed cell volume imaged was 

processed for three-dimensional (3D) using Imaris (Bitplane). For dot measurement, cells 

were imaged using identical microscope settings within each experimental set. PML dots per 

cell were identified after 3D reconstruction by the Spots function on Imaris (Bitplane) using 

a fixed spot size of 0.5 μm (the measured average XY diameter of cell bodies). The analyses 

were performed using identical threshold settings. P-values were generated by unpaired t-

test using Prism 6 (GraphPad). P<0.05 was considered as statistically significant.
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Immunoprecipitation followed by Liquid chromatography-tandem MS (IP-LC-MS/MS) and 
data analysis

Cells were transfected as following: pcDNA6-FLAG-Ki-1/57, pcDNA3.1-Myc-UBC9 and 

pcDNA3.1-Myc-SUMO-1 or pcDNA3.1-Myc-SUMO-2; pcDNA6-FLAG-CGI-55, 

pcDNA3.1-Myc-UBC9 and pcDNA3.1-Myc-SUMO-1 or pcDNA3.1-Myc-SUMO-2; 

pcDNA-FLAG empty vector, pcDNA3.1-Myc-UBC9 and pcDNA3.1-Myc-SUMO-1 or 

pcDNA3.1-Myc-SUMO-2. All transfections were performed in duplicate using the linear 25 

KDa PEI reagent (Polysciences). Then, 48 h after transfection, cells were washed with ice-

cold PBS 1x containing 10 mM NEM and harvested by trypsinization. The pellets were 

incubated in lysis buffer (1% Triton X-100, 5 mM EDTA, 20 mM NEM, 1 μg/μL DNase I, 

and protease inhibitors cocktail diluted in PBS 1x) for 20 min at 4 °C. Cells were maintained 

on ice and sonicated at 20% power for 10 seconds with 1 second intervals. Sequentially the 

lysates were cleared by centrifugation and incubated overnight with mouse anti-FLAG M2 

AffinityGel (Sigma-Aldrich). Beads were washed twice with wash buffer (50 mM Tris-HCl, 

150 mM NaCl, pH 7.4), once with PBS 1x, followed by resuspension in 25 uL of 6 M urea. 

FLAG-immunoprecipitated proteins were reduced, alkylated and in-solution digested by 

Trypsin Gold as described in manufacturer’s protocol (Promega). The resulting peptide 

mixtures were submitted to liquid chromatography –mass spectrometry analysis (LC–MS) 

using a nano-Acquity UPLC nano-capillary high-performance LC system (Waters Corp., 

Milford, MA, USA) coupled to a Q Exactive hybrid quadrupole-Orbitrap mass spectrometer 

(Thermo Fisher Scientific) equipped with a TriVersa NanoMate ion source (Advion, Ithaca, 

NY, USA). Sample concentration and desalting were performed online using a nanoAcquity 

UPLC trapping column (180 μm × 20 mm, packed with 5-μm, 100-Å Symmetry C18 

material; Waters) at a flow rate of 15 μl/min for 1 min. Separation was accomplished on a 

nanoAcquity UPLC capillary column (150 μm × 100 mm, packed with 1.7-μm, 130-Å BEH 

C18 material; Waters). A linear gradient of A and B buffers (buffer A: 1.5% ACN and 0.1% 

FA; buffer B: 98.5% ACN and 0.1% FA) from 2 to 40% buffer B over 80 min was used at a 

flow rate of 0.5 μl/min to elute peptides into the mass spectrometer. Columns were washed 

and re-equilibrated between LC-MS experiments. Electrospray ionization was carried out at 

1.65 kV using the NanoMate, with the Q Exactive heated transfer capillary set to 250 °C. 

Mass spectra were acquired in the positive-ion mode over the range m/z 400–2000 at a 

resolution of 70,000 (full width at half maximum at m/z 400; ~1 spectrum/s) and AGC target 

of >3 × e6. Mass accuracy after internal calibration was within 1 ppm. MS/MS spectra were 

acquired using a Top10 method by sampling the 10 most abundant, multiply charged species 

in each mass spectrum with a resolution of 17,500 and signal intensities >2 × e5 NL, using 

HCD with MS/MS collision energies set at 3 stepped NCE (15 v, 25 v, 35 v), nitrogen as the 

collision gas, and MS/MS spectra acquisition over a scan range of m/z 200 to 2000, 

dependent on the precursor ion. Underfill ratio was 1% with an intensity threshold of 2.5 e4, 

and an apex trigger of 2 to 4 seconds. Charge exclusion was set for 1 and >8 and dynamic 

exclusion was set such that MS/MS for each precursor ion species was excluded 10.0 

seconds post-acquisition. All spectra were recorded in profile mode for further processing 

and analysis.

MS and MS/MS data analysis was carried out using both Proteome Discoverer (PD) 1.4 

SEQUEST software (Thermo Fisher Scientific) and accessing an in-house Mascot 2.3 server 
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(Matrix Science, London, UK) through the PD1.4 software. The MS/MS data were searched 

against the UniProt HUMAN_2015_02_10.fasta database amino acid sequence database 

(89775 entries) for protein/peptide identification. The PD 1.4 and Mascot searches were set 

up with precursor intensity node, full tryptic peptides with a maximum of 2 missed cleavage 

sites with carbamidomethyl cysteine and oxidized methionine included as variable 

modifications. Percolator was set at maximum delta Cn of 0.05, decoy database search of 

target FDR set at (strict) 0.01, target FDR (relaxed) at 0.05 and validation based on the q-

Value. The precursor mass tolerance was set to 10 ppm for Q Exactive orbitrap data, and the 

maximum fragment mass error was 0.02 Da. The PD1.4 searches were uploaded into 

Scaffold 4.4.8. Scaffold filters were set for a minimum of 1.0% FDR for protein threshold, 

minimum of 5 peptides and a minimum of 0.1% FDR for peptides threshold. Protein 

clustering and decoy database was used (1034 proteins identified and 136832 spectra, 

protein 0.5% decoy FDR; minimum of 2 peptides yielded 2051 proteins identified from 

142,753 spectra, protein 0.7% decoy FDR). Scaffold quantitation analysis was calculated 

through fold change by category based on total precursor intensity and use of 

normalization29. In order to increase the confidence in the identification of obtained proteins 

we generated the final list of proteins following selection criteria: (i) fold change >2; (ii) 

presence of exclusive peptides after co-expression of Ki-1/57 or CGI-55 and either SUMO-1 

or SUMO-2 (those proteins that were present in the negative controls pcDNA3.1-Myc-

SUMO-1 or pcDNA3.1-Myc-SUMO-2 of anti-FLAG affinity purifications were excluded 

from the list); (iii) a minimum number of at least two unique peptides present in the 

duplicate experiments. Next, to avoid the selection of nonspecific interactors from affinity 

purification using anti-FLAG, we compared the generated list of co-precipitated proteins 

with the Contaminant Repository for Affinity Purification, CRAPome (http://

www.crapome.org/).

In silico PPI analysis

The retrieved Ki-1/57 (HABP4) and CGI-55 (SERBP1) interacting partners from IP-MS/MS 

in the presence of either SUMO-1 or SUMO-2 were integrated in interaction networks using 

the Integrated Interactome System (IIS)30. The enriched biological processes from the Gene 

Ontology (GO, http://www.geneontology.org/) database were calculated in each network 

using the hypergeometric distribution30. The interaction networks were visualized using 

Cytoscape 2.8.3 software31.

Results

Ki-1/57 possesses predicted SUMOylation sites in its amino acid sequence and is modified 
by SUMO-2/3 in vitro

In order to investigate whether human Ki-1/57 has predicted SUMOylation sites, the Ki-1/57 

amino acid sequence was analyzed through the web-available SUMOplot™ tool (Figure 

1A). Seven potential SUMO conjugation sites were identified, in which the lysines 213, 276 

and 336 were found as the most likely sites for SUMOylation, with a score higher than 67%. 

By comparing the scores with those of other known SUMOylated proteins, human Ki-1/57 

seemed to be a potential target of SUMOylation. To study this hypothesis, recombinant 

GST-Ki-1/57 was used as substrate protein for in vitro SUMOylation assay (Figure 1B). The 
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reaction was performed in the presence of ATP, SUMO E1 and E2 enzymes, SUMO-2 or 

SUMO-3 proteins, followed by Western blot using antibodies against SUMO-2/3. As 

observed in Figure 1B, the slowest-migrating high molecular weight bands show that GST-

Ki-1/57 is modified by SUMO-2 and -3 proteins.

Ki-1/57 and CGI-55 are conjugated with SUMO-1 or SUMO-2 proteins in vivo

Next, in order to verify whether human Ki-1/57 is also a SUMOylated protein in vivo, 

FLAG-tagged Ki-1/57 was transiently expressed with the SUMO-conjugating enzyme E2 

UBC9 fused to Myc (Myc-UBC9) and SUMO-1 or SUMO-2 proteins (Myc-SUMO-1 or 

Myc-SUMO-2, respectively) in HEK293T cells. FLAG-Ki-1/57 was immunoprecipitated, 

followed by Western blot analyses using anti-FLAG, anti-SUMO-1 and anti-SUMO-2 

antibodies. As shown in Figure 2A and 2B, immunoprecipitated FLAG-Ki-1/57 was 

detected with anti-SUMO-1 and anti-SUMO-2 antibodies, respectively, indicating that 

human Ki-1/57 is a SUMOylated protein in vivo.

CGI-55 also contains several potential SUMOylated motifs (Supplemental Figure S-1) and, 

in order to verify whether CGI-55 is also modified by both SUMO-1 and SUMO-2 under 

normal culture conditions, FLAG-tagged CGI-55 was transiently expressed with Myc-

UBC9, and Myc-SUMO-1 or Myc-SUMO-2 proteins. Immunoprecipitation and Western 

blot showed that CGI-55 is highly modified by both SUMO-1 and SUMO-2 proteins under 

non-stressed culture conditions (Figure 2B and 2C, respectively).

Previously, a global SUMOylation study by mass spectrometry identified CGI-55 containing 

three lysine residues modified by SUMO-232. In order to verify whether these lysine 

residues are also modified by SUMO-1 in vivo, we expressed the isoform 1 of CGI-55 

containing these three lysines mutated to arginines (triple mutant: K102R/K228R/K281R) 

along with Myc-SUMO-1 and Myc-UBC9 in HEK293T cells. The FLAG-tagged wild-type 

and triple mutant constructs were FLAG-immunoprecipitated and subjected to Western blot 

analysis with anti-FLAG, which showed that the triple mutant is not more modified by 

SUMO-1 (Figure 2D).

Site-directed mutagenesis was also approached for Ki-1/57, in which the lysines residues 

with the highest score in SUMOplot™ analysis (Figure 1A) have been changed to arginine 

to preserve the positive amino acid charge. As shown in Figure 3A, SUMO-1 modification 

was significantly weaker but could still be detected in the two Ki-1/57 double mutants 

K213R/K336R or K276R/K336R. However, SUMO-1 modification was no longer 

detectable in the Ki-1/57 triple mutant (K3R= K213R/K276R/K336R). In summary, these 

data indicate that the lysines 213, 276 and 336 are all acceptor sites for SUMO conjugation 

in Ki-1/57. The Ki-1/57 triple mutant was also tested for the SUMO-2 modification in vivo. 

As shown in Figure 3B, only the wild-type protein but not the triple mutant is modified by 

SUMO-2 (Figure 3B).

Ki-1/57 and CGI-55 overexpression affects PML-NBs formation

The observation that several Ki-1/57 and CGI-55-interacting proteins (p53, DAXX, 

TOPORS, UBC9, PIASy) can localize to PML nuclear bodies (PML-NBs) and can be 

modified by SUMO proteins led us to investigate a possible role of Ki-1/57 and CGI-55 in 
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PML-NBs formation and distribution. For that, HeLa cells were transiently transfected with 

plasmids for the expression of FLAG-Ki-1/57 wild-type, FLAG-Ki-1/57 triple mutant (K3R: 

K213R/K276R/K336R), FLAG-CGI-55 wild-type or FLAG-CGI-55 triple mutant (K3R: 

K102R/K228R/K281R), followed by immunolabeling against PML and FLAG (Figure 4A). 

PML-NBs were counted in maximum-intensity Z projections of individual cells. We found 

that under untreated conditions the expression of Ki-1/57, CGI-55 or their triple mutants 

significantly reduced the PML-NBs number compared to the control cells not expressing the 

constructs (Figure 4B).

Arsenic trioxide (As2O3) has been shown to induce PML oxidation, UBC9 recruitment to 

NBs, and to enhance the number of PML-NBs25. To increase the PML-NBs formation, cells 

were treated with arsenic trioxide after transfection with the constructs. Under this 

condition, we observed that the mean number of PML-NBs was significantly decreased 

when Ki-1/57 wild-type, CGI-55 wild-type or CGI-55 triple mutant were expressed 

compared to the control cell not expressing these proteins. Interestingly, no significant 

reduction in PML-NBs number was observed in cells expressing Ki-1/57 triple mutant 

(K3R) compared to the control cell. Therefore, this finding suggests that the SUMOylation 

of Ki-1/57 has a role in the control of As2O3-induced PML-NBs formation (Figure 4B).

In cells presenting higher levels of expression of Ki-1/57, CGI-55 or their triple mutants, we 

observed an increase in the soluble PML, as seen by its diffuse distribution in the nucleus 

and eventually in the cytoplasm, which suggests that PML distribution was affected. This 

effect was similar in the presence of As2O3-induced stress (Supplemental Figure S-2).

A proteome-wide view of Ki-1/57 and CGI-55 interacting partners in the presence of either 
SUMO-1 or SUMO-2

To investigate whether the modification of Ki-1/57 and CGI-55 by either SUMO-1 or 

SUMO-2 could change their interacting partners and their involvement in different 

biological processes, we performed a proteome-wide analysis after the co-expression of 

Ki-1/57 and CGI-55 with either SUMO-1 or SUMO-2. FLAG-immunoprecipitated proteins 

were in-solution digested by trypsin, and the resulting peptide mixtures were analyzed by 

LC-MS/MS. In the presence of SUMO-1, Ki-1/57 co-precipitated 68 proteins, in contrast to 

only 29 proteins when SUMO-2 was co-expressed (Supplemental Table S-1). The resulting 

difference between affinity purification-MS data for the Ki-1/57 immunoprecipitation with 

SUMO-1 or SUMO-2 is not a result from the different expression level of Ki-1/57, since the 

target protein was immunoprecipitated in the same quantities in the presence of either 

SUMO-1 or SUMO-2 paralogs (Supplemental Figure S-3). In order to better investigate the 

pathways among the protein complexes formed when either SUMO-1 or SUMO-2 were 

expressed, we performed biological processes analyses based on Gene Ontology (GO) 

annotation (Figure 5). Several biological processes were enriched when Ki-1/57 and 

SUMO-1 were co-expressed: regulation of transcription, RNA splicing, translation, 

ribosome biogenesis, mitotic cell cycle, apoptotic process and DNA repair (Figure 5A; 

Supplemental Table S-2). Interestingly, SUMO-2 expression with Ki-1/57 led to an 

enrichment of only a few biological processes: those related to gene expression regulation as 
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transcription, RNA splicing and translation and the process of telomere maintenance (Figure 

5B; Supplemental Table S-3).

In the case of CGI-55, its co-expression with SUMO-1 or SUMO-2 retrieved 101 and 105 

proteins, respectively (Supplemental Table S-1). GO biological processes analyses showed 

the enrichment of the terms related to regulation of gene expression, as transcription, RNA 

splicing and translation, ribosome biogenesis, apoptotic process and mitosis for the presence 

of either SUMO-1 or SUMO-2 when CGI-55 was co-expressed (Figure 5C and 5D; 

Supplemental Table S-4 and S-5).

Previously Ki-1/57 had been shown to interact with translational machinery proteins16. Here 

we found FMRP co-precipitated with Ki-1/57 when SUMO-1 was expressed, FXR2 and 

several mitochondrial ribosomal proteins (MRPS and MRPL) formed complexes with 

Ki-1/57 when either SUMO-1 or SUMO-2 were co-expressed. In the presence of SUMO-1, 

but not SUMO-2, Ki-1/57 co-precipitated several proteins related to ribosome biogenesis as: 

proteins containing GTPase activity GTPBP4, GNL2, and GTPBP10, and proteins 

implicated in the regulation of the cell cycle BOP1, SURF6, and MRTO4. BOP1 and 

MRTO4 have been associated to cellular adaptation to stresses, affecting cellular metabolism 

and cell cycle regulation33–35. These data not only confirmed previous studies, but also 

revealed novel interacting partners related to translational regulation and biogenesis of 

ribosome along with possibilities of controlling these proteins functions through 

SUMOylation.

Discussion

In this study, we investigated the SUMOylation of the human regulatory protein Ki-1/57 and 

its possible role for the function of Ki-1/57. The earliest indication that Ki-1/57 and its 

paralog protein, CGI-55, could be post-translationally modified by SUMO proteins emerged 

with the discovery that these proteins are associated to proteins of the SUMOylation 

machinery9,15. Yeast two-hybrid assays revealed that the N-terminal region of Ki-1/57 

interacts with the SUMO E2 enzyme UBC9 and the C-terminal region interacts with the 

SUMO E3 enzymes PIAS3 and TOPORS15. Further, CGI-55 was shown to interact with the 

SUMO E1 enzyme subunit UBA2 and the SUMO E3 enzymes PIAS-1, -3, -y and 

TOPORS9. During the process of SUMOylation, the attachment of SUMO to a target protein 

is mediated by a sequential cascade of reactions: the energy-dependent activation of mature 

SUMO protein by SUMO-activating enzyme E1 (formed by a heterodimer AOS1/UBA2), 

transfer of SUMO from E1 to UBC9, which catalyze conjugation to a substrate, resulting in 

the formation of an isopeptide bond between the C-terminal carboxyl group of the SUMO 

and an ε-amino group of a substrate acceptor lysine residue17,20.

Here, we showed that Ki-1/57 contains several predicted SUMOylation motifs, and 

demonstrated the modification of human Ki-1/57 and CGI-55 by either SUMO-1 or 

SUMO-2 proteins in vivo. Ki-1/57 has been previously identified as modified by SUMO-1 

during the mitotic phase of cell cycle in a mass spectrometry study using Xenopus egg 

extract36. In addition, through in vitro SUMOylation assay, our group has showed that the 

modification of Ki-1/57 by SUMO-1 can be enhanced by the presence of STC-1, a SUMO 
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E3 ligase protein37. The paralog CGI-55 has been shown to conjugate to SUMO-2 in a 

systematic study on SUMO modifications in response to heat shock38. Also, a study on the 

identification of global SUMOylation sites by mass spectrometry identified the second 

isoform of CGI-55 (Q8NC51-2) as containing three SUMO-2 target sites, lysines 102, 222 

and 275 in HeLa cells under control, MG132, heat-shock and PR619-treated cells32. Here, 

we showed that the first isoform of CGI-55 (Q8NC51) containing three mutations, on 

lysines 102, 228 and 281, is indeed no more modified by SUMO-1.

In order to identify the SUMOylated motifs in Ki-1/57, we performed site-directed 

mutagenesis of its predicted SUMOylated lysines. The wild-type and mutants containing 

two or three different combinations of mutations in Ki-1/57 were transiently transfected in 

HEK293T cells and immunoprecipitated by anti-FLAG antibody. SUMOylation was 

assessed by using antibodies against SUMO-1 or SUMO-2 with the immunoprecipitated 

protein. We could identify three SUMOylated lysines (K3R= K213/K276/K336) in Ki-1/57 

protein. Since Ki-1/57 and CGI-55 are SUMOylated and they may interact with known 

SUMO E3 ligases, such as TOPORS and PIAS proteins, it would be possible to speculate 

whether these E3 enzymes work enhancing the SUMOylation of Ki-1/57 and CGI-55.

Post-translational modifications of proteins have been shown to regulate their functions, 

properties and subcellular localizations by adding more flexibility and/or modulating their 

capacity of interaction to other protein or DNA/RNA. Protein-protein interaction and the 

subcellular localization of Ki-1/57 have been previously shown to be regulated by its post-

translational modifications. Ki-1/57 is phosphorylated on serine and threonine residues by 

PKC upon activation of Hodgkin’s lymphoma analogous cell line L540 with the PKC-

activator PMA. Under these conditions, the interaction between Ki-1/57 and the adaptor 

protein RACK1 (receptor of activated kinase 1) is abolished, resulting in Ki-1/57 

translocation from the nucleus to the cytoplasm6. Also, Ki-1/57 interacts with and is 

methylated by protein arginine N-methyltransferase 1 (PRMT1)7. The methylation status of 

Ki-1/57 is important for its localization to small nuclear bodies. Under normal cellular 

conditions, Ki-1/57 can partially localize to nuclear speckles, which is known structures for 

storage of splicing factors. Upon treatment with the methylation inhibitor Adox, Ki-1/57 was 

found to localize to the nucleoli, where ribosomal biogenesis and maturation take place and 

to Cajal-bodies and GEMS, known important sites for spliceosomal and non-spliceosomal 

snRNP biogenesis, maturation and recycling39. The subcellular localization of CGI-55 is 

also regulated by its methylation status. In cells treated with Adox, CGI-55 was found to 

localize predominately to the nucleus40.

Interestingly, we have previously found that both Ki-1/57 and CGI-55 interact with several 

PML nuclear bodies (PML-NBs) proteins such as p53, DAXX, TOPORS, UBC9 and 

PIASy9,15,23. Here, we performed confocal microscopy to analyze PML-NBs formation and 

distribution when Ki-1/57, CGI-55 or their triple mutants (K3R) were expressed in HeLa 

cells under normal conditions or As2O3-induced oxidative stress. PML-NBs were observed 

in punctuated nuclear bodies in the nucleus. Cells expressing Ki-1/57, CGI-55 or their triple 

mutants presented a reduced number of PML-NBs under untreated conditions. However, 

upon As2O3 treatment, the expression of Ki-1/57 triple mutant failed to reduce the mean 

number of PML-NB as the wild-type Ki-1/57 did. This result suggests that the 
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SUMOylation of Ki-1/57 may be involved in antioxidant mechanisms or cellular 

adjustments to oxidative stress.

In addition, we noticed that in cells containing higher expression levels of Ki-1/57, CGI-55 

or their triple mutants (K3R) a rearrangement of PML-NBs occurred, as observed by an 

apparent increase in the soluble PML and reduced number of PML-NBs. Changes in the 

PML-NBs rearrangement with increased PML in a nucleoplasmic diffusible form has been 

described after UVC irradiation of human cells41,42 and shown to occur in a p53-dependent 

fashion. It was suggested that p53 participates of the redistribution of PML protein from 

PML-NBs to sites of repair of UVC-induced DNA damage42. Previously, Ki-1/57 was 

shown to interact with p53 and reduce its transcriptional activity15. Although the exact 

mechanism by which the action of Ki-1/57 in the PML redistribution is not explained with 

our data, the fact that Ki-1/57 is involved in gene expression regulation and is associated 

with p53 may be a way by which Ki-1/57 acts in the PML redistribution.

SUMOylation can alter different cellular processes depending on whether the substrate is 

conjugated by either SUMO-1 or SUMO-2/3, possibly because the functional properties of 

SUMO proteins may mediate distinct protein-protein interactions. SUMO proteins interact 

with hydrophobic domains, flanked by acid and/or serine residues, called the SUMO-

interacting Motif (SIM). In this context, the covalent modification of a substrate by SUMO 

may provide interacting sites for other protein through SIM20,43.

In order to study whether the modification of Ki-1/57 and CGI-55 by either SUMO-1 or 

SUMO-2 could change their interacting partners and their involvement in different 

biological processes, we performed a proteome-wide view of Ki-1/57 and CGI-55 when 

either SUMO-1 or SUMO-2 were co-expressed. We observed that the expression of 

SUMO-1 with Ki-1/57 or the expression of CGI-55 with either SUMO-1 or SUMO-2 

retrieved interacting proteins related to regulation of transcription, RNA splicing, translation, 

ribosome biogenesis, apoptotic process, and mitosis. However, SUMO-2 expression with 

Ki-1/57 led to an enrichment of only a few biological processes, particularly, those related to 

the control of gene expression as transcription, RNA splicing and translation and related to 

telomere maintenance. These data may mean that the modification of Ki-1/57 by SUMO-2 

blocks its interaction to others proteins, or SUMO-1 modification of Ki-1/57 or its partners 

increases its protein-protein interaction surfaces, thereby allowing a higher number of 

Ki-1/57 partners to interact with it via SUMO-1.

In summary, we showed that the paralogs Ki-1/57 and CGI-55 are SUMOylated proteins, 

and independently of their SUMOylation status, both Ki-1/57 and CGI-55 may be involved 

in the control of PML-NBs formation under untreated conditions. However, the 

SUMOylated form of Ki-1/57 showed to be important for the control of PML-NB formation 

under oxidative stress-induced conditions. We also showed that the modification of Ki-1/57 

by SUMO-1 or CGI-55 by SUMO-1 or SUMO-2 is associated to several biological 

processes (regulation of transcription, RNA splicing, translation, ribosome biogenesis, 

mitotic cell cycle and apoptotic process), but SUMO-2-modified Ki-1/57 is strongly 

associated with biological processes related to the control of gene expression (transcription, 

splicing and translation) and telomore maintenance. Therefore, differences in SUMOylation, 
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phosphorylation and methylation activities seem to specify the functional role of Ki-1/57 

and CGI-55, both associated with multiple aspects of gene expression regulation in human 

cells. These findings certainly help us to better understand how these regulatory proteins 

work under normal or stressed conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ki-1/57 possesses predicted SUMOylation sites in its amino acids sequence and is 
modified by SUMO-2/3 in vitro
(A) Identification of seven potential SUMO attachment sites in the Ki-1/57 amino acid 

sequence through the web-available SUMOplot™ tool. Upper: Table showing the position of 

the potential SUMOylated lysines, its motifs (bold), lysines (underlined) and respective 

scores. Lower: Representation of the position of potential SUMOylated lysines in the 

Ki-1/57 protein. (B) In vitro SUMOylation assay. For in vitro SUMOylation assay, GST-

fused Ki-1/57 (GST-Ki-1/57) was used as substrate protein for the reactions, which were 

performed in the presence or in the absence of ATP, presence of E1, E2 and SUMO-2 or -3 

proteins as indicated. GST-RanGAP-1 was used as control. Reactions were analyzed by 

western blot using rabbit polyclonal anti-SUMO-2/3 (BIOMOL), or mouse monoclonal anti-

Ki-1/57 (A26)2. Asterisks indicate SUMO-modified-GST-Ki-1/57.
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Figure 2. Ki-1/57 and its paralog, CGI-55, are conjugated with SUMO-1 and SUMO-2 proteins 
in vivo
(A) HEK293T cells were transiently co-transfected with pcDNA-FLAG (empty vector) or 

pcDNA6-FLAG-Ki-1/57, pcDNA3-Myc-UBC9, and pcDNA3-Myc-SUMO-1. Cells extracts 

were immunoprecipitated (IP) with G-sepharose beads coupled to antibody against the 

FLAG tag. The obtained protein complexes were analyzed by immunobloting (IB) as 

indicated in the panel. Asterisk indicates SUMO-1-conjugated Ki-1/57. (B) HEK293T cells 

were transiently co-transfected with pcDNA-FLAG (empty vector) or pcDNA6-FLAG-

Ki-1/57 or pcDNA6-FLAG-CGI-55, pcDNA3-Myc-UBC9, and pcDNA3-Myc-SUMO-1 or 

pcDNA3-Myc-SUMO-2. Cells extracts were immunoprecipitated (IP) with G-sepharose 

beads coupled to anti-FLAG antibody. The obtained protein complexes were analyzed by 

immunobloting (IB) as indicated in the panel. Asterisk indicates SUMO-2-conjugated 

Ki-1/57 or SUMO-2-conjugated CGI-55. (C) HEK293T cells were transiently co-transfected 

with pcDNA-FLAG (empty vector) or pcDNA6-FLAG-CGI-55, pcDNA3-Myc-UBC9, and 

pcDNA3-Myc-SUMO-1. Cells extracts were immunoprecipitated (IP) with A-sepharose 
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beads coupled to polyclonal rabbit antibody against CGI-55. The obtained protein 

complexes were analyzed by immunobloting (IB) as indicated in the panel. Asterisk 

indicates SUMO-1-conjugated CGI-55. (D) HEK293T cells were transiently co-transfected 

with pcDNA-FLAG (empty vector) or pcDNA6-FLAG-CGI-55 or pcDNA6-FLAG-CGI-55 

triple mutant (K3R: K102R, K228R and K281R), pcDNA3-Myc-UBC9, and pcDNA3-Myc-

SUMO-1. Cells extracts were immunoprecipitated (IP) with G-sepharose beads coupled to 

anti-FLAG antibody. The obtained protein complexes were analyzed by immunobloting (IB) 

as indicated in the panel.
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Figure 3. Ki-1/57 is SUMO-modified at lysines K213, K276 and K336
(A) HEK293T cells were transiently transfected with pcDNA6-FLAG-Ki-1/57 (wt: wild-

type) or Ki-1/57 double mutants K336R/K213R or K336R/K276R or triple mutant K336R/

K276R/K213R. Cells extracts were immunoprecipitated (IP) with G-sepharose beads 

coupled to antibody against FLAG tag. The obtained protein complexes were analyzed by 

western blot using anti-FLAG and anti-SUMO-1 antibodies. Arrow indicates SUMO-1-

conjugated Ki-1/57. (B) HEK293T cells were transiently transfected with pcDNA6-FLAG-

Ki-1/57 (wt: wild-type) or Ki-1/57 triple mutant K336R/K276R/K213R. Cells extracts were 

immunoprecipitated (IP) with G-sepharose beads coupled to anti-FLAG antibody. The 

obtained protein complexes were analyzed by western blot using anti-FLAG and anti-

SUMO-2/3 antibodies. Arrow indicates SUMO-2/3-conjugated Ki-1/57. Arrowhead 

indicates the antibody heavy chain.
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Figure 4. Ki-1/57 and CGI-55 affect PML-NBs number
(A) HeLa cells transfected with FLAG-tagged constructs as indicated were either not treated 

or treated with arsenic trioxide (As2O3) for 90 min and stained for immunofluorescence 

confocal microscopy using indicated antibodies. Images are depicted as maximum intensity 

projections (MIPs) of z-stacks throughout the cell to allow PML captures in all three 

dimensions. Nuclei were detected by Hoechst. Scale bars equals 10 μm. The asterisk 

indicates the cell shown in higher magnification in the last column. (B) PML numbers 

within each individual cell were determined using the Spots object on Imaris software 

(Bitplane) using a fixed spot size of 0.5 μm (the measured average XY diameter of nuclear 

bodies). Adjacent nontransfected interphase cells from the same field of view marked with 

an asterisk and enlarged (A) were measured in parallel and used as control. Results were 

calculated from > 75 cells collected from at least two independent experiments. Each dot 

represents a single cell. Bars represent mean values. *P < 0.05 by Students t-test.
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Figure 5. Interaction networks of the retrieved overexpressed Ki-1/57 (HABP4) or CGI-55 
(SERBP1) interacting partners from IP-MS/MS in the presence of overexpressed SUMO1 or 
SUMO2
The enriched GO biological processes among the IP-MS/MS HABP4 or SERBP1 interactors 

(blue) and the background intermediary proteins (green) are depicted in the (A) HABP4 + 

SUMO1, (B) HABP4 + SUMO2, (C) SERBP1 + SUMO1 and (D) SERBP1 + SUMO2 

networks by clustering the proteins involved in each of the biological processes with a circle 

layout. Clusters were assigned only to selected most relevant enriched biological processes 

containing at least three proteins with one from the IP-MS/MS data; proteins belonging to 

more than one biological process were assigned to clusters with the best enrichment p-

values. The nodes sizes are depicted according to their connectivity degree. Thicker edges 

correspond to the novel interactions identified between HABP4 or SERBP1 and the IP-

MS/MS proteins. The protein-protein interaction networks were built using the IIS platform 

and visualized using the Cytoscape software.
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