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RITA (36). Mdm2 E3 ligase inhibitors identified by in vitro 
screens, such as the HLI series of compounds, have also been 
described (24). Although the HLI compounds were able to in-
duce p53-dependent apoptosis, they lack specificity towards 
Mdm2 (24). Other Mdm2 E3 ligase inhibitors identified in 
in vitro ubiquitination assays, such as sempervirine and lisso-
chlinidine B, have not been shown to inhibit Mdm2-MdmX 
E3 ligase activity (37, 38). More recently, the first small-mol-
ecule inhibitor of MdmX binding to p53 was identified (39). 
Unlike other Mdm2 and MdmX inhibitors identified, MEL23 
and MEL24 are a unique class of Mdm2 inhibitors identified 
in a cell-based assay that are able to inhibit the E3 ligase activ-
ity of the Mdm2-MdmX complex.

These data show that MEL23 and MEL24 preferentially 
inhibit the E3 ligase activity of the Mdm2-MdmX com-
plex, although they do have some activity against Mdm2 
alone. The inhibition of the Mdm2-MdmX complex in vitro 
and stabilization of p53 and Mdm2 in cells indicate that 
the Mdm2-MdmX complex is centrally involved in regu-
lating the degradation of these proteins. These observa-
tions are in agreement with multiple studies that describe 
the importance and activity of the Mdm2-MdmX complex. 
While Mdm2 can catalyze p53 ubiquitination in vitro (40), 
in cells MdmX is needed along with Mdm2 for efficient 
p53 degradation (19). MdmX can lower the concentration 
of Mdm2 needed for both p53 ubiquitination and auto-
ubiqutination, and the Mdm2-MdmX complex has been 
shown to be a better ligase for p53 than Mdm2 alone (41). 
Additionally mouse studies have shown that the interac-
tion between Mdm2 and MdmX is essential for regulating 
p53 during early embryogeneisis (42, 43). Enhancement of 
activity of RING domain hetero-oligomers has also been 
demonstrated for BRCA1-BARD1 complexes, where the 
presence of BARD1 in the complex increases the ligase ac-
tivity of BRCA1 (44). Therefore our results support studies 
suggesting that although Mdm2 is able to function as an 
E3 ligase on its own, MdmX augments the nature and ac-
tivity of the ligase with profound functional consequences 
in cells.

One caveat in these mechanistic studies was that high con-
centrations of MEL compounds were necessary to see inhibi-
tion of ubiquitination in vitro. It is possible that the enzymatic 
activity of the Mdm2-MdmX ligase is difficult to inhibit in 
vitro; the well-known Nutlin-3 compound does not inhibit 
Mdm2 ubiquitination (45). Perhaps the MEL compounds only 
partially inhibit E3 ligase activity in cells, and this is sufficient 
to cause p53 accumulation, consistent with mouse data show-
ing that just a 20% to 30% reduction in Mdm2 can lead to p53 
activation (46). It is tempting to speculate that compounds 
that completely inhibited Mdm2 or Mdm2-MdmX E3 ligase 
activity would activate p53 in both cancer and normal cells to 
such a large extent that the compounds would not be toler-
ated and would therefore not be useful as therapeutics. The 
MEL compounds, on the other hand, have a small but consis-
tent differential activity between tumor derived and nontrans-
formed cell lines, decreasing the survival of the tumor-derived 
cells to a greater extent (Supplementary Fig. S20).

Because Mdm2 can inhibit p53 through 2 independent 
mechanisms—E3 ligase-mediated degradation and binding-
mediated functional inactivation—it is formally possible that 

inhibitors of Mdm2 E3 ligase activity would not be sufficient 
to activate p53. In this model, Mdm2 E3 ligase inhibitors 
would increase both p53 and Mdm2 levels, but would not 
prevent Mdm2 from binding p53 and thereby inhibiting its 
activity. Based on qRT-PCR data (Fig. 3D; Supplementary 
Fig. S7) and also co-immunoprecipitation data (Fig. 6C; 
Supplementary Fig. S16), it is likely that Mdm2 and p53 
are still interacting to some extent upon MEL compound 
treatment and that Mdm2 is partially inhibiting p53 activ-
ity. However, we observed increased p53 activity upon MEL 
treatment compared to proteasome inhibition, which also 
increases Mdm2 and p53 levels. In RKO cells, such increases 
in p53 activity caused by MEL compound treatment ap-
pear to be sufficient for p53-dependent cell death, albeit at 
higher concentrations of MEL23 than are needed for p53 sta-
bilization. Indeed, HLI compounds, another class of Mdm2 
E3 ligase inhibitors, also induce p53-dependent cell death, 
suggesting that complete disruption of the Mdm2-p53 in-
teraction may not be necessary for activation of p53 (24). 
Additionally, mutant knock-in mice studies have demon-
strated that Mdm2-p53 binding, without Mdm2-mediated 
p53 ubiquitination, is not sufficient to control p53 activity 
(47). Furthermore, although MEL compounds do not induce 
p53 post-translational modifications, some cancer cells may 
already have such modifications in place as a consequence 
of oncogenic stress. Nevertheless, we predict that the combi-
nation of the MEL compounds and DNA-damaging agents 
would enhance their therapeutic potential. This could also al-
low for use of DNA-damaging agents at concentrations that 
do not cause some of their normal deleterious side effects.

MEL23 cooperated with DNA-damaging agents in p53-
null cells to a small, yet reproducible, extent. Mdm2 has been 
shown to have p53-independent oncogenic effects, for exam-
ple, (1) overexpression of Mdm2 in mice causes tumors inde-
pendent of p53 status (33); (2) splice variants of Mdm2 that 
cannot bind to p53 have been shown to be oncogenic (48); (3) 
Mdm2 destabilization of Rb (49, 50) and p21 (51) may contrib-
ute to tumor growth; and (4) Nutlin-3-mediated disruption 
of p73-Mdm2 binding enhances p73 function (52). Therefore, 
the MEL compounds and other specific Mdm2 E3 ligase in-
hibitors may be beneficial in p53-null or p53-mutant tumors. 
This hypothesis, although intriguing, requires further study.

As Mdm2-MdmX ligase inhibitors, MEL compounds may 
provide further insight into the function of the Mdm2-
MdmX E3 ligase and allow for investigation of the differ-
ences in activity between the hetero-complex and the Mdm2 
homo-complex. It will be informative to ultimately determine 
the precise biophysical mechanism of action of the MEL 
compounds, as well as the binding site of the compounds. 
Additionally, the MEL compounds may be used as molecu-
lar tools to validate novel targets of Mdm2-MdmX. Finally, 
although these compounds were not suitable for testing in 
mice, we have demonstrated that targeting Mdm2-MdmX 
with small molecules is feasible and future studies could ei-
ther optimize these compounds or use this high-throughput 
assay to discover additional drug-like scaffolds with similar 
activity. An improved understanding of the mechanism of ac-
tion of the MEL compounds, and/or future inhibitors of this 
pathway, may lead to new ways to inhibit E3 ligases, which 
could be beneficial in diverse applications.

7953_CD-11-0104_pp312-325.indd   322 8/30/11   12:23 PMCancer Research. 
on September 23, 2019. © 2011 American Association forcancerdiscovery.aacrjournals.org Downloaded from 

Published OnlineFirst July 28, 2011; DOI: 10.1158/2159-8290.CD-11-0104 

http://cancerdiscovery.aacrjournals.org/


SEPTEMBER 2011  CANCER DISCOVERY  |  323

Discovery of Mdm2-MdmX E3 Ligase Inhibitors Using a Cell-Based Ubiquitination Assay research article

baculovirus was a kind gift from Dr. S. Grossman at the University 
of Massachusetts Medical School. Both Flag-Mdm2 and HA-MdmX 
baculoviruses were prepared according to the Bac-to-Bac baculovirus 
expression system (Invitrogen).

Compound Libraries
A total of 51,356 compounds were screened in the Stockwell Lab. 

These included synthetic compounds and natural products from 
InterBioScreen, Timtec, Chembridge, MicroSource, and Life chemi-
cals (details available upon request). These compounds were stored 
in DMSO in 384-well plates at 4 mg/mL. MEL23 and MEL24 were 
identified from InterBioScreen and the analogs were also obtained 
from InterBioScreen.

A total of 218,724 compounds were screened through the NIH 
MLSCN at the University of Pennsylvania.

Screening (Stockwell Lab)
The Mdm2(wt)-luciferase cell line was seeded at 7,500 cells per 

well, in 384-well white plates (PerkinElmer, 6007688), in 27 μL of 
media (DMEM, FB, P/S). Assay plates with cells were incubated at 
37°C overnight to allow cells to adhere. After 24 hours, 2 μL from the 
“mother” plate (4 mg/mL) was transferred to a “daughter plate” con-
taining 148 μL media in order to dilute the compound 1:75. Next, 3 
μL from each well of the daughter plates was added to triplicate assay 
plates for a final concentration of 5.33 μg/mL. Assay plates were in-
cubated at 37°C for 2 hours. Then, the cells were lysed with the addi-
tion of 30 μL of luminescence buffer (PerkinElmer, 6016989) and the 
plates were incubated at RT for 30 minutes before being analyzed on 
a Victor3 Plate Reader (PerkinElmer) for luminescence. Compounds 
that caused an increase in luminescence . 30% were re-ordered for 
further analysis. All repurchased compounds were tested in a 2-fold 
dilution series via the same protocol as the primary screening. All 
transfers were conducted using a BioMek (Beckman Coulter). The fi-
nal optimized screen has a Z' value of 0.63 (57). This was determined 
by comparing the negative control, no treatment, to the positive con-
trol, 10 μM MG132.

Screening (MLSCN library)
Described in Pubchem (BioAssay AID 1442, AID 1230, AID 1444, 

and AID 1394). The final optimized screen has a Z' value of 0.49 (57).

Western Blot Analysis 
Cells were seeded and treated with the indicated compound(s). 

Cells were lysed after each time point in a buffer of 50 mM TrisHCl 
pH 7.5, 200 mM NaCl, 0.5% NP-40, and 1 complete mini EDTA-
free protease inhibitor cocktail tablet per 10 mL of buffer (Roche, 
8360170). Protein content was quantified using a Bio-Rad protein 
assay reagent (Bio-Rad, 500-0006). SDS sample buffer was added to 
the samples and they were boiled for 5 minutes. Equal amounts of 
protein were resolved on a 1D SDS-PAGE. Following separation, pro-
teins were transferred to a nitrocellulose membrane, blocked with 5% 
milk, and then incubated with primary antibody overnight at 4°C. 
The membrane was incubated with secondary-HRP antibody for 45 
minutes at RT and developed with SuperSignal West Pico Substrate 
(Pierce, 34080).

Immunoprecipitation
Cells were lysed in 150 mM NaCl, 10 mM TrisHCl pH 7.5, 0.5% 

NP-40, 10% glycerol, 1 mM EDTA, 1 mM DTT, and 1 complete mini 
EDTA-free protease inhibitor cocktail tablet per 10 mL of buffer. 
FLAG-tagged Mdm2 immunoprecipitation experiments were per-
formed by incubating cell lysates with anti-M2 (FLAG) antibody 
(Sigma, F1804) for 2 hours at 4°C and with Protein-A/G sepharose 
beads (Pierce, 20421) for 1 hour at 4°C. HA-ubiquitin immunopre-
cipitation experiments were performed by incubating cell lysates 
with HA-affinity matrix (Roche, 11815016001) for 3 hours at 4°C. 

Methods
Reagents

MG132 (Sigma, C2211), ALLN (Calbiochem, 208719), cyclohexi-
mide (Sigma, C7698), doxorubicin hydrochloride (Sigma, D1515), 
etoposide (Sigma, E1383), camptothecin (Sigma, C9911), and 
Nutlin-3 (Sigma, N6287) were used for cell treatments at the indi-
cated concentrations.

Antibodies to p53 (Calbiochem, OP43 for Western blotting, 
and Calbiochem, OP03 for co-immunoprecipitation), Mdm2 
(Calbiochem, OP115), anti-M2 (FLAG) (Sigma, F1804), phospho-p53 
ser15 (Cell Signaling, 9284s), phospho-histone H2A.X (Millipore, 
05-636), histone H2A.X (Millipore, 07-627), MdmX (Bethyl, A300-
287A), c-Myc (5605S, Cell Signal), c-jun (9165S, Cell Signal), BRCA1 
(Calbiochem, OP92), eIF4E (BD Transduction Laboratories, 610270), 
and actin (Santa Cruz Biotech, sc-1616-R) were used. Anti-Mdm2 
SMP14, 2A10, 3G5 mix, used as supernatants from hybridoma cul-
tures, was used for in vitro Mdm2 ubiquitination assays.

Cell Lines and Transfections
293T (human embryonic kidney), H1299 (non–small-cell 

lung carcinoma), MCF7 (mammary gland adenocarcinoma), 
wild-type MEFs, p53-/- MEFs, and p53-/-mdm2-/- MEFs were main-
tained in Dulbecco's modified Eagle's medium (DMEM) (Fisher, 
MT-15-018-CM) with 10% fetal bovine serum (FBS) and 100 μg/
mL penicillin/streptomycin (P/S). Mdm2(wt)-luciferase and 
Mdm2(C464A)-luciferase stable cell lines (in 293T cells) were ad-
ditionally treated with 300 μg/mL of zeocin (Invitrogen, R250-05). 
Wild-type MEFs were a kind gift from Craig B. Thompson at the 
University of Pennsylvania. P53-/-MEFs and p53-/-;mdm2-/- MEFS were 
a kind gift from Guillermina Lozano at the University of Texas. 
RKO (colon carcinoma) and RKO E6 (colon carcinoma) cells were 
maintained in Minimum Essential Medium (MEM) Eagle (Sigma, 
M5650) with 10% FB and 100 μg/mL P/S. U2OS (osteosarcoma) 
and HCT116 (colorectal carcinoma) were maintained in McCoy’s 
5a Medium (Invitrogen, 16600-108) with 10% FBS and 100 μg/mL 
P/S. HT-1080 cells were maintained in DMEM, 10% FB, 100 μg/mL 
P/S, and 1% Non-essential amino acids (Invitrogen, 11140-050). All 
cells were grown at 37°C in 5% CO2.

Cells were transfected using FuGENE 6 (Roche, 814-442-001) in 
accordance with the manufacturer’s protocol. Transfections were 
performed in 6-well dishes, except for the co-immunoprecipitation 
experiment performed in 15-cm dishes or as noted.

To knock down MdmX expression, cells were transfected with 20 
nM control siRNA (AACTTACGCTGAGTACTTCGA) or MdmX siRNA 
(AGAGATTCAGCTGGTTATTAA) using DharmaFECT1 (Dharmacon, 
T-2001-01) according to manufacturer's instructions. After 48 hours of 
knockdown, cells were treated with the indicated compounds.

Plasmids
Mdm2(wt)-luciferase and Mdm2(C464A)-luciferase plasmids 

were cloned into the pcDNA3.1 vector (Invitrogen, P/N 35-0574) 
using the Nhe 1 and Xho 1 restriction sites. Luciferase is on the 
N-terminus of Mdm2 with a linker (Gly Ser Gly Gly Gly Ser Gly 
Gly Gly Gly Ser Gly Gly Gly Gly Ser Gly Gly Thr Gly Ser) cloned 
between the Mdm2 and the luciferase DNA sequence. This was 
confirmed by sequencing. Primer sequences for cloning are in the 
Supplementary Data.

Flag-Mdm2 in pcDNA3 (53), HA-Ubiquitin in pcDNA3 (53), and 
p53 in pcDNA3 (54) have been previously described. PK-ubiquitin 
(55) and His-Ubch5C (55) in pET-15a, His-p53 in pRSETB (56), GST-
Mdm2 (400-491) (55), and GST-MdmX (410-491) (55) in pGEX-4T1 
have been previously described. For constructing HA-MdmX baculo-
virus, PCR was performed to insert an HA tag upstream of MdmX. 
The PCR product was purified and digested with RsrII and KpnI 
and cloned into the pFastBac HTa plasmid (Invitrogen). Flag-Mdm2 
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All lysates were washed 3 times with lyses buffer before eluting the 
protein with SDS sample buffer.

In Vitro Ubiquitination Assay
Full-length Mdm2 in vitro ubiquitination reactions were per-

formed in 15–μl reactions mixtures containing 50 mM TrisHCl pH 
7.5, 5 mM MgCl2, 2 mM NaF, 2 mM ATP, 0.6 mM DTT, 50 ng E1 
(Boston Biochem, E-305), 1 μg PK-ubiquitin, 50 ng His-UbcH5C, 
and 100 ng Flag-Mdm2. 50 ng His-p53 was used for in vitro p53 
ubiquitination assay. 100 ng Flag-Mdm2 and 100 ng Ha-MdmX 
were used for ubiquitination reactions with the Mdm2-MdmX 
complex. After incubation for 30 minutes at 37°C, SDS sample 
buffer was added to the samples and they were boiled for 5 minutes. 
The products were resolved by SDS-PAGE and analyzed by Western 
blot with anti-p53, anti-Mdm2 SMP14, 2A10, 3G5 mix, or anti-
MdmX antibodies.

Radiolabeled in vitro ubiquitination assays were done in 30 
μl reaction mixtures with 32P-labeled ubiquitin. 500 ng GST-
Mdm2(400-491) and GST-MdmX(410-490) were used for the RING-
RING reactions. The products of the reaction were resolved on a 
SDS-PAGE gel and visualized by autoradiography.

Roc1-Cul1 protein was a kind gift from Zhen-Qiang Pan at the 
Mount Sinai School of Medicine; 3 μg of protein was used per ubiq-
uitination reaction.

Purified His-BARD1/BR304 (31) was incubated with 5 pmol 
Ubch5C and 0.2 pmol E1 enzyme (Boston Biochem) along with 300 
pmol ubiquitin in reaction buffer (without BSA) for 2 hours at 37°C. 
The products were resolved by SDS-PAGE and analyzed by Western 
blotting with anti-BRCA1. BRCA1/BARD1 was a kind gift from Dr. 
Richard Baer.

Additional Materials and Methods
Additional information on methods and materials is available in 

the Supplementary Data, including Alamar Blue viability assay, Bliss 
independence model, protein purification, RNA extraction and qRT-
PCR analysis, glutathione reactivity assay, TUNEL stain, cell cycle 
profiling, and caspase activity.
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