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Small molecule MMRIi62 targets
MDM4 for degradation and
induces leukemic cell apoptosis
regardless of p53 status
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MDM2 and MDM4 proteins are key negative regulators of tumor suppressor
p53. MDM2 and MDM4 interact via their RING domains and form a heterodimer
polyubiquitin E3 ligase essential for p53 degradation. MDM4 also forms
heterodimer E3 ligases with MDM2 isoforms that lack p53-binding domains,
which regulate p53 and MDM4 stability. We are working to identify small-
molecule inhibitors targeting the RING domain of MDM2-MDM4 (MMRI) that
can inactivate the total oncogenic activity of MDM2-MDM4 heterodimers.
Here, we describe the identification and characterization of MMRIi62 as an
MDM4-degrader and apoptosis inducer in leukemia cells. Biochemically, in our
experiments, MMRi62 bound to preformed RING domain heterodimers altered
the substrate preference toward MDM4 ubiquitination and promoted MDM2-
dependent MDM4 degradation in cells. This MDM4-degrader activity of
MMRi62 was found to be associated with potent apoptosis induction in
leukemia cells. Interestingly, MMRIi62 effectively induced apoptosis in p53
mutant, multidrug-resistant leukemia cells and patient samples in addition to
p53 wild-type cells. In contrast, MMRi67 as a RING heterodimer disruptor and
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an enzymatic inhibitor of the MDM2-MDM4 E3 complex lacked MDM4-
degrader activity and failed to induce apoptosis in these cells. In summary,
this study identifies MMRi62 as a novel MDM2-MDM4-targeting agent and
suggests that small molecules capable of promoting MDM4 degradation may
be a viable new approach to killing leukemia cells bearing non-functional p53

by apoptosis.
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Introduction

Leukemia, which was an incurable disease a century ago, is now
highly manageable with cure rates ranging from 30% to >90% for
the different subtypes (1, 2). This remarkable achievement can be
attributed to the development of new chemotherapeutics, drug
combinations, adjusted dose/scheduling regimens, and various
targeted therapies. In particular, leukemia outcomes have been
transformed by targeted therapies based on all-trans retinoic acid
for the retinoic acid receptor alpha (RARo), arsenic trioxide for
promyelocytic leukemia (PML)-RAR0, imatinib for the BCR-ABL
fusion gene, and ibrutinib for Bruton’s tyrosine kinase (RTK), as
well as antibody-based therapies such as rituximab for CD-20 and
gemtuzumab ozogamicin for CD33 (1, 2). In difficult-to-treat
leukemia subtypes, new targeted therapies against FMS-like
tyrosine kinase 3 (FLT3) and isocitrate dehydrogenase 1 and 2
(IDH1/IDH2), as well as venetoclax for B-cell lymphoma 2 (BCL-
2), also have brought about improved long-term survival in recent
years (2-5). Despite this tremendous progress, leukemia remains a
major type of malignancy that contributes to ~24,000 estimated
cancer deaths in the United States (6). Further progress will
necessitate new targeted therapies that can improve outcomes for
difficult-to-treat leukemias such as acute myeloid leukemia (AML)
and other subtypes with frequent recurrence that no longer respond
to current therapies.

Apoptosis is the predominant mechanism of DNA-damaging
chemotherapies that kill leukemia cells (7), and evasion of
apoptosis is known to contribute to the progression of cancer
and resistance to therapy (8). For example, overexpression of
BCL-2, an X-linked inhibitor of apoptosis protein (XIAP), and
myeloid cell leukemia 1 (MCL-1) blocks the intrinsic apoptotic
pathway and confers resistance to chemotherapy in leukemia (9-
12). In addition to the involvement of BCL-2, XIAP, and MCL-1
(13), p53 mutant leukemia remains a challenge to treat because
p53 positively regulates apoptosis by upregulating PUMA and
NOXA, the pro-apoptotic BH3 (BCL-2 homology 3)-only
members of the BCL-2 family (14), and these pathways may
also play a role in disease progression. A TP53 mutation occurs in
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~13% of AML cases (15), and this mutation is an independent
prognosis factor for a lower response rate, inferior complete
remission duration, and overall survival in chronic lymphocytic
leukemia (CLL) (16), AML (17), myelodysplastic syndromes (18),
and an ultra-high-risk group of relapsed pediatric T-cell acute
lymphoblastic leukemia (TALL) patients (19).

MDM2 and MDM4 are established cancer drug targets since
they are inhibitors of p53 activity and are amplified in many
cancer types (6, 20-22). In particular, the targeting of MDM2-p53
interactions is a strategy that is being actively pursued to unleash
the antitumor activity of p53. Currently, multiple, potent, small-
molecule inhibitors of MDM2-p53 interactions are in clinical
trials with hematological malignancies as the primary targets (23).
However, these inhibitors are not designed to work on p53 mutant
leukemia. We previously reported that MDM2 does not act alone
in regulating p53, and this regulatory process requires interaction
with the MDM4 RING (really interesting new gene) domain to
form a polyubiquitin E3 ligase that promotes p53 degradation
(24). Consistent with this biochemical mechanism, genetic studies
have found that the RING domains of both MDM2 and MDM4
are required for the two oncoproteins to restrict p53 activity in
vivo (25-27). We also reported that MDM4 forms heterodimer E3
ligases with splice isoforms MDM2A and MDM2B, which lack
p53 binding domains (28). In a recent genetic study using a
Mdm2""%%* mouse model that genetically separates E3 ligase-
dependent functions from E3 ligase-independent functions of
MDM2-MDM4 heterodimer, we further demonstrated that the
E3 ligase activity of MDM2-MDM4 is essential not only for p53
regulation but also for timely G2/M cell cycle transition
independent of p53 (29). Therefore, targeting the RING
domains of MDM2-MDM4 may deliver broader antitumor
effects since this will potentially inactivate all the E3 ligase
activities of MDM4-MDM?2, MDM4-MDM2A, and MDM4-
MDM2B, thereby unleashing their downstream substrates
including p53. In earlier work, we performed a high-throughput
screen for the identification of MDM2-MDM4 RING domain
inhibitors (designated as MMRi) and demonstrated that MMRi64
has higher p53-dependent pro-apoptotic activities than MDM2-
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p53 inhibitors (30). In this study, we report on the identification
and characterization of small-molecule MMRi62 as an MDM4
degrader and a p53-independent apoptosis inducer with the
potential to overcome daunorubicin resistance in p53 null
leukemia cells.

Materials and methods
Cell culture and chemical compounds

All the leukemic cell lines were cultured in RPMI-1640
medium supplemented with 10% fetal bovine serum and 50 U/
ml of penicillin and 50 pg/ml of streptomycin. NALM6 (wt-p53,
acute lymphoblastic leukemia (ALL)) and HL60 (AML, p53-
null) were from the American Type Culture Collection
(Manassas, VA, USA). MV4-11 (wt-p53, AML), Jurkat (p53-
null, T-cell leukemia), and CCRF-CEM (p53-mut ALL) were
gifts from Dr. John McGuire. NALM6shp53 cell line was
established with recombinant lentivirus expressing pLKO.1-
shp53 DNA (#19119 (31); Addgene, Watertown, MA, USA)
followed by puromycin selection at 1 pg/ml for 2 days and then
expansion in fully supplemented RPMI-1640 medium.
Transfection was carried out with LipofectamineTM 2000
(Invitrogen, Washington, DC, USA). MANCA, MANCA-mlp-
puro, and MANCA-mlp-MDM2 were generated as described
previously (32) and maintained in 10%FBS-Pen/Strep-RPMI-
1640 medium. Small-molecule compounds MMRi62 and
MMRIi67 were synthesized in-house. The Betti reaction was
used for MMRi62 and MMRi67 syntheses as described in the
literature (33, 34), and the details and their characterization are
provided in the Supplementary Methods. Other MMRi
derivatives in the secondary screening were purchased from
Hit2Lead ChemBridge Chemical Store (San Diego, CA, USA).
The compounds were dissolved in dimethyl sulfoxide (DMSO)
as 10 mM stocks. SPYRO Orange dye was purchased from
Thermo Fisher (Waltham, MA, USA) and used in ThermoFluro
and microscale thermophoresis (MST) assays.

Plasmids, antibodies, and primers

HA-FLAG-MDM4, HA-MDM2, and HA-MDM2B
plasmids for insect cell and mammalian expression were
described previously (24, 28). His-ubiquitin plasmid (pMT107)
was a gift from Dr. Dirk P. Bohmann (University of Rochester
Medical Center, Rochester, NY, USA). MDM2-MDM4 RING
heterodimer constructs, pETDuet-MDM2R, and pETDuet-
MDM4R were generated by PCR cloning of the RING domain
of human MDM2 or MDM4 into pETDuet-1 (Novagen,
Madison, WI, USA). Plasmid shp53 pLKO.1 puro was from
Addgene (31). Detailed information on antibodies for Western
blotting (WB) analysis as well as primer sequences and
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conditions for RT-PCR analysis of gene expression can be
found in the Supplementary Methods.

In vitro and in vivo ubiquitination

In vitro assays for ubiquitination by MDM2-MDM4 were
performed as described previously (24). Briefly, reactions were
carried out at 30°C for 1 h in a reaction volume of 20 pl in the
presence of different concentrations of MMRi or vehicle solvent
DMSO, followed by WB of p53 with DO-1, MDM2 with anti-HA,
MDM4 with a rabbit anti-MDM4 antibody, and polyubiquitin with
an anti-ubiquitin. In vivo ubiquitination was performed as described
previously (28). Briefly, 293 cells were transfected with pcDNA3.1-
MDM2B and FLAG-MDM4, pEGFP with or without His-ubiquitin
plasmid. Sixteen hours after transfection, cells were treated with 5
and 10 UM of MMRi62 or MMRIi67 for 24 h before denatured His-
pulldown of the proteins followed by WB for MDM2 and MDM4.

Biochemical and biophysical analyses of
the compound effect on RING-RING
domain interactions

In vitro pulldown assays using insect cell-expressed and affinity-
purified FLAG-MDM4 and HA-MDM2B were performed as
described previously (30). Briefly, after incubation of FLAG-
MDM4 and HA-MDM2B proteins in the presence of different
concentrations of compounds, FLAG-MDM4 was pulled down by
anti-FLAG beads followed by multiple washing steps with wash
buffer. MDM4-bound MDM2 was detected by WB with an anti-
HA antibody. RING heterodimers of MDM2-MDM4 were used in
MST and Thermofluor assays. RING heterodimers of MDM2-
MDM4 were expressed and purified in Escherichia coli cells by a
two-step method with chromatography using a HisTrap column
and Superdex 75 columns as detailed in the Supplementary
Methods. MST as detailed in the Supplementary Methods was
used to determine the binding affinity of MMRi62 and MMRi67 on
preformed RING heterodimers. Briefly, the RING complex was
labeled with DY-547P1 dye, and compounds MMRi62 and
MMRi67 were added to wells in 16 serial dilutions for final
concentrations ranging from 100 uM to 3 nM; all samples were
run together at a Monolith NT.115 in duplicates for every set of
measurements. Kd + standard errors and the fitting graphs were
derived by using MO.Affinity Analysis v2.2. Thermofluor assays
were performed as detailed in the Supplementary Methods to assess
the effects of compounds on the thermal stability of MDM2-MDM4
RING heterodimers under conditions containing RING
heterodimers at a final concentration of 33 uM mixed with
MMRi62 or MMRi67 compounds at final concentrations of 5, 10,
and 20 pM in buffer consisting of 500 mM of NaCl, 50 mM of Tris
(pH 8), and 1 mM of Tris(2-carboxyethyl)phosphine
hydrochloride (TCEP).
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Docking analysis

The Sybyl X 2.2 (Tripos Inc.) software package and crystal
structure of the MDM2-MDM4 RING domain heterodimer
(PDB code: 2VJF) were used for the docking analysis, as
detailed in the Supplementary Methods. The ligands were
docked using the flexible protein feature, in which protein
heavy atom and hydrogen shifts were enabled. Amino acid
residues of interest and potential hydrogen bonds
were displayed.

IC50 measurement

Cells at 5,000-10,000/well were plated in 96-well plates at
100 ul/well, and compounds of different concentrations at
double dilutions with the corresponding medium were added
to each well at 100 pl/well. After the cells were cultured for 70 h,
40 pl of 6x resazurin stock solution was added to each well to
allow for the formation of fluorescent metabolites by viable cells
for 2 h, followed by readings at an optical density of 600 nm
(OD600) in a BioTek Synergy 2 Microplate Reader. The IC50
(half maximal inhibitory concentration) values were obtained by
the Chou-Median-Effect Equation using CompuSyn software
(35), and dose—effect curves were obtained by GraphPad using
the affected fractions of compound-treated wells normalized
against no-drug control wells with a non-linear

regression model.

Apoptosis analysis by flow cytometry

NALMS6 cells were treated with MMRi62 or MMRi67 for
48 h before flow cytometry analysis. Primary AML patient cells
were grown in Serum-Free IMDM supplemented with essential
factors as detailed in the Supplementary Methods. After cells
were treated in triplicate at a concentration of 1 x 10> cells/ml in
24-well plates for 72 h, cells were processed with DNA staining
dye 7-amino-actinomycin (7-AAD) and FITC-annexin-V as
described by the manufacturer’s instructions, and apoptotic
cells were measured by flow cytometry.

Colony-forming unit assays with acute
myeloid leukemia patient samples

AML patient samples were obtained from multiple patients
under institutional review board (IRB)-approved protocols from the
Roswell Park Hematologic Procurement Shared Resource.
Leukemic cells were treated for 4 h with compounds at different
concentrations in a 37°C-5% CO, incubator at 360,000 cells/450 pl
of WMB (120,000 cells/150 pl) per condition. The ingredients of
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WMB are detailed in the Supplementary Method. After 4 h of drug
treatment, 3.1 ml of MethoCult, a semisolid methylcellulose
medium for the optimal growth of hematopoietic progenitor cells,
was added to the 450 pl cell suspension, and then, the MethoCult
suspension was spread out among three wells at 1 ml/well in a 6-
well plate for 12-15 days. Colonies were quantified using a Spot-
RT3 camera on an inverted microscope with SPOT-Basic imaging
software. The MMRi62 IC50s were derived from the average
colonies of three wells for each drug concentration for each
patient sample treated with 1, 10, 25, and 50 pM.

Results

Identification of MMRi62 and MMRi67
with distinct mechanisms in the
inhibition of MDM2-MDM4 E3 ligase and
apoptosis induction

We previously reported on the identification of several
MMRi hits in high-throughput screening and demonstrated
that MMRi64 activates the p53 pathway with preferential
induction of apoptosis in leukemia/lymphoma cells (30). To
identify better apoptosis inducers among MMRi6 analogs, we
screened all available MMRi6 derivatives with a cell-based
apoptotic assay using activated caspase 3 and poly (ADP-
ribose) polymerase (PARP) cleavage as readouts. MMRi62 was
identified as the best analog for inducing apoptosis in a broad
range of leukemia/lymphoma cell lines (Figure 1A and data not
shown). However, the E3 ligase activity-based screen using in
vitro p53 ubiquitination by MDM2-MDM4 heterodimers
identified MMRi67 as the most potent E3 ligase inhibitor of
the MDM2-MDM4 E3 complex and MMRi62 as a weak
inhibitor (Figure S1A). Thus, we further characterized the
effects of these two compounds by using splice isoform
MDM2B that lacks p53-binding domains but can lead to the
formation of super E3 ligase activity toward p53, MDM4, and
MDM2, as described in our previous studies (28). When
MMRi62 and MMRi67 at two concentrations (5 and 10 pM)
were compared in the presence or absence of p53, we found that
MMRIi62 decreased MDM2B autoubiquitination (Figure 1B, left
top, lanes 1-3) and increased MDM4 ubiquitination (Figure 1B,
left bottom, lanes 1-3) without a significant effect on p53
ubiquitination (Figure 1C, right top, lanes 7-9) or total
polyubiquitination (Figure 1B, right bottom, lanes 7-9). In
contrast, MMRi67 inhibited ubiquitination of every
component of the ternary complex, MDM2, MDM4, and p53,
in a dose-dependent manner (Figure 1B, left lanes 4-6 and right
lanes 10-12). Similar effects of MMRi62 and MMRi67 were
obtained in E3 ligase assays in the absence of p53 protein (Figure
S1B). These results suggest that MMRi62 is an E3 ligase modifier
capable of switching substrate preference from MDM?2 to
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FIGURE 1
Identification of MMRIi62 as an apoptosis inducer and MMRIi67 as E3 ligase inhibitor by apoptosis and E3 ligase inhibitor screens. (A) Apoptosis
screen of MMRI6 analogs by activated caspase 3 (AC3) and cleaved PARP as readouts using wt-p53 bearing MV4-11 cells treated with 2 uM of
MMRI6 analogs for 24 h. (B) In vitro ubiquitination assay using recombinant MDM2B, MDM4, and p53 proteins in the presence of the solvent
dimethyl sulfoxide (DMSO) or MMRI6 analogs (0, 5, and 10 uM of MMRIi62 or MMRIi67); ubiquitinated species of MDM2B, MDM4, p53, and
polyubiquitin are shown. (C) In vitro ubiquitination assays as performed in panel B using MDM4 and MDM2B with an extended range of
concentrations of MMRi62 and MMRi67; ubiquitinated species of MDM2B and MDM4 are shown.
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MDM4, while MMRI67 acts as an E3 ligase inhibitor of MDM2-
MDM4. To better understand the differences in their mechanism
of action, we performed E3 ligase assays with a broader range of
compound concentrations up to 160 pM. Our results showed
that the MMRIi62 treatment produced two distinct patterns of
ubiquitination of MDM2B and MDM4 in a concentration-
dependent manner (Figure 1C), i.e., preferential MDM4
ubiquitination coincided with reduced MDM2
autoubiquitination at concentrations below 10 puM, and
decreased ubiquitination of both MDM2 and MDM4 was
observed at concentrations above 10 uM (Figure 1C, left).
These results suggest that MMRi62 has RING domain
modifier activity as a dominating mechanism of action at
concentrations below 10 pM and non-selective E3 ligase
inactivating activity at concentrations above 10 uM. Notably,
MMRIi62 at concentrations of 40 uM and above caused abrupt
loss of E3 ligase activity, similar to MMRi67 at 240 uM. In
contrast, MMRIi67 generated a single ubiquitination pattern of
decreased ubiquitination of both MDM2 and MDM4 in a
concentration-dependent manner (Figure 1C). These results
suggest that MMRi62 and MMRi67 have distinct mechanisms
of action on the E3 ligase activity of MDM2-MDM4 E3 ligases.
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To understand how MMRi62 and MMRi67 affect RING
domain heterodimer interactions of MDM2 and MDM4, we
performed in vitro pulldown experiments by incubating the
compounds at two concentrations with FLAG-MDM4 and
HA-MDM2B recombinant proteins. MMRi62 did not inhibit
RING-RING interactions of MDM4 and MDM2B in solution,
but MMRIi67 inhibited these interactions in a dose-dependent
manner (Figure 2A). Then, we measured the binding affinity of
the two compounds to preformed RING domain heterodimers
by MST analysis and obtained a Kd of ~140 nM for MMRi62
and ~896 nM for MMRi67 (Figure 2B). These data suggest that
MMRI62 is a better binder but has a weaker effect on RING
heterodimer formation, while MMRi67 is a weaker binder to
heterodimer RINGs but has a stronger effect on the inhibition of
de novo RING heterodimer formation. To obtain insights into
the interaction interface of the two compounds with RING
domains of MDM2 and MDM4, we performed molecular
modeling by a docking analysis of the two compounds against
the crystal structure of RING domain heterodimers. Individual
RING domain structures were derived from the RING domain
heterodimers and used for docking under flexible ligand and
rigid protein conditions. We used R-enantiomers of the
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Characterization of drug—target interactions in vitro. (A) Left, in vitro pulldown assay with recombinant FLAG-MDM4 and HA-MDM2B in the
presence of solvent dimethyl sulfoxide (DMSO) or 5 and 10 uM of MMRi62 or MMRIi67. After anti-FLAG pulldown, the FLAG-MDM4-bound HA-
MDM2B was detected by Western blotting (WB) with anti-HA antibody. Right, chemical structures of MMRi62 and MMRi67. (B) Measurement of
the binding affinity of MMRi62 and MMRIi67 to preformed RING-RING heterodimers of MDM2 and MDM4 in microscale thermophoresis (MST)
analyses. MST analyses were performed in the presence of MMRi62 or MMRIi67 at concentrations ranging from 3 nM to 100 uM obtained
through serial dilutions. The fluorescence intensities (y-axis, Fnorm%) were normalized to the overall highest detected signal. The equilibrium
dissociation constant between the MMRi62/MMRIi67 and RING heterodimers (Kd) is presented. Top, the calculated Kd for MMRi62 and MMRIi67;
bottom, the fitting curve of the measurements using MO.Affinity Analysis software. (C) Molecular modeling of interaction interfaces for the RING
domains of MDM2 and MDM4 with MMRi62 and MMRIi67. Top, amino acid alignment of RING domains of MDM2 and MDM4. Middle, the
interaction residues of RING domains with MMRi62 and MMRIi67 identified by docking analysis. The F490 region in the MDM2 RING is critical for
E3 ligase activity of MDM2, and the H456 region in the MDM4 RING is critical for chelating a Zn to maintain the MDM4 RING domain structure.
Bottom, presentations of the docking interface—the results for the MMRI67R enantiomer are shown.
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compounds for docking because these retain the activity of a
racemic mixture (data not shown). Our analysis showed that
MMRIi62 R-enantiomer forms hydrogen bonds with E436 and
N433 of the MDM2RING and G455 and N448 of the MDM4
RING (data not shown). Of note, none of these hydrogen
bonding residues were involved in E2 binding or heterodimer
formation, which is consistent with the expected interface. In
contrast, results showed that MMRi67 R-enantiomer forms
hydrogen bonds with P445 and L458 and a p-stack of F490 of
the MDM2RING (Figure 2C, bottom left) and H456, R445, and
D429 of the MDM4 RING (Figure 2C, bottom right). Since H456
is a critical residue for Zn-chelation, which maintains the RING
domain structure, MMRi67 interaction with H456 of the MDM4
RING domain is predicted to disrupt the RING domain, thus
abolishing its ability to interact with the RING domain of
MDM?2, which is consistent with the MMRi67 effect in the
RING domain pulldown assays (Figure 2A).

Induction of MDM2-dependent MDM4
degradation in cells by MMRi62

We performed a WB analysis of NALM6 cells treated with
MMRIi62 and MMRIi67 at different concentrations for 24 h to
test their effect on MDM2, MDM4, and p53 levels. Both
MMRIi62 and MMRIi67 induced p53 protein accumulation in
NALMBG cells. However, only MMRi62 induced downregulation
of MDM2 and MDM4 protein expression (Figure 3A). As
expected, the MMRi62-induced downregulation of MDM2 and
MDM4 occurred at posttranscriptional levels since the MDM?2
and MDM4 mRNA levels were not altered by the treatment
(Figures 3B and S2A). Similar results were also obtained in
MV4-11 cells (Figure S2B). We then asked whether the
MMRi62-induced MDM4 downregulation is an MDM2-
dependent process. Because of technical difficulties during the
establishment of stable MDM2-knockdown NALMG6 cell lines,
we decided to use a pair of MDM2-high MANCA lymphoma
cells in which MDM2 was stably knocked down by lentivirus-
mediated microRNA (miRNA) expression in comparison with a
stable line established with control miRNA. Our results
indicated that MDM4 expression levels were elevated in
MDM2-knockdown MANCA-mlp-MDM?2 cells, and treatment
with DMSO, MMRi67, and MMRi62 did not induce MDM4
degradation. The elevated MDM4 expression in MDM2-
knockdown cells is consistent with the report that MDM?2
promotes ubiquitination and degradation of MDM4 (36).
Abolishment of MDM4 degradation by MMRi62 in the
absence of MDM2 in MANCA-mlp-MDM2 cells led us to
conclude that MMRi62-induced MDM4 degradation requires
MDM2. Notably, MMRi62 induced MDM2 degradation in
NALMG6 cells but not in MANCA cells at 5 pM (Figures 3A,
C), thus suggesting that other cell-specific factors expressed in
NALMS6 but not MANCA cells are required for MMRi62-
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induced MDM2 degradation. Next, we attempted rescue
experiments using proteasome inhibitor bortezomib in
NALMG cells but failed to reach a conclusion since these cells
are quite sensitive to proteasome inhibitors such as bortezomib
with IC50s in the nanomolar range (data not shown). Hence, we
experimented with melanoma A375 cells, and our results
showed that treatment with MMRi62 for 24 h induced MDM4
downregulation in a concentration-dependent manner;
furthermore, we observed that this activity could be rescued by
using a 1 UM bortezomib treatment for 16 h before cell harvest
(Figure 3D). These results led us to conclude that the MMRi62-
induced MDM4 degradation was proteasome dependent. To
obtain evidence that MMRi62 increases ubiquitination of
MDM2B and MDM4 in cells, we performed in vivo
ubiquitination assays (21) using 293T cells co-transfected with
MDM2B and MDM4 with His-ubiquitin followed by 24-h
treatment with MMRi62 or MMRi67. The ubiquitinated
proteins were pulled down by His-tag affinity purification with
Nickel beads and then analyzed by WB analysis. As expected,
MMRIi62 increased ubiquitinated species of MDM2B and
MDM4 (Figure 3E, smearing ladders of protein bands above
MDM2B or MDM4 bands), which is consistent with the result
that only MMRIi62 induced proteasomal degradation of MDM4
and MDM?2 proteins in leukemia cells (Figure 3A).

MMRIi62 induced apoptosis in a p53-
independent manner

Our results from anti-proliferation assays using p53-wt
NALM6 and MV4-11 cells showed that MMRi62 was much
more potent than MMRi67 in inhibiting leukemic cell
proliferation. NALM6 cells had a much higher sensitivity to
MMRIi62 (IC50, ~0.12 uM) than MMRi67 (IC50, ~4.58 uM), as
indicated by the 38-fold difference in their IC50s (Figure 4A) and
a 7.8-fold difference in IC50s for MV4-11 cells (data not shown).
We then tested how MMRi62 inhibits the growth of normal
white blood cells using peripheral blood mononuclear cells
(PBMCs). These assays were performed with proliferating
PBMCs stimulated by 10 pg/ml of pokeweed mitogen. We
obtained an IC50 of ~15 uM for MMRIi62 in the PBMCs
(Figure 4B), which indicates that leukemic NALMG6 cells were
~125-fold more sensitive than PBMCs to MMRi62 (Figure 4B).
Then, we investigated the aptitude and mechanisms for
MMRIi62- and MMRi67-induced apoptosis in leukemic cells.
Flow cytometry analysis revealed that late-stage annexin-V-
positive apoptotic cells increased from 0.6% to 69% with
MMRIi62 but only to ~6% with MMRi67 after 24-h treatment
with the compounds at a concentration of 5 uM (Figure 4C).
Consistent with the sharp difference in their anti-proliferation
activity, MMRi62 potently induced caspase-3 activation, and
PARP cleavage occurred at as low as ~1 uM after 24-h treatment
and as early as 4 h after 1-uM treatment (Figure S3A). We then
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FIGURE 3

MMRIi62 induces MDM2-dependent degradation of MDM4 protein in cells. (A) Western blotting analysis of the effects of MMRi62 and MMRi67
on expression levels of p53, MDM2, and MDM4 in NALM6 cells treated for 24 h at the indicated concentrations. (B) RT-PCR analysis of the
effects of MMRi62 and MMRIi67 on p53, MdmZ2, and Mdm4 mRNA expression in the same NALM6 samples prepared in panel (A). (C) Results
demonstrating that MDM2 is required for MMRi62-induced degradation of MDM4 proteins in cells. The Western blotting (WB) analysis was
performed as in panel A except in MANCA cells, or cells stably expressing empty vector mlp (MANCA-mlp-puro) or stably expressing MDM2-
McRNA (MANCA-mlp-MDM2); cells were treated with 5 uM of MMRi62 or MMRi67. (D) Western blotting analysis of MDM4 degradation by
MMRIi62 rescued by proteasome inhibition with bortezomib (BTZ); in these experiments, A375 cells were treated with MMRIi62 for 24 h with or
without BTZ for 16 h before cell harvest. (E) MMRi62 induced increased ubiquitination of MDM4 and MDM2 in 293 cells during in vivo
ubiquitination assays. The 293 cells were transfected with vectors expressing MDM2B, FLAG-MDM4, His-ubiquitin, and green fluorescent protein
(GFP). Cell lysates were prepared 24 h after transfection and used for His-tag pulldown followed by WB with anti-FLAG (for MDM4) and anti-
MDM2 (mAb 4B11). Ubiquitinated MDM4 and MDM2B are indicated. GFP was used for the internal control of transfection efficiency and protein

inputs.

asked whether MMRi62-induced apoptosis is p53 dependent
and performed WB assays using NALM6 cells and
NALM6shp53 cells in which p53 was stably knocked down.
Our results showed that MMRi62 induced a high level of

induced significant caspase-3 activation and PARP cleavage in
both cell lines (Figures 4E and S3C). These data suggest that
MMRi62 inhibits leukemic cell growth via p53-
independent apoptosis.

caspase-3 activation and PARP cleavage in NALM6shp53 cells,
although at a slightly diminished level as compared with

NALMS6 cells (Figure 4D), thus indicating that the MMRi62-
induced apoptosis was largely p53 independent. Similar
experiments showed that the MMRi67-induced apoptosis was

MMRIi62 induced apoptosis in drug-
resistant leukemia cells and primary
patient leukemia samples

p53 dependent (Figure S3B). To corroborate this conclusion, we

repeated the same treatment in two p53-null leukemic cell lines,
namely, HL60 and Jurkat cells. As expected, only MMRi62
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FIGURE 4

MMRIi62 but not MMRIi67 inhibited the proliferation of leukemic cells by inducing p53-independent apoptosis with low toxicity for healthy
peripheral blood monocytes (PBMCs). (A) Growth curves of wt-p53 NALM6 cells in the presence of different concentrations of MMRi62 or
MMRI67 in 72-h proliferation assays. (B) Growth curve of PBMCs in the presence of different concentrations of MMRi62 in comparison with that
of NALM6 cells replotted from the same dataset in panel (A) PBMC proliferation was stimulated by 10 pg/ml of pokeweed mitogen (PWM).

(C) Flow cytometry analysis of annexin-V-positive apoptotic cells after 48-h treatment with 5 mM of MMRi62 or MMRIi67. (D) Concentration-
dependent caspase-3 activation (AC3) and PARP cleavage (cPARP) in NALM6 cells and NALM6shp53 cells stably expressing shRNA against p53
The cells were treated with the indicated concentrations of either MMRi62 or MMRi67 for 24 h followed by Western blotting (WB) analysis with
corresponding antibodies. (E) Similar analysis as in panel (D) except using p53-null HL60 cells.

chemotherapy also contributes to poor outcomes and recurrences
after first-line treatment of leukemia. A vincristine-resistant
leukemic HL60 cell line (HL60VR) was generated by continuous
exposure to vincristine, and cells developed a multidrug-resistant
phenotype because of the increased expression of MDRI gene (37,
38). Our results showed that HL60VR was 516-fold resistant to
vincristine compared with HL60 (Figure 5A, left) and was also 47-
fold resistant to daunorubicin (Figure 5A, middle). Encouragingly,
HL60VR and HL60 showed similar sensitivities to MMRi62 with
IC50s of 0.34 uM for HL60 and 0.22 uM for HL60VR (Figure 5A,
right). Flow cytometry analysis indicated that MMRi62 induced
~30% apoptosis (sum of early and late apoptotic cells), while
daunorubicin induced ~25% apoptosis after 48-h treatment at 5
uM (Figure 5B). Analysis results for activated caspase-3 and PARP
cleavage showed that MMRi62 was a better apoptosis inducer than
daunorubicin in HL60VR cells treated at equal concentrations
(Figure 5C). We then freshly established daunorubicin-resistant
HL60 cells by pre-exposing them to a non-lethal low dose of
daunorubicin (1x IC50 or IC75 dose) for 7 days, and cells were
subsequently challenged by a 5x IC50 dose of daunorubicin or a
2.5x 1IC50 dose of MMRi62 followed by apoptosis analysis. Our
results showed that pre-exposure to the low-dose daunorubicin was
effective in establishing resistance in HL60 cells; during the
challenge, these cells were killed by the 5x IC50 dose of
daunorubicin but remained sensitive to apoptosis induction by
the 2.5x IC50 dose of MMRIi62 (Figure S4). These data suggest that
MMRIi62 bypasses the resistance mechanism acquired by pre-
exposure to vincristine or daunorubicin and thus remains equally
cytotoxic to these drug-resistant cells. Primary AML cells
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underwent spontaneous apoptosis when cultured in vitro for 72 h
despite the fact that the medium was supplemented with multiple
growth factors; however, treatment with 10 uM of MMRi62
increased the apoptotic fraction to 85%, a twofold enhancement
from the phosphate-buffered saline (PBS)-treated samples
(Figure 5D, compare PBS with 10 uM of MMRi62). These data
suggest that MMRIi62 targets/pathways do not overlap with those of
vincristine or daunorubicin in leukemic cells, and the compound
kills primary leukemic cells by apoptosis.

MMRIi62 induced apoptosis in primary
patient leukemia samples and inhibited
their colony formation in vitro

To assess whether MMRi62 inhibits the survival of the leukemic
progenitors with colony-forming unit (CFU) assays, primary AML
samples were treated with different concentrations of MMRi62 or
MMRi67 for 4 h and then plated in a semisolid methylcellulose
medium containing several stem cell growth factors key to the
growth of different progenitor cells for CFU to form in 12-15 days.
MMRi62 but not MMRIi67 inhibited CFU in a dose-dependent
manner (Figures 6A, B). Importantly, the ability of MMRi62 to
inhibit CFU was p53 independent, since IC50s for CFU inhibition
were very similar with a value of ~12 yuM for p53-wt and ~13 pM
for p53-mutant AML patient samples (Figure S5). Taken together,
these results suggest that MMRi62 is an active agent that can kill
primary AML cells and their proliferating progenitors in vitro,
regardless of their p53 status.

frontiersin.org


https://doi.org/10.3389/fonc.2022.933446
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Lama et al.

A
Vincristine Daunorubicin
L =, = HL60 100 s «HLGO
et * HL60VR =HLGOVR
= 1C50
Z w0 0.60 ’M 1C50, 50 1C50,
g -oun 3100M 2500M
ORI 0 1 2 4 E 1 2 3
Log[nM] Log[nM]

HL60VR-Nontreated

o 2.1%
| necrosis
«

lae 1.7% I
apoptosis

Vas0s0-A
V4s0150-4

M i carly ¢
o 4" ‘apoptosis I ;
" 90.8% 5.5% r 87.9%
e ¢ © o e o ;s

El

HL60VR-MMRi62-5 pM

10.3389/fonc.2022.933446

(o]
MMRi62
-« HLG60 HL60VR cells
*HL6OVR MMRi62 Daun
1C50, 0.34uM o % M
1C50, 0.22uM S S A s L bk
——— @%%—MDW

2

o o= = o o _\[DM4

o 1
Log[uM]

T — O e ————
—— == —cPARP

iRl —@ TAC3

T - e o G S e = -GAPDH

0.1uM

%

caneeA

Apoptotic cells %

FIGURE 5

MMRi62(uM)

Results demonstrating that MMRI62 is a potent apoptosis inducer in acquired drug-resistant leukemia cells. (A) Growth curves of p53-null HL60
and HL60VR cells in the presence of different concentrations of vincristine (left), daunorubicin (middle), and MMRi62 (right). IC50s of each drug
for the two cell lines are shown beside the corresponding curves. (B) Flow cytometry analysis of annexin-V-positive apoptotic cells in non-
treated cells (left) or cells treated with 5 uM of daunorubicin (middle) or 5uM of MMRI62 (right) for 48 h. (C) Western blotting analysis of MDM2
and MDM4 expression, caspase-3 activation, and apoptotic PARP cleavage in HL60OVR cells treated for 24 h at the indicated concentrations of
MMRIi62 or daunorubicin (Daun). (D) Flow cytometry analysis of annexin-V-positive apoptotic cells after 72-h treatment using an acute myeloid
leukemia (AML) patient sample (Patient#02-1919) with the indicated concentrations of MMRi62. (E) Quantitative graph of the apoptotic fractions

in different treatments in panel (D).

Discussion

The development of MDM2-p53 disruptors for cancer therapy
has been a major focus in the field for decades, and currently,
several such inhibitors including MI-77301 (SAR405838), MK-8242
compound (SCH-900242), and AMG232 are under clinical trials
(15). However, MDM4 overexpression (39, 40) confers intrinsic
resistance to these inhibitors. We were the first to attempt to target
the MDM2-MDM4 E3 complex as an alternative strategy to alter
the oncogenic MDM2-MDM4 complex and previously reported
that MMRi64 induces p53 accumulation for preferential apoptosis
induction in p53-wt leukemia/lymphoma cells (30). In a secondary
cell-based screen and characterization of MMRIi6 analogs, this study
has identified MMRi62 as an MDM4 degrader with potent pro-
apoptotic capability. Interestingly, despite small structural
differences, the mechanisms of action for MMRi62 and MMRi67
were quite different; i.e, MMRi62 inhibited MDM2-MDM4 E3
ligase not through dissociating the RING-RING interaction
(Figure 2A) or inhibiting the polyubiquitination of the
heterodimers (Figure 1C, polyUb) but by switching the preference
of ubiquitination to MDM4 from MDM?2 to promote MDM4
degradation and apoptosis in cells at <10 pM, whereas MMRi67
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appeared to inhibit heterodimer formation resulting in inhibition of
the E3 ligase activity of MDM2-MDM4 but with poor pro-
apoptotic activities (Figures 1, 3A, C, and S3). These results
establish that there is a positive association between MDM4-
degrader properties and pro-apoptotic activities in MMRi6
analogs. Although MDM4 degradation was found to be tightly
associated with apoptosis induction in leukemic cells, the cause-
result relationship could not be established because of technical
difficulties in creating MDM4 knockdown cell lines. It is possible
that there are other pro-apoptotic mechanisms involved in
MMRi62-induced apoptosis. MMRi62 induces MDM4
degradation in leukemia/lymphoma cells in an MDM2-dependent
manner but p53-independent manner (Figures 3C and S3C), which
is consistent with MMRi6’s ability to preferentially promote MDM4
ubiquitination in vitro (Figures 1 and 3). Therefore, MMRi62 is a
functional MDM4 inhibitor or an MDM4 degrader. We previously
proposed a biochemical model in which ubiquitination of each
component of the MDM2/MDM4/p53 ternary complex is a
dynamic process where mutual competition for the acceptance of
ubiquitin transfer and preference for ubiquitination/degradation
changes depending on the relative ratio of the three components
(24). Consistent with this model, MMRi62 treatment (within 5 pM)
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FIGURE 6
MMRi62 induced p53-independent apoptosis and inhibited colony-forming unit (CFU) formation in primary acute myeloid leukemia (AML)
patient samples in vitro. (A) Representative images of CFU plates taken after 13 days of culture with primary AML patient samples pre-treated
with the indicated concentrations of MMRi62 or MMRIi67 for 4 h in a 37°C-5% CO, incubator followed by culturing them in fully supplemented
CFU growth media. (B) Quantitative graph of CFU numbers for two AML patient samples treated with either MMRi62 or MMRI67 at different
concentrations.

generated a unique protein degradation pattern: MMRi62
downregulated MDM2/MDM4 in a concentration-dependent
manner but induced p53 accumulation inversely at higher
concentrations of MMRi62 (Figure 3A). We interpret these
results as MMRi62 having a dual mode of action depending on
the concentration, i.e., lower concentrations of MMRi62
preferentially ubiquitinated MDM4/MDM?2 resulting in the
inhibition of p53 polyubiquitination and leading to p53 protein
accumulation, while high concentrations of MMRi62 may have
induced degradation of all three proteins (Figure 3A, 5 and 10 uM)
via a different mechanism that requires further investigation. The
results from thermal stability experiments (Figure S6A) showed that
both MMRi62 and MMRi67 have similar dissociating potentials on
preformed RING heterodimers at 5 and 10 pM since they induced a
similar 3°C thermoshift from 68°C for the dimethyl sulfoxide
(DMSO) control to 65°C. However, only MMRi67 inhibited de
novo RING heterodimer formation in solution (Figure 2A). Further,
MMRi62 is apparently more of a MDM4 degrader in cells than a
MDM2 degrader because its MDM2 degradation activity varied in
NALMS6 and MANCA cells (Figures 3A, C).

The finding that MMRi62-induced apoptosis is p53
independent gives MMRi62 an advantage over MDM2/
MDM4-p53 disruptors because MDM2/MDM4-p53 inhibitors
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strictly depend on p53 function for their antitumor activity. In
addition to the challenges of acquired resistance caused by p53
mutation for MDM2-p53 disruptors (41, 42), non-mutational
wtp53 dysfunction that occurs broadly in AML poses another
challenge to these p53-based inhibitors (43). Thus, MMRi62-
type compounds provide an opportunity for treating leukemia
with either p53 deficiency or dysfunctional wtp53. Eliminating
MDM4 and MDM2 by MMRIi62 hits the key drug targets in
AML because MDM4 is a pervasive driver of leukemogenesis in
multiple mouse leukemia models (44), and MDM2
overexpression induced by MTF2 loss is a mediator for
refractory AML (45). However, whether MMRi62 selectively
kills MDM2-high or MDM4-high leukemia cells needs to be
verified in the future. Whether MDM4 is the major determinant
of MMRIi62 sensitivity in leukemia cells could not be determined
because of technical difficulties in obtaining shMDM4 leukemia
cells. However, we found that MDM4 expression is a
determinant of MMRi62 sensitivity in melanoma cells in
which efficient shMDM4 knockdown was achieved (Lama
et al., unpublished data), thus suggesting that MDM4 is one of
the key cellular targets for MMRi62-induced apoptosis.
Although MMRi62 induces lysosomal degradation of ferritin
heavy chain 1 (FTH1) and triggers ferroptosis in pancreatic
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cancer cells (46), FTH1 degradation is not involved in MMRi62-
induced apoptosis in leukemia cells since MMRi67 induced the
same level of FTHI degradation as MMRi62 but without
incurring apoptosis (Lama et al., unpublished data). The
mechanism underlying MMRi62-induced p53-independent
apoptosis is currently unknown. We speculate that MDM4
elimination by MMRi62 unleashes all substrates of the
oncogenic MDM2-MDM4 heterodimers in addition to p53 to
confer pro-apoptotic activities. We previously reported that
these MDM2 isoforms form hyperactive heterodimer E3
ligases with MDM4 that regulate p53 and MDM4 stability in
cells (28). MDM2 splice isoforms MDM2A and MDM2B that
lack p53-binding domains promote lymphomagenesis as
efficiently as full-length MDM2 (47, 48). Therefore, MMRi62-
induced MDM4 degradation will inactivate the E3 ligase activity
of MDM2-MDM4, and potentially the E3 ligase activities of
MDM2A-MDM4 and MDM2B-MDM4 heterodimers delivering
the antitumor activity. Although our preliminary tests in
HL60VCRluc-transplant mouse models showed that MMRi62
inhibited the HL60VCRIuc burden in vivo but failed to prolong
survival at the current formulation/route/schedule (Figure S6B),
MMRIi62 optimization may lead to the eventual development of
a better MDM4 degrader that will be useful for refractory p53-
deficient leukemia patients.
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