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Abstract

Mdm2 and Mdmx, both major repressors of p53 in human cancers, are predominantly localized to 

the nucleus and cytoplasm, respectively. The mechanism by which subcellular localization of 

Mdmx is regulated remains unclear. In this study, we identify the E3 ligase Peli1 as a major 

binding partner and regulator of Mdmx in human cells. Peli1 bound Mdmx in vitro and in vivo and 

promoted high levels of ubiquitination of Mdmx. Peli1-mediated ubiquitination was degradation-

independent, promoting cytoplasmic localization of Mdmx which in turn resulted in p53 

activation. Consistent with this, knockdown or knockout Peli1 in human cancer cells induced 

nuclear localization of Mdmx and suppressed p53 activity. Myc-induced tumorigenesis was 

accelerated in Peli1-null mice and associated with downregulation of p53 function. Clinical 

samples of human cutaneous melanoma had decreased Peli1 expression which was associated with 

poor overall survival. Together, these results demonstrate that Peli1 acts as a critical factor for the 

Mdmx-p53 axis by modulating the subcellular localization and activity of Mdmx, thus revealing a 

novel mechanism of Mdmx deregulation in human cancers.
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Introduction

The tumor suppressor p53 acts as the major sensor for a regulatory circuit that monitors 

signaling pathways from diverse sources, including DNA damage, oncogene activation, 

ribosomal stress, and other abnormal cellular stresses (1, 2). p53 mainly functions as a 

transcriptional factor regulating cell cycle, apoptosis, senescence, metabolism and DNA 

damage repair to maintain genome stability and prevent tumorigenesis (1, 3). The important 
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roles of p53 in tumor suppression have been well established by the fact that more than 50% 

of human tumors have p53 mutation or loss of heterozygosity (1, 4). In addition, mice or 

humans harboring germline p53 mutations have the predisposition for early tumorigenesis 

and death (5, 6).

The p53 activities are fine-tuned in vivo by its two major repressors, Mdm2 and Mdmx (7–

10). The critical roles of Mdm2 and Mdmx in regulating p53 are best demonstrated by 

studies carried out in mice where inactivation of p53 was shown to completely rescue the 

embryonic lethality caused by the loss of either Mdm2 or Mdmx (11, 12). Both proteins bind 

to the p53 transcriptional activation domain and suppress p53-dependent transcription in 

normal and cancer cells (10, 12). In addition, Mdm2 functions as a Ring domain E3 

ubiquitin ligase to promote p53 degradation by poly-ubiquitination and nuclear export by 

mono-ubiquitination (13, 14). Although Mdmx does not exhibit detectable E3 ligase activity, 

the heterodimerization of Mdm2 and Mdmx through the Ring domains is essential for 

Mdm2 stabilization and promotes its ubiquitin ligase activity toward p53 degradation (15–

17). Nevertheless, further studies from Mdmx Ring domain mutant mice indicate that the 

Mdm2/Mdmx interaction is dispensable for modulating Mdmx-mediated effects on p53 at 

later stages of development and adult tissues (18, 19). Moreover, it has been reported that 

Mdmx is amplified or overexpressed in several types of human tumors that retain wild-type 

p53 without Mdm2 amplification (7–8, 20). Thus, Mdmx regulates p53 functions in both 

Mdm2-dependent and Mdm2-independent manners.

Notably, in contrast to the nuclear localization of Mdm2, Mdmx is predominantly localized 

in the cytoplasm. Nevertheless, the mechanism by which the subcellular localization of 

Mdmx is regulated remains unclear. Here, we identify a novel Mdmx regulator named Peli1 

in tumor cells by biochemical purification. We found that Peli1 induces Mdmx 

ubiquitination without promoting its degradation, which leads to the cytoplasmic 

localization of Mdmx and subsequent activation of p53 function. Moreover, we have 

provided evidence indicating that the Peli1-Mdmx interaction is critical for tumorigenesis by 

regulating p53 functions both in mouse model and human tumors.

Materials and Methods

Cell culture and stable lines

All the cell lines were purchased from American Type Culture Collection (ATCC) in 

February 2010 and have been proven to be negative for mycoplasma contamination. The cell 

lines were freshly thawed from the purchased seed cells and cultured for no more than 2 

months. The cells were maintained in a 37°C incubator with 5% CO2. All media used were 

supplemented with 10% FBS, 100 units/ml penicillin and 100 μg/ml streptomycin (all from 

Gibco). A375, H1299, U2OS and 293T cells were maintained in DMEM medium. To obtain 

an FLAG and HA double tagged Mdmx (FH-Mdmx) A375 melanoma stable cell line, the 

cells were transfected with pCIN4-FLAG-HA-Mdmx expression constructs and selected for 

2 weeks with 1 mg/ml G418 (Gibco). To generate inducible stable lines, Peli1 cDNA was 

cloned into a modified tet-on pTRIPZ inducible expression vector (Thermo Open 

Biosystems). Cells were selected and maintained with puromycin (1 μg/ml) in DMEM 

medium containing 10% tetracycline-free FBS. To induce the expression of Peli1, 0.1 μg/ml 
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of doxycycline was added to the culture medium. To generate Peli1 U2OS CRISPR cas9 

knock out cells, two target guide RNA sequences were designed at the website (http://

crispr.mit.edu/) as follows: guide RNA 1: Forward: 5′-
GATCAGGAGAAAACATGAGCT-3′, Reverse, 5′-AGCTCATGTTTTCTCCTGATC-3′; 
guide RNA 2: Forward: 5′-TCTAAAGCACCAGTAAAATA-3′, Reverse, 5′-
TATTTTACTGGTGCTTTAGA-3′. The sequences were cloned into pGL3-U6-sgRNA-

PGK-puromycin vector according to the manufacturer’s instruction. The expression 

constructs for pST1374-Cas9 and two guide RNAs were co-transfected into U2OS cells. The 

cells were selected with puromycin (1 μg/ml) and blasticidin (5 μg/ml) in DMEM medium 

for 4–6 days. Clones with Peli1 knock-out were screened and acquired after continuing to 

culture 2–3 weeks without selective antibiotics.

Purification of Mdmx complexes from human cutaneous melanoma cells

The double epitope-tagging strategy was used to isolate Mdmx-containing protein 

complexes from human cells as previously described with some modifications (21). A375 

parental and FH-Mdmx A375 stable cells were chosen to expand for complex purification. 

The cells were lysed in cold BC100 buffer (20 mM Tris-HCl, pH 7.9, 100 mM NaCl, 10% 

glycerol, 0.2 mM EDTA, 0.2% Triton X-100, and freshly supplemented protease inhibitor). 

The cell extracts were incubated with the anti-FLAG monoclonal antibody conjugated to M2 

agarose beads (FLAG/M2, Sigma) at 4°C overnight. After five washes with the lysis buffer, 

the bound proteins were eluted with FLAG-peptide (Sigma) in BC100 buffer for 2 h at 4°C. 

The acquired elutes were further affinity purified by anti-HA antibody-conjugated agarose 

(Sigma). The final elutes from the HA-beads with TFA elution buffer (0.1% TFA and 50% 

Acetonitrile) were lyophilized and then resolved by SDS-PAGE on a 4–20% gradient gel 

(Invitrogen) for silver staining analysis or directly subjected to mass-spectrometry peptide 

sequencing.

Plasmids and transfection

The full-length Mdmx and Peli1 were amplified by PCR and cloned into pCIN4-FLAG-HA 

or pCMV-Myc expression vectors. For the different Mdmx and Peli1 deletion mutant 

constructs, DNA sequences corresponding to different regions were amplified by PCR from 

the above constructs and cloned into pCIN4-FLAG-HA or pCMV-Myc expression vectors. 

Myc-Mdmx and Mdmx Δ200–274 constructs were obtained from Jiandong Chen’s 

laboratory. Myc-Peli1 C395/398A mutant was generated by Quick Change Site-Directed 

Mutagenesis Kit (Stratagene) according to the manufacturer’s protocol. The expression 

vectors for HA-Mdmx-ubiquitin and HA-Mdmx-Sumo fusion proteins were constructed by 

amplifying and ligating Mdmx and ubiquitin or sumo cDNA into the expression vectors. The 

other plasmids were generated in our lab and described as before (14, 22). All sequences 

have been confirmed by DNA sequencing before transfection using Lipofectamine 3000 

(Invitrogen) according to the manufacturer’s protocol.

Western blotting and antibodies

For Western blot analysis, cells were lysed in cold BC100 or FLAG buffer (50 mM Tris-

HCl, pH 7.9, 137 mM NaCl, 10 mM NaF, 1 mM EDTA, 1% Triton X-100, 0.2% Sarkosyl, 

10% glycerol, and freshly supplemented protease inhibitor cocktail) and then total protein 
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concentrations were determined by Bradford method using the Bio-Rad protein assay kit. 

The cell extracts were boiled in SDS loading buffer, and then equally loaded and separated 

in polyacrylamide gels. Proteins were then transferred to Hybond ECL membrane (GE 

healthcare) and incubated overnight with primary antibodies. Rabbit polyclonal Mdmx 

antibody (A300-287A) was purchased from Bethyl Laboratories. Mouse monoclonal 

antibody for Peli1 (F-7), p53 (DO-1), Mdm2 (SMP14) and Myc (9E10) and rabbit 

polyclonal antibodies for p21 (C19) and Puma (H-136) were purchased from Santa Cruz 

Biotechnology. Rat anti-HA monoclonal antibody (3F10) was purchased from Roche. 

Mouse anti-GFP (JL-8) and β-actin (AC-15) monoclonal antibodies were purchased from 

Clontech and Sigma, respectively. HRP-conjugated secondary antibodies were purchased 

from GE Healthcare. Western blot signals were detected on auto-radiographic films after 

incubating with ECL (GE healthcare) or Super Signal West Dura reagents (Thermo 

scientific).

Immunoprecipitation assays

Co-immunoprecipitation assays were performed as described previously with some 

modifications (23). The cells were lysed in BC100 lysis buffer. The cell extracts were 

incubated with the antibody or control IgG at 4°C overnight. Protein A/G PLUS-agarose 

beads (Santa Cruz Biotechnology) were added and incubated for 2 hours at 4°C. After five 

washes with the lysis buffer, the bound proteins were eluted by boiling with SDS sample 

buffer. For immunoprecipitation of ectopically expressed FLAG-tagged proteins, the cell 

extracts were incubated with the FLAG/M2 beads at 4°C overnight. After five washes with 

the lysis buffer, the bound proteins were eluted with FLAG-peptide in BC100 for 2 h at 4°C. 

The eluted material was resolved by SDS-PAGE and immunoblotted with antibodies as 

indicated.

GST pull-down assays

GST and GST-tagged fusion proteins were purified using GST resin (Novagen) according to 

the manufacturer’s instruction. To purify the FH-Mdmx and FH-Peli1 proteins, the 293T 

cells transfected with the respective expression constructs were lysed in the stringent BC300 

buffer (20 mM Tris-HCl, pH 7.9, 300 mM NaCl, 10% glycerol, 0.2 mM EDTA, 0.2% Triton 

X-100, and freshly supplemented protease inhibitor) and then subjected with FLAG/M2 

immunoprecipitation. The bound proteins were eluted with BC100 buffer with FLAG 

peptide. GST or GST-tagged fusion proteins were incubated with the purified FH-Mdmx and 

FH-Peli1 overnight at 4 °C in BC100 buffer. GST resins (Novagen) were then added, and the 

solution was incubated at 4 °C for 3 h. After washing five times, the bound proteins were 

eluted for 2 h at 4 °C in elution buffer (20 mM reduced glutathione in 50 mM Tris-HCl, pH 

8.0) and subjected to Western blot analysis.

Cell-based ubiquitination assay

Cell-based ubiquitination assays were performed essentially as described (23) with some 

modifications. H1299 cells were transfected with expression constructs as indicated. 10% of 

the cells were lysed with FLAG lysis buffer and the cell extracts were saved as input. The 

rest of the cells were lysed with phosphate/guanidine buffer (6 M guanidine-HCl, 0.1 M 

Na2HPO4, 6.8 mM NaH2PO4, 10 mM Tris-HCl, pH 8.0, 0.2% Triton X-100, freshly 
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supplemented with 10 mM β-mercaptoethanol and 20 mM imidazole) with mild sonication 

and subjected to Ni-NTA (Qiagen) pulldown for 3 hours. Ni-NTA-captured fractions were 

then washed with phosphate/guanidine buffer two times and urea wash buffer (8 M urea, 0.1 

M Na2HPO4, 6.8 mM NaH2PO4, 10 mM Tris-HCl, pH 8.0, 0.2% Triton X-100, freshly 

supplemented with 10 mM β-mercaptoethanol and 20 mM imidazole) two times, and further 

washed there times with PBS buffer. Precipitates were eluted by 30 min of incubation with 

elution buffer (0.3 M imidazole, 0.125 M DTT) and resolved by SDS-PAGE. For Mdmx 

mono-ubiquitination analysis, H1299 cells were lysed with FLAG lysis buffer. The cell 

extracts were subjected to FLAG/M2 immunoprecipitation and western blot analysis with 

anti-Mdmx polyclonal antibody.

siRNA-mediated ablation of Peli1, p53 and Mdmx

Ablation of Peli1 was performed by transfection of U2OS cells with siRNA duplex 

oligonucleotides synthesized by Dharmacon as follows: Peli1 siRNAi-1 sense sequence: 5′-
GGAAAUCAAUGCAGCACGAUU-3′; antisense sequence: 5′-
UCGUGCUGCAUUGAUUUCCUU-3′; Peli1 siRNA-2 sense sequence: 5′-
AAUCAUAUGUGAACGGAAU; antisense sequence: 5′-
AUUCCGUUCACAUAUGAUU-3′. Ablation of p53 and Mdmx was performed by 

transfection of U2OS cells with siRNA duplex oligo sets (On-Target-Plus Smart pool 

L00332900 for p53 and L-00653600 for Mdmx, Dharmacon). Control siRNA (On-Target-

Plus siControl non-targeting pool D00181010, Dharmacon) was also used for transfection.

RNA extraction and Real-time PCR

Frozen lymphoma tissue samples were homogenized using a pestle (Axygen) in 1.5ml 

Eppendorf tube. Total RNA was isolated from tissues or cultured cells using TRIzol reagent 

(Invitrogen) according to the manufacturer’s protocol. Two micrograms of total RNA was 

reverse transcribed by Super Script™ IV VILO™ Master Mix (Invitrogen) following the 

manufacturer’s protocol. Quantitative PCR (Real-time PCR) was performed in triplicate 

using SYBR green mix (Applied Biosystems) and a 7500 Fast Real-Time PCR System 

(Applied Biosystems) under the following conditions: 15 min at 95 °C followed by 40 cycles 

of 95 °C for 15 s and 60 °C for 1 min. To determine p53 mutational status, RNA was 

extracted and PCR was performed to amplify mouse p53 cDNA from mouse lymphoma 

samples. Full length p53 PCR product was gel-purified and sequenced using standard 

procedures. Primers for quantitative PCR are as follows: human Mdm2 forward 5′-
CGATGAATCTACAGGGACGCCATCG-3′, human Mdm2 reverse 5′-
TCCTGATCCAACCAATCACCTG-3′; human p21forward 5′-
CCATGTGGACCTGTCACTGTCTT-3′, human p21 reverse 5′-
CGGCCTCTTGGAGAAGATCAGCCG-3′; human GAPDH forward, 5′-
ATCAATGGAAATCCCATCACCA-3′, human GAPDH reverse 5′-
GACTCCACGACGTACTCAGCG-3′; mouse Mdm2 forward 5′-
GGACTCGGAAGATTACAGCCTGA-3′, mouse Mdm2 reverse 5′-
TGTCTGATAGACTGTGACCCG-3′; mouse p21 forward 5′-
AGATCCACAGCGATATCCAGAC-3′, mouse p21 reverse 5′-
ACCGAAGAGACAACGGCACACT-3′; mouse Puma forward 5′-
ACGACCTCAACGCGCAGTACG-3′, mouse Puma reverse 5′-GAGGAGTCCCATG 
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AAGAGATTG-3′; mouse GAPDH forward, 5′-AACTTTGGCATTGTGGAAGG-3′, mouse 

GAPDH reverse 5′-ACACATTGGGGGTAGGAACA-3′.

Immunofluorescent staining

For immunofluorescent staining, the cells were plated on 35 mm dishes with a 20 mm 

bottom well (In Vitro Scientific, Sunnyvale, California) 24 hours before cells were 

transfected with the expression constructs. The cells on the bottom well were washed three 

times with PBS and then fixed for 20 min with 4% paraformaldehyde on ice, rehydrated for 

5 min in serum-free DMEM, and permeabilized for 10 min with 0.2% Triton X-100 (Fisher). 

The cells were blocked in 1% BSA (Sigma)/PBS (Gibco) 30 min and incubated in 1% 

BSA/PBS with primary rat anti-HA or mouse anti-Myc monoclonal antibodies for 45 mins 

at room temperature. After extensive washing, the cells were incubated in 1% BSA/PBS 

with Alexa Fluor 488 (green) conjugated anti-mouse and Alexa Fluor 568 (red) conjugated 

anti-rat fluorescent secondary antibody (Invitrogen) for 30 min at room temperature. Finally, 

cells were counterstained with DAPI (Sigma) to stain the nuclei.

Nuclear cytoplasmic fractionation

The U2OS cells grown in 60 or 100 mm dishes were scraped into cold PBS after the cells 

were washed two times. The cell pellets were re-suspended in hypotonic lysis buffer (10 mM 

Tris, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, and freshly supplemented 

protease inhibitor), placed on ice 15 minutes and followed by treatment with NP-40 at a final 

concentration of 0.5% with vortex for 10 seconds. The supernatant was acquired as 

cytoplasmic extracts after centrifuging 1 minute at full speed. The pellets were further 

treated with extraction buffer (20 mM Tris, pH 7.9, 400 mM NaCl, 1 mM EDTA, 1 mM 

EGTA, and freshly supplemented protease inhibitor) 2 hours on ice with vortex every 5–10 

minutes. The supernatant from extraction buffer was acquired as nuclear extracts.

Mice

Mice were maintained in a specific pathogen-free facility, and all animal experiments were 

in accordance with protocols approved by the IACUC (Institutional Animal Care and Use 

Committee) of Columbia University. Peli1 null mice were a kind gift from Dr. Shao-Cong 

Sun at the University of Texas MD Anderson Cancer Center. Peli1 mice were bred and 

genotyped as described (24). The Eμ-Myc mice were purchased from The Jackson 

Laboratory. The offspring of Eμ-Myc mice were genotyped using a mouse primer set as 

follows: Eμ-Myc forward, 5′-AGACGTCAGGTGGCACTTTT-3′, Eμ-Myc reverse, 5′-
AGCAAAAACAGGAAGGCAAA-3′. Peli1 null mice were crossed with the C57BL/6 

background mice to generated Peli1 heterozygous mice. Mice heterozygous for Peli1 

deletion (Peli1+/-) were bred to generate age-matched mice homozygous for Peli1 deletion 

(Peli1-/-) and wild-type mice. These mice were crossed with the Eμ-Myc mice to generate 

mice with Peli1 wild-type (Peli1+/+) and Peli1 null (Peli1-/-) mice in the Eμ-Myc 

background. Animals were observed two times each week for signs of morbidity and tumor 

development. Tumor development was monitored by palpation of the abdomen and cervical, 

axillary, and inguinal regions. Mice were euthanized humanely while reaching tumor-

specific endpoints. Lymphoma tissues were fixed in formalin for histopathology or snap 

frozen for protein and RNA extraction.
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Patients

To determine the Peli1 expression in patients with cutaneous melanoma, we analyzed and 

compared the data from GEO profiles (https://www.ncbi.nlm.nih.gov/geoprofiles/

13276984). The data were from expression profiling by array from human samples including 

7 human normal skins, 11 benign nevi and 45 cutaneous malignant melanomas (25). To 

understand the association of Peli1 with overall survival in patients with malignant 

cutaneous melanoma, we made use of another set of publicly available clinical information 

provided by cBioportal for Cancer Genomics databases (http://www.cbioportal.org/), which 

included basic demographical and clinical information, p53 status and overall survival (OS). 

We extracted a total of 250 patients from the tumor cohort with higher and lower quartiles 

for Peli1 expression for the survival analysis.

Statistical analysis

Comparisons of mean values between the groups were analyzed using GraphPad Prism 

software (GraphPad Software Inc., San Diego, CA). Statistical significance of the 

differences was analyzed using unpaired Student’s t-test for comparisons of two groups or 

by One-way analysis of variance for comparisons of multiple groups. Survival curves were 

plotted using the Kaplan-Meier method and compared by the log-rank test using GraphPad 

Prism. All p values were two sided and the level of statistical significance was set at <0.05.

Results

Identification of Mdmx-associated complexes in tumor cells

Previous studies indicated that p53 is not frequently mutated in human melanomas, partially 

caused by Mdmx amplification (20, 26). To further elucidate the mechanism of Mdmx 

regulation in tumorigenesis, we sought to identify specific regulators of Mdmx in human 

melanoma cells. To this end, we generated an N terminal FLAG and HA double tagged 

Mdmx (FH-Mdmx) protein in human cutaneous malignant melanoma A375 cells. To isolate 

Mdmx-associated complexes, the cell extracts from the stable cells were sequentially 

subjected to affinity purification by FLAG antibody conjugated M2 beads (FLAG/M2) and 

an HA-affinity column. The bound proteins were then fractionated by SDS-PAGE and 

visualized by silver staining (Fig. 1A). The whole elutes were also subjected to mass 

spectrometry analysis to identify novel components of the Mdmx-associated complexes. As 

expected, FH-Mdmx, CK1α, 14-3-3, p53, Mdm2 and p73 were identified as major 

components of the complexes (Fig. 1A, Supplementary Fig. 1A and Supplementary Table 1), 

indicating that ectopic Mdmx can form stable complexes with these endogenous binding 

partners. Interestingly, an E3 ligase named Pelino1 (Peli1) was identified as a novel major 

cellular protein in the Mdmx-associated complexes from A375 cells (Fig. 1A, 

Supplementary Fig. 1A and Supplementary Table 1). Peli1 is a 46KD cellular adaptor 

protein interacting with Drosophila Pelle, a protein highly homologous with the IRAKs 

(Interlukin-1 receptor-associated kinase) (27). Peli1 regulates innate and adaptive immune 

signaling pathways by ubiquitination (28, 29). Although it has been shown that Peli1 is 

involved in NF-κB activation and inflammatory diseases, the precise roles of Peli1 in 

tumorigenesis await to be clarified.
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Peli1 directly interacts with Mdmx both in vitro and in vivo

To confirm interaction between Peli1 and Mdmx, the expression vectors for FLAG and HA 

tagged Peli1 (FH-Peli1) and Myc tagged Mdmx (Myc-Mdmx) were transfected into H1299 

cells. Western blot analysis of FLAG/M2 immunoprecipitates from cell extracts revealed 

that Mdmx was specifically detected in Peli1-associated immunoprecipitates (Fig. 1B). 

Further, the expression constructs for FH-Mdmx and Myc tagged Peli1 (Myc-Peli1) were 

transfected into H1299 cells. Reciprocal immunoprecipitation indicated that Peli1 was also 

in Mdmx complexes (Fig. 1C). To test the direct interaction between Peli1 and Mdmx in 
vitro, we performed GST pull-down assays. Purified GST and GST-Peli1 were incubated 

with purified FH-Mdmx protein. Western blot analysis of elutes from GST resin showed 

Mdmx strongly binds to immobilized GST-Peli1 but not GST alone (Fig. 1D). Further, 

reciprocal GST pull-down assay revealed that Peli1 specifically binds to GST-Mdmx (Fig. 

1E). To investigate the interaction between endogenous Peli1 and Mdmx, cell extracts from 

A375 cells were immunoprecipitated with a control IgG or a Peli1-specific antibody. As 

expected, western blot analysis revealed endogenous Peli1 was immunoprecipitated by the 

Peli1 antibody. Importantly, Mdmx was clearly detected in the immunoprecipitations 

obtained from the anti-Peli1 antibody but not the control IgG (Fig. 1F). Conversely, 

endogenous Peli1 was readily immunoprecipitated with the Mdmx specific antibody but not 

with a control antibody (Fig. 1G). Similar results were acquired from endogenous 

immunoprecipitations in U2OS cells (Supplementary Fig. 1B and 1C). Taken together, these 

results indicate that Peli1 is a bona fide Mdmx interacting protein in tumor cells.

Mapping of interaction regions between Mdmx and Peli1

Next, we determined the functional domains required for the interaction between Mdmx and 

Peli1. The expression constructs for FH-Mdmx and deletion mutants were co-transfected 

with Myc-Peli1 into H1299 cells. Western blot analysis of FLAG/M2 immunoprecipitates 

revealed that middle region in Mdmx (150–338 amino acids) is sufficient for its interaction 

with Peli1 (Fig. 2A and 2B). Notably, Mdmx Δ200–274 which has a small internal deletion 

covering the acidic domain but retains all the other functional domains completely abrogates 

the interaction between Mdmx and Peli1, suggesting that both acidic and zinc domains in 

Mdmx protein are required for the Peli1 binding (Fig. 2A and 2C). Peli1 consists of an N-

terminal PFA core region and an atypical Ring-like domain in the C-terminus, which 

contains an intrinsic E3 ligase activity (Fig. 2D). To map Peli1 domains for Mdmx binding, 

Myc-Peli1 and deletion mutants were co-transfected with FH-Mdmx in H1299 cells. 

Western blot analysis of FLAG/M2 immunoprecipitates revealed that Ring domain (300–

418) in Peli1 is required for the interaction with Mdmx (Fig. 2D and 2E). Interestingly, Peli1 

C395/398A mutant with the Ring domain disrupted completely abrogated the binding to 

Mdmx (Fig. 2D and 2E). Finally, we found that Peli1 cannot form a homodimer although it 

strongly binds to Mdmx by the Ring domain in cells (Supplementary Fig. 2).

Peli1 interacts specifically with Mdmx and promotes Mdmx ubiquitination

Accumulating evidence indicates that Mdmx interacts with both p53 and Mdm2 and that the 

activities of Mdmx are intimately linked with either p53 or Mdm2 in human cancer cells (7, 

8). To understand the mechanism of the interaction between Peli1 and Mdmx in modulating 
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the p53 pathway, we first tested whether this interaction is specific for Mdmx among the 

three major components of this pathway. To this end, the expression constructs for FH-

Mdmx or FLAG tagged p53 are co-transfected with Myc-Peli1 into H1299 cells. Western 

blot analysis of FLAG/M2 immunoprecipitates from cell extracts revealed that Peli1 was 

specifically detected in Mdmx but not p53-associated immunoprecipitates although the 

approximately equal amounts of Mdmx and p53 are immunoprecipitated (Fig. 3A). Further, 

Myc tagged Mdm2 and Mdmx expression constructs were co-transfected with FH-Peli1 into 

H1299 cells. Western blot analysis revealed the same amount of Mdm2 and Mdmx were 

immunoprecipitated by the anti-Myc antibody. Importantly, Peli1 was clearly detected in the 

immunoprecipitations obtained from the Mdmx but not Mdm2 complexes (Fig. 3B). Since 

Peli1 has an intrinsic E3 ligase activity to catalyze the formation of both K48 and K63 

ubiquitin chains (30, 31), we next examined whether Peli1 promotes Mdmx ubiquitination 

and degradation. Although Peli1 cannot cause any significant degradation of Mdmx (Fig. 

3C), Peli1 promotes both mono- and poly-ubiquitination of Mdmx by using an in vivo 
ubiquitination assay (Fig. 3D, 3E and Supplementary Fig. 3B). However, Peli1 mutant (1–

310 amino acids) with Ring domain deleted has no effects on Mdmx ubiquitination (Fig. 3D 

and E). Lysine 48 (K48) linked poly-ubiquitination chain targets protein for destruction by 

26S proteasome whereas other types of poly-ubiquitination, for example, K63 linked poly-

ubiquitination is not associated with protein degradation. As shown in Supplementary Figure 

3A, although Peli1 induced K63-linked poly-ubiquitination by using Ub-K63 only (lysine to 

arginine mutations on all other lysine residues except K63), Peli1 was also able to promote 

Mdmx poly-ubiquitination with either K48R-ub or K63R-ub (lysine to arginine mutation 

only at either K48 or K63, respectively). Notably, as shown in Supplementary Figure 3B, 

Mdm2 mostly induced Mdmx ubiquitination with high molecular weight (long ubiquitin 

chains) whereas Peli1 promoted its ubiquitination mostly with medium ranges of molecular 

weight, suggesting that Peli1-mediated ubiquitination mode is different from the one 

induced by Mdm2, which promotes Mdmx degradation. These findings indicate that Peli1 

induced Mdmx poly-ubiquitination with branched ubiquitin chains containing mixed linkage 

types. The non-canonical ubiquitination mode may be the reason that Peli1 cannot promote 

Mdmx degradation.

Peli1 promotes p53 transcriptional activity in an Mdmx-dependent manner

It has been well established that Mdmx is crucial to repress p53-mediated transcriptional 

activity both in embryonic development and tumor formation (7, 19). To evaluate the 

functional consequence of the interaction between Peli1 and Mdmx, we next assessed the 

roles of Peli1 in regulating p53 transcriptional activity mediated by Mdmx. To this end, we 

generated a tetracycline controlled (tet-on) Peli1-inducible U2OS cell line. Western blot 

(Fig. 4A and Supplementary Fig. 4A) and real-time PCR (Fig. 4B) analysis showed that p21 

and Mdm2 expression is significantly increased after Peli1 is induced by doxycycline in 

U2OS cells. However, p21 and Mdm2 expression remains constant after p53 and Mdmx 

were knocked down by the respective specific siRNAs from these cells (Fig. 4A and B), 

suggesting that Peli1 induced p21 and Mdm2 expression in a p53 and Mdmx dependent 

manner. Next, we investigated cell growth using the Peli1-inducible U2OS cell line. The 

results showed that cell growth is markedly slower when Peli1 is overexpressed in U2OS 

cells (Supplementary Fig. 4B). We also generated Peli1 CRISPR-Cas9 knock-out U2OS 
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cells to further assess Peli1 effects on p53 transcriptional activity. Western blot analysis 

revealed that p21 expression is markedly inhibited in two Peli1 knock-out cell lines (Fig. 

4C). Although Mdm2 protein expression is modestly decreased (Fig. 4C), real-time qPCR 

analysis indicated that both p21 and Mdm2 messenger RNA (mRNA) levels are significantly 

decreased in these cells (Fig. 4D). The similar results were obtained when the endogenous 

Peli1 expression was knocked down by two specific siRNA sequences in U2OS cells 

(Supplementary Fig. 4C). We analyzed cell proliferation from the control parental and Peli1 

knock-out U2OS cells. The results demonstrated that Peli1 null cells grow faster than the 

control cells (Supplementary Fig. 4D). Notably, it is well known that Mdmx is degraded 

upon DNA damage stress. Our data indicate that Peli1-mediated effect on p21 and Mdm2 

expression is Mdmx-dependent (Figure 4A and 4B). Thus, it is very likely that Peli1-

mediated effect will be abrogated when Mdmx is degraded upon DNA damage. To this end, 

we examined p21 and Mdm2 expression in both wild type and Peli1 knock-out cells under 

DNA damage stress conditions. Consistently, we observed basal p21 and Mdm2 levels are 

decreased in Peli1 knockout cells. However, we did not detect significant differences 

between the control and Peli1 knock-out cells upon DNA damage (Supplementary Fig. 4E). 

These results suggested that Peli1-mediated p53 regulation is abrogated under DNA damage 

conditions.

Peli1 promotes Mdmx nuclear export

Although Peli1 increases p53 transcriptional activity, our findings indicate that Peli1 cannot 

promote Mdmx degradation. To understand the mechanism of the interaction between Peli1 

and Mdmx in modulating the p53 pathway, we firstly considered whether Peli1 has effects 

on p53 and Mdmx binding. We performed co-immunoprecipitation experiments in both 

Peli1 inducible and knock-out cells. The results showed that Peli1 cannot affect Mdmx-p53 

binding after it is overexpressed or knocked out in these cells (Supplementary Fig. 5A and 

B). Next, we investigated whether Peli1 promotes Mdmx nuclear export. 

Immunofluorescence staining showed that Mdmx distributes equally in both the nucleus and 

cytoplasm when a FH-Mdmx expression vector was transfected into H1299 cells. 

Interestingly, only wild-type Peli1 but not Peli1 C395/398A mutant promotes significant 

Mdmx cytoplasmic translocation when both constructs were co-transfected with FH-Mdmx 

into the cells (Fig. 5A and B). Peli1 and Peli1 mutants distribute equally in both nucleus and 

cytoplasm when the constructs were individually transfected into the cells (Fig. 5A and B). 

To further investigate the role of Peli1 in Mdmx nuclear export, we examined the 

localization of endogenous Mdmx by nuclear cytoplasmic fractionation. The results showed 

that Mdmx in U2OS cells is distributed in both the cytoplasm and nucleus, with slight 

preference for the cytoplasm (Fig. 5C). Mdmx cytoplasmic distribution became prominent 

whereas nuclear distribution was decreased after Peli1 was induced by doxycycline (Fig. 

5C). Interestingly, Peli1 is distributed equally both in the nucleus and cytoplasm (Fig. 5C). 

We also used Peli1 CRISPR-Cas9 knock-out U2OS cells to further assess Peli1 effects on 

Mdmx subcellular localization. Consistently, Peli1 is distributed approximately equally in 

the nucleus and cytoplasm whereas Mdmx has slight preference for the cytoplasm in the 

parental U2OS cells (Fig. 5D). However, Mdmx cytoplasmic distribution is less and the 

nuclear distribution is more in Peli1 knock-out U2OS cells (Fig. 5D). Taken together, these 

results indicated that Peli1 promotes Mdmx nuclear export. Our previous study indicates that 
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p53 mono-ubiquitination mediated by low levels of Mdm2 activity induces p53 nuclear 

export, providing an example of ubiquitination-mediated nuclear cytoplasmic shuttling (14). 

To further examine the effect of Mdmx ubiquitination in modulating its subcellular 

localization, we generated an HA-Mdmx-Ubiquitin expression construct mimicking 

ubiquitinated Mdmx (Supplementary Fig. 6A). Interestingly, HA-Mdmx-Ubiquitin fusion 

protein was mainly localized in the cytoplasm but wild-type FH-Mdmx and HA-Mdmx-

Sumo distribute equally both in nucleus and cytoplasm (Supplementary Fig. 6B and 6C), 

suggesting ubiquitination of Mdmx modulates its subcellular localization although it 

remains possible that attaching ubiquitin or sumo to MDMX may potentially affect the 

RING domain conformation. Taken together, these data indicate that Peli1 induces the non-

canonical ubiquitination of Mdmx, which leads to cytoplasmic localization but not 

proteasome degradation of Mdmx.

Myc-induced tumorigenesis is accelerated in Peli1 null mice

Loss of one Mdmx allele or Mdmx modifications affects the onset of c-Myc induced 

lymphomagenesis, suggesting Mdmx function is crucial for c-Myc induced tumorigenesis 

(32, 33). Since Peli1 is an Mdmx regulator, we next evaluated whether loss of Peli1 

modulated oncogene-induced tumorigenesis using a mouse Eμ-Myc lymphoma model. 

Consistent with a previous study (24), we found that the Peli1 homozygous knockout (Peli1 

null) mice were viable and did not display overt abnormalities in growth and survival (Fig. 

6A). However, Peli1 null Eμ-Myc mice developed significant early-onset B-cell lymphoma 

compared with Peli1 wild-type Eμ-Myc mice (Fig. 6A). Median survival was 128 days for 

Peli1 null and 158 days for Peli wild-type mice in the Eμ-Myc background, respectively 

(Fig. 6A). Peli1 null Eμ-Myc mice with tumors presented with severe lymphadenopathy and 

hepatosplenomegaly (Supplementary Fig. 7A). Notably, the mesenteric, cervical, axillary, 

mediastinal and inguinal lymph nodes were markedly enlarged (Supplementary Fig. 7A). 

Histologically, high grade diffuse B-cell lymphoma developed in Peli1 null Eμ-Myc mice. 

The lymph node architecture was replaced with the solid sheets of the infiltrated middle size 

lymphocytes, the apoptotic lymphoma cells and the large multinucleated macrophages. The 

intermediate size lymphocytes displayed moderate to high anisocytosis, high mitotic index 

and abnormal mitosis (Supplementary Fig. 7B). It is well established that the p53 pathway is 

inactivated in Eμ-Myc lymphomas either by p53 mutation, loss of Arf, or overexpression of 

Mdm2. We found that the majority of Peli1 null Eμ-Myc lymphoma retained both wild-type 

p53 and Arf expression (Fig. 6B). Of note, we detected mutant p53 only from one of 20 

Peli1 null mice with lymphomas. Thus, these data suggest that p53 mutation is not 

absolutely required for Peli1-null lymphoma tumorigenesis. To further clarify Peli1 effects 

on p53 pathway in lymphomagenesis, we compared p53 transcriptional activity between 

Peli1 wild-type and null Eμ-Myc lymphomas. The results revealed that Puma and p21 levels 

were significantly decreased although Mdm2 level was decreased modestly in Peli1 null Eμ-

Myc lymphoma (Fig. 6B). Real-time PCR analysis demonstrated that mRNA levels for both 

Puma and p21 were markedly decreased in Peli1 null lymphoma tissues (Fig. 6C). Taken 

together, these findings indicate that Peli1-Mdmx interaction is implicated in mouse 

lymphomagenesis by inhibiting p53 transcriptional activity.
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Peli1 is down-regulated and correlates with overall survival in patients with cutaneous 
melanoma

Cutaneous melanoma is the leading cause of skin cancer-related deaths. p53 remains wild-

type in cutaneous melanoma and reactivation of p53 is as therapeutic intervention for 

melanoma. Accumulating evidence indicates that Mdmx is upregulated and plays a crucial 

role in inhibiting p53 response in cutaneous melanoma (20, 26). This prompted us to 

investigate the functional consequence of the interaction between Peli1 and Mdmx in human 

cutaneous melanoma. We found that Peli1 is significantly downregulated in human 

cutaneous melanoma compared with human normal skin and benign nevi when Peli1 

expression data from the GEO database was analyzed (Fig. 6D). Next, we analyzed the 

correlation between Peli1 expression and overall survival in a cohort of primary cutaneous 

melanoma patients. The demographic and clinical characteristics were shown 

(Supplementary Table 2) in these patients. Interestingly, we found that Peli1 expression is 

correlated with p53 status in these patients (Supplementary Table 2). Importantly, the 

patients with elevated Peli1 levels showed significantly longer overall survival as compared 

to the patients bearing tumors that express lower levels of Peli1 transcript (Fig. 6E). Finally, 

we stratified these patients according to p53 status. The results showed that the patients with 

higher Peli1 expression have a better overall survival in comparison with those with lower 

Peli1 expression in the wild-type p53 population (Fig. 6F). We did not observe significant 

difference in overall survival between the patients with higher and lower Peli1 expression in 

p53 mutant population (Fig. 6F). Taken together, these findings indicated that Peli1 

functional consequences are highly p53 dependent in human cutaneous melanoma.

Discussion

Numerous studies indicate that the role of Mdmx in repressing p53 activity is as critical as 

that of Mdm2 in tumorigenesis (7–9). Nevertheless, the mechanisms by which Mdmx 

suppresses the activities of p53-mediated transcription are not completely understood. Here, 

we identified Peli1 as a major component of Mdmx associated complexes in tumor cells. 

Peli1 specifically interacts with Mdmx both in vivo and in vitro and promotes Mdmx 

ubiquitination without degradation. Further, Peli1 promotes p53-mediated transcriptional 

activation through targeting Mdmx nuclear export. Importantly, deletion of Peli1 accelerates 

oncogene induced mouse lymphomagenesis. In accordance, Peli1 expression is 

downregulated in human cutaneous melanoma and lower expression correlated with a worse 

overall survival in these patients. Thus, by establishing Peli1 as a key regulator in 

modulating the p53-Mdmx axis, these results reveal a novel mechanism by which Mdmx 

controls p53 function in tumorigenesis.

The previous studies from our group and others (34, 35) indicate both p53 and Mdm2 

mainly localize in nucleus in U2OS cells, suggesting that Mdm2 and Mdmx heterodimer 

functions in nucleus. Accumulating evidence also indicates that Mdm2 and Mdmx 

functional dimer has a stronger E3 ligase activity toward p53 degradation (15–17). We found 

that Peli1 targets Mdmx nuclear export, which will separate Mdmx from the functional 

heterodimer and therefore slightly promotes p53 stabilization. Peli1 cannot affect Mdmx 

binding to p53 although it forms a complex with Mdmx. These results suggested that Mdmx 
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nuclear export induced by Peli1 expression is sufficient to activate p53 activity. In fact, the 

Mdmx, Mdm2 and p53 axis is more complicated than previously anticipated. The increased 

Mdmx activity from Peli1 deletion causes p53 repression and therefore loss of Mdm2 

transcription, which counteracted the increased Mdmx activity. In this setting, cells establish 

a new balance with overall loss of p53 activity. This may provide an explanation for Peli1 

function in oncogene-induced tumorigenesis. Notably, a recent report demonstrated Peli1 

pro-tumorigenic role in a Peli1 transgenic mouse (36). However, Peli1 is randomly 

integrated into the genome and under the control of strong promoters in the transgenic 

mouse. Our study using Peli1 deficient mice provides more physiological outcome to 

evaluate the roles Peli1 plays in tumorigenesis.

Many previous studies indicate that Peli1 catalyzes ubiquitination of substrate proteins by 

K48 and/or K63-linked poly-ubiquitin chains (28, 37). We found that Peli1 promotes Mdmx 

both K48 and K63 linked poly-ubiquitination, suggested that Peli1 mediated ubiquitination 

is non-canonical and degradation-independent. Although the functional consequence of 

Mdmx poly-ubiquitination requires further investigation, Peli1 also promotes Mdmx mono-

ubiquitination. Our previous study indicates that p53 mono-ubiquitination mediated by low 

level Mdm2 contributes to its nuclear export (14). Consistently, we found that Mdmx 

shuttles to the cytoplasm while Peli1 is overexpressed in cells. Further, an Mdmx and 

ubiquitin fusion protein mimicking Mdmx mono-ubiquitination status has a predominant 

trend to localize to cytoplasm. Moreover, Peli1 is equally distributed in nucleus and 

cytoplasm although Mdmx shuttle to the cytoplasm. These findings suggested that Mdmx 

nuclear export is mediated by ubiquitination. While the Ring domain is essential from 

mediating Peli1-induced ubiquitination of Mdmx, it is also indispensable for the Peli1-

Mdmx interactions. Indeed, the Peli1 truncation and C395/398A mutants that disrupted the 

C-terminal Ring domain are not capable to binding to Mdmx. Therefore, we cannot exclude 

the possibilities that Mdmx cytoplasmic localization is mediated by binding between Peli1 

and Mdmx.

Eμ-Myc lymphoma mice are an ideal model to monitor Mdmx-p53 axis in vivo. The c-Myc 

oncogene is induced under the control of the Eμ immunoglobulin enhancer in B cell lineage 

(38). C-Myc overexpression can activate p53 by inducing Arf expression, which antagonizes 

Mdm2 mediated p53 repression and leads to p53 activation (39, 40). Deletion of either p53 

or Arf expression in Eμ-Myc mice markedly accelerates the onset of lymphoma (41, 42). In 

contrast, loss of one copy of Mdm2 delays the tumor formation (27, 43), whereas 

overexpression of Mdm2 accelerates the onset of B cell lymphoma in Eμ-Myc mice (44). 

Recently, losing one copy of Mdmx also exhibited the increased lymphoma latency, 

suggesting Mdmx crucial roles in Myc-induced lymphomagenesis (32). Considering that 

Peli1 functions in regulating Mdmx-p53 axis, our findings that Peli1 deletion contributes to 

Myc-induced lymphomagenesis, provides an example for Mdmx regulation in tumor 

suppression. Although either deletion of Arf or p53 mutations is frequently observed in Eμ-

Myc lymphoma (41), the majority of Peli1 null Eμ-Myc lymphoma exhibits a wild type p53 

and intact Arf expression. Importantly, we observed that p53 downstream targets are 

markedly inhibited in these Eμ-Myc lymphomas. These findings suggest that Peli1 depletion 

blunts p53 responses mainly by inhibiting p53 transcriptional activity.
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Although the p53 remains wild-type, it is inactivated in the majority of cutaneous 

melanomas as a result of up-regulated expression of Mdmx (20, 26). This prompted us to 

investigate the consequence of the interaction between Peli1 and Mdmx in human cutaneous 

melanoma. We found that Peli1 expression is closely related with p53 status, suggesting 

Peli1 is an alternative regulator for p53 functions in cutaneous melanoma. Interestingly, 

Peli1 levels decreased markedly in cutaneous melanoma compared with normal skin or nevi. 

It is conceivable that the increased Mdmx function caused by down-regulated Peli1 levels 

inhibits p53 activity, which constitutes an alternative mechanism for melanoma formation. 

Importantly, higher Peli1 expression predicts a better overall survival in patients with 

cutaneous melanoma, especially in these patients with wild-type p53. Although these 

findings highlight the important roles of Peli1-Mdmx interaction in the pathogenesis of 

cutaneous melanoma, the significance is required to be further assessed in more human 

tumor types retaining wild-type p53.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Peli1-mediated regulation of Mdmx, a major inhibitor of p53, provides critical insight 

into activation of p53 function in human cancers.
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Figure 1. Identification of Peli1 as a bona fide Mdmx interacting protein in cancer cells
(A) Silver staining of affinity-purified Mdmx complexes from the cell extracts of the FH-

Mdmx A375 stable cells and the parental A375 cells. Mdmx-interacting partners were 

identified by mass spectrometry, and the Peli1 peptide sequences are presented.

(B) Co-immunoprecipitation of FH-Peli1 with Myc-Mdmx from H1299 cells. Whole cell 

extracts or immunoprecipitates with FLAG/M2 beads from H1299 cells transfected with 

Myc-Mdmx alone or with Myc-Mdmx and FH-Peli1 together were subjected to western blot 

with anti-Myc (top) and anti-HA antibody (lower).

(C) Co-immunoprecipitation of FH-Mdmx with Myc-Peli1 from H1299 cells. Whole cell 

extracts or immunoprecipitates with FLAG/M2 beads from H1299 cells transfected with 

Myc-Peli1 alone or with Myc-Peli1 and FH-Mdmx together were subjected to western blot 

with anti-HA (top) and anti-Myc antibody (lower).

(D) Direct interactions of GST-Peli1 with Mdmx. The GST-Peli1 fusion protein and GST 

alone were used in a GST pull-down assay with the FH-Mdmx protein purified from H1299 

cells. Elutes from GST beads were subjected to western blot with anti-HA antibody (top) 

after Ponceau S staining (lower). Asterisk indicates GST-Peli1 fusion protein.

(E) Direct interactions of GST-Mdmx with Peli1. The GST-Mdmx fusion protein and GST 

alone were used in a GST pull-down assay with the FH-Peli1 protein purified from H1299 

cells. Elutes from GST beads were subjected to western blot with anti-HA antibody (top) 

after Ponceau S staining (lower). Asterisk indicates GST-Mdmx fusion protein.

(F) Co-immunoprecipitation of endogenous Mdmx with Peli1 from A375 melanoma cells. 

Western blot analysis of whole cell extract (lane 1) and immunoprecipitates with a control 
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IgG (lane 2) or a Peli1-specific antibody (lane 3) by anti-Peli1 monoclonal antibody (top) or 

anti-Mdmx polyclonal antibody (lower).

(G) Co-immunoprecipitation of endogenous Peli1 with Mdmx from A375 melanoma cells. 

Western blot analysis of whole cell extract (lane 1) or immunoprecipitates with control IgG 

(lane 2) or anti-Mdmx polyclonal antibody (lane 3) by anti-Mdmx polyclonal antibody (top) 

or anti-Peli1 monoclonal antibody (lower).
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Figure 2. Mapping of interaction regions between Mdmx and Peli1
(A) A schematic representation of Mdmx and the corresponding mutants (+: binding positive 

to Peli1; -: binding negative to Peli1).

(B) FH-Mdmx and the corresponding deletion mutants were individually transfected with 

Myc-Peli1 in H1299 cells. Whole cell lysates and immunoprecipitates with FLAG/M2 beads 

were subjected to western blot with anti-Myc (top) and anti-HA (lower) monoclonal 

antibodies.

(C) Myc-Mdmx and the Myc-Mdmx Δ200–274 mutant were individually transfected with 

FH-Peli1 in H1299 cells. Whole cell lysates and immunoprecipitates with anti-Myc antibody 

were subjected to western blot with anti-HA (top) and anti-Myc (lower) monoclonal 

antibodies.

(D) A schematic representation of Peli1 and the corresponding mutants (+: binding positive 

to Mdmx; -: binding negative to Mdmx).

(E) Myc-Peli1 and the corresponding mutants were individually transfected with FH-Mdmx 

in H1299 cells. Whole cell lysates and immunoprecipitates with FLAG/M2 beads were 

subjected to western blot with anti-HA (top) and anti-Myc (lower) monoclonal antibodies.
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Figure 3. Peli1 interacts specifically with Mdmx and promotes Mdmx ubiquitination
(A) Peli1 cannot bind to p53. Whole cell extracts or immunoprecipitates with FLAG/M2 

beads from H1299 cells transfected with Myc-Peli1 alone or together with FH-Mdmx or 

FLAG-p53 were subjected to western blot with anti-Myc (top) and anti-FLAG antibody 

(lower).

(B) Peli1 cannot bind to Mdm2. Whole cell extracts or immunoprecipitates with anti-Myc 

antibody from H1299 cells transfected with FH-Peli1 alone or together with Myc-Mdmx or 

Myc-Mdm2 were subjected to western blot with anti-Myc (top) and anti-FLAG antibody 

(lower).

(C) Peli1 cannot promote Mdmx degradation. Western blot analysis of cell extracts from the 

H1299 cells transfected with FH-Mdmx alone or together with increased Myc-Peli1 with 

anti-HA (top) and anti-Myc antibody (middle). GFP was used as loading control.

(D) Peli1 promotes Mdmx poly-ubiquitination. FH-Mdmx was transfected alone (lane 1), or 

with HA-His-Ubiquitin (HH-Ub, lane 2), or with Myc-Peli1 (lane 3), or with Myc-Peli1 and 

HH-Ub (lane 4), or with Myc-Peli1 mutant (1–310aa) and HH-Ub (lane 5) in H1299 cells. 

The cell lysates were immunoprecipitated with Ni-NTA agarose followed by western blot 

with anti-Mdmx polyclonal antibodies (upper panel). The crude cell extracts were also 

detected with anti-HA (lower panel, top) and anti-Myc (lower panel, middle) monoclonal 

antibodies. GFP was used as loading control.

(E) Peli1 promotes Mdmx mono-ubiquitination. FH-Mdmx was transfected alone (lane 4), 

or with HH-Ub (lane 1), or with Myc-Peli1 and HH-Ub (lane 2), or with Myc-Peli1 mutant 

(1–310aa) and HH-Ub (lane 3) in H1299 cells. The crude cell extracts and 

immunoprecipitates from FLAG/M2 beads were subjected to western blot with anti-Mdmx 

Li et al. Page 21

Cancer Res. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



polyclonal antibody (upper panel), anti-HA (lower panel, top) and anti-Myc (lower panel, 

middle) monoclonal antibodies. GFP was used as loading control.
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Figure 4. Peli1 promotes p53 transcriptional activity in an Mdmx-dependent manner
(A–B) U2OS Peli1 inducible stable line cells were transfected with control siRNA or siRNA 

against p53 or Mdmx. After 24 hours, the cells were without treatment or treated with 0.1 

μg/ml of doxycycline 48 hours. (A) Western blot analysis of cell extracts with antibody 

against Peli1, Mdm2, Mdmx, p53, p21 and β-actin. (B) p21 and Mdm2 mRNA levels were 

determined by real-time PCR in these cells. (C) Western blot analysis of cell extracts from 

two U2OS Peli1 CRISPR-Cas9 knock-out cell lines (CRISPR 1 and 2) with antibody against 

Mdm2, Mdmx, p53, Peli1, p21 and β-actin. Parental U2OS cells were used as the control. 

(D) p21 and Mdm2 mRNA levels were determined by real-time PCR in U2OS Peli1 knock-

out cell lines. Parental U2OS cells were used as the control.
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Figure 5. Peli1 promotes the cytoplasmic localization of Mdmx
(A) FH-Mdmx was transfected alone, or with Myc-Peli1, or with Myc-Peli1 mutant 

(C395/398A) in H1299 cells. Myc-Peli1 or Myc-Peli1 mutant were also individually 

transfected into the cells. Twenty-four hours after transfection, the cells were fixed, 

permeabilized and then incubated with anti-Myc mouse antibody or anti-HA rat antibody 

followed by Alexa Fluor 488 (green) conjugated anti-mouse and Alexa Fluor 568 (red) 

conjugated anti-rat secondary antibody. DAPI was used for the nuclear staining. The 

representative images of Mdmx, Peli1, DAPI and merged staining are shown.

(B) Mdmx and Peli1 staining was scored as cytoplasmic staining stronger than nuclear 

(N<C) and nuclear staining stronger or equal to cytoplasmic (N≥C). At least 100 cells were 

counted for each group. Shown is the average from 3 independent experiments. Error bars 

represent the SD.

(C) Analysis of endogenous Mdmx distribution by subcellular fractionation. U2OS Peli1 

inducible stable cells were without treatment or treated with 0.1 μg/ml of doxycycline 48 

hours. Western blot analysis (left panel) of nuclear and cytoplasmic fractions was performed 

with antibody against Mdmx, Peli1, PARP1 and Tubulin. The relative optical density of 

MDMX to PARP1 (nuclear fraction marker) or Tubulin (cytoplasmic fraction marker) bands 

were analyzed by Quantity One software (Bio-Rad). Shown (right panel) is the average from 

2 independent experiments. Error bars represent the SD.
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(D) U2OS parental and Peli1 CRISPR-Cas9 knock-out cells were used to analyze 

endogenous Mdmx distribution by subcellular fractionation. Western blot analysis (left 

panel) of nuclear and cytoplasmic extracts from these cells was performed with antibody 

against Mdmx, Peli1, PARP1 and Tubulin. The relative optical density of MDMX (right 

panel) was analyzed and shown as in Figure 5C.
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Figure 6. Peli1 plays a crucial role in suppressing tumorigenesis
(A) Kaplan-Meier survival curves of Peli1 wild-type (n=11), Peli1 null (n=18), Peli1 wild-

type and Eμ-Myc (n=31) and Peli1 null and Eμ-Myc mice (n=29). Statistical significance 

was determined using log-rank test (p<0.01; Peli1 wild-type versus null mice in Eμ-Myc 

background).

(B) Western blot analysis of cell extracts from subcutaneous or mesenteric lymphoma tissues 

of 3 Peli1 wild-type and 5 Peli1 null mice in Eμ-Myc background with antibodies against 

Mdm2, Mdmx, p53, Peli1, Puma, p21, Arf and β-actin.

(C) Puma and p21 mRNA levels were determined from 6 Peli1 wild-type and 20 Peli1 null 

Eμ-Myc lymphoma tissues by real-time PCR. Lines represent means of each group. Each 

circle or square represents a different tumor tissue. Asterisk represents p<0.05 from 

student’s t test.

(D) Peli1 is downregulated in human cutaneous melanoma. Relative Peli1 mRNA levels in 

human normal skin (n=7), benign nevi (n=18) and cutaneous melanoma (n=45) were 

analyzed from the GEO database. Lines represent means of each group. Each circle, square, 

or triangle represents an individual patient. The p values from one-way ANOVA are given 

for each comparison.

(E) Peli1 correlates with overall survival in patients with cutaneous melanoma. Kaplan-

Meier survival curves for overall survival of higher Peli1 (n=117) and lower Peli1 (n=116) 

expression in patients with cutaneous melanoma using cBioportal for Cancer Genomics 

Li et al. Page 26

Cancer Res. Author manuscript; available in PMC 2019 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



databases. The tumor patients from higher and lower quartiles for Peli1 expression were 

extracted and analyzed by a log-rank test (p=0.0058).

(F) Kaplan-Meier survival curve of the same cohort from (E) stratified according to the p53 

status and Peli1 expression level. Left panel: higher Peli1 expression with wild-type p53 

(n=60) and lower Peli1 expression with wild-type p53 (n=63). Right panel: higher Peli1 

expression with mutant p53 (n=16) and lower Peli1 expression with mutant p53 (n=6). 

Statistical significance was determined using log-rank test (p<0.0001 for left panel and 

p=0.6927 for right panel).
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