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ABSTRACT: The inhibition of p53-MDM2 interaction is a promising new
approach to non-genotoxic cancer treatment. A potential application for drugs
blocking the p53-MDM2 interaction is acute myeloid leukemia (AML) due to the
occurrence of wild type p53 (wt p53) in the majority of patients. Although there
are very promising preclinical results of several p53-MDM2 antagonists in early
development, none of the compounds have yet proven the utility as a next
generation anticancer agent. Herein we report the design, synthesis and
optimization of YH239-EE (ethyl ester of the free carboxylic acid compound
YH239), a potent p53-MDM2 antagonizing and apoptosis-inducing agent
characterized by a number of leukemia cell lines as well as patient-derived AML
blast samples. The structural basis of the interaction between MDM2 (the p53
receptor) and YH239 is elucidated by a co-crystal structure. YH239-EE acts as a
prodrug and is the most potent compound that induces apoptosis in AML cells and
patient samples. The observed superior activity compared to reference compounds provides the preclinical basis for further
investigation and progression of YH239-EE.

Acute myeloid leukemia (AML) is a malignancy of the
hematopoietic system with a poor prognosis, despite the

urgent need to develop effective treatments. Up to now 60−
70% of AML patients reach a complete remission with a long-
term survival of only 25−40%. The protein−protein interaction
(PPI) of the transcription factor p53 and its negative regulator
MDM2 has emerged as a novel non-genotoxic target for
anticancer drugs, and AML seems to be an appropriate disease
to test this new approach due to the presence of wild type p53
and overexpression of MDM2 in the majority of AML cases.1−4

Over 90% of AML patients show no depletion or mutation of
p53 but are diagnosed with an up-regulated level of MDM2.
Currently the effects of p53-MDM2 antagonists are under
investigation, and p53 stabilization and final maturation of
AML blast could be shown.5 A subgroup of AML patients with
Flt3-ITD mutation, belonging to the unfavorable risk group
with a high risk for relapse, responded more sensitively to p53-
MDM2 antagonists.6

Although there are several p53-MDM2 antagonists in
preclinical and early clinical development, there is no such
compound approved for AML treatment to date. The most
advanced compound RG7112 (a member of the Nutlin family
in the early phase clinical trials) is facing challenges of
pharmacokinetic/pharmacodynamic and efficacy and is admin-
istered in rather high doses to the patients.7 Therefore, there is
a continuing need for novel approaches in the design of more
potent and selective p53-MDM2 antagonists with better
efficacy and fewer drawbacks. Based on our recent discovery
of a new scaffold class by in vitro protein-based optimization, it
was surprisingly found that YH239-EE (the ethyl ester prodrug
of YH239) exhibits potent anti-AML activity in different cell
lines and patient samples.8 In this contribution, a compre-
hensive study including discovery by computational chemistry,
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chemical optimization, biochemical, NMR, and X-ray crystal-
lography and cellular characterization in cell lines and patient
derived samples is presented to better understand the basis of
its anti-AML activity.

■ RESULTS AND DISCUSSION

Discovery of the α-Aminoacylamide Scaffold of p53-
MDM2 Antagonists. We have recently introduced a new
technology aiming to enable large-scale design, synthesis, and
efficient validation of small molecule protein−protein antago-
nists.9 This pharmacophore-based interactive screening tech-
nology builds on the role of anchor residues, or deeply buried
hot spots contained in the interface of PPIs. These anchors are
incorporated into a virtual library of compounds based on
various multicomponent reactions (MCRs), delivering tens of
millions of readily synthesizable novel compounds.10 The so-
called ANCHOR.QUERY approach has already delivered
several novel scaffolds useful to antagonize the p53-MDM2
interaction, which have been biochemically and structurally
characterized in several cases.8,11 The Trp23 is the most deeply
buried and central p53 amino acid of the p53-MDM2
interaction and was consequently selected as the anchor. The
importance of this amino acid for the p53-MDM2 interaction is
also well documented by mutational studies.12 Other deeply
buried amino acid side chains of the p53 hot spot, Phe19 and
Leu26, were selected as hydrophobic pharmacophores.
Subsequently a ∼1/2 billion conformer library based on ∼5
million unique compounds containing the indole anchor were

aligned with the Trp23 anchor of p53 and screened for
matching the anchor/pharmacophore model.10 The screening
results were then sorted and ranked by molecular descriptors.
For example, molecular weight ranking is important for the
selection of the compounds to potentially achieve good ligand
efficiency. The scaffold and individual compounds are chosen
for synthesis according to the binding poses and the
electrostatic complementarity in the binding pocket. This
method has been validated by several known MCR scaffolds as
p53-MDM2 antagonists, including van Leusen 3-CR imidazole,
Ugi-5C-4CR iminodicarboxylicacid amide, Ugi-4CR hydan-
toine, and Orru-3CR imidazolidine.9,11,13−16 The proposed
virtual molecule based on the Ugi four-component reaction
(Ugi-4CR)10 with the lowest molecular weight and matching
the pharmacophore points is shown in Figure 1B. This serves as
a starting point for validation and optimization in the discovery
of new p53-MDM2 antagonists. All molecules based on the α-
aminoacylamide scaffold 5 were synthesized using the Ugi-4CR
of indolcarbaldehyde 1, isocyanides 2, amines 3, and carboxylic
acids 4 as building blocks (Figure 1A).

Affinity-Activity Guided Optimization of p53-MDM2
Antagonists. The scaffold 5 derived from Ugi-4CR was
incorporated into the ANCHOR.QUERY screening library due
to its great scope and the reliability and compatibility of diverse
starting materials.10,17 For example, 3-formylindole derivatives
that serve as anchor building blocks have been previously
employed in the Ugi-4CR for the synthesis of alkaloid-like
skeletons.18,19 We used the convergent Ugi-4CR for a fast and

Figure 1. (A) Convergent Ugi-4CR for the rapid synthesis of indole-derived MDM2 antagonists. The anchoring residue is indicated in red. (B)
Screenshot of a high ranking Ugi scaffold hit of the ANCHOR.QUERY software. (C) Stereo picture of the co-crystal structure of (S)-YH239 (yellow
sticks) in MDM2 (gray, blue, and red surface with the amino acids His96 and Leu54 shown as sticks, PDB ID: 3TJ2). For comparison, the indole
ring of Trp23 from the p53-MDM2 complex (PDB ID: 1YCR) is aligned and shown in green sticks. The hydrogen bond between the indole
fragment and the carbonyl of Leu54 is indicated by a black dotted line (d = 2.95 Å). (D) FP assay of YH239. The normalized value of ″fraction of
reporter peptide bound″ is reported on the y-axis instead of the usual raw mP values due to the fact that the raw mP value fluctuates slightly from
experiment to experiment due to changing the active protein concentration and hardware issues. The FP experiments are run in triplicates, and the
accuracy errors are ±10%.
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efficient elucidation of the structure−activity relationship
(SAR) of the α-aminoacylamide scaffold by systematically
varying the different starting materials of the Ugi-4CR (Figure
1A, Supporting Information Note 1).
A fluorescence polarization (FP) assay was used to measure

the inhibitory affinities of small molecules against the MDM2-
p53 complex as previously described by us (Supporting
Information Table S1). We measured Nutlin-3a as a reference
compound, obtaining Ki = 0.04 μM, which is in excellent
agreement with the previously reported value.20 Additionally
NMR, a physically independent method, was used to
unambiguously validate the potency of our p53-MDM2
antagonists. We followed a standard protocol for checking
the binding of ligands to the target MDM2 protein: a multiple-
step titration of a 15N-labeled MDM2 with a compound,
monitored with 2D 1H−15N heteronuclear single quantum
coherence (HSQC) spectra (cf. Supporting Information Figure
S6). The method relies on the use of chemical shift
perturbations in 2D 1H−15N HSQC spectra of 15N-labeled
proteins upon addition of ligands or peptides/proteins and
works best for proteins of small size (i.e., less than 20 kDa).21,22

The “binary-titration” was followed by an NMR-based assay
developed by us for studying the effect of antagonists on
protein−protein interactions (cf. Supporting Information Note
2).23,24 This NMR assay, named AIDA-NMR (antagonist
induced dissociation assay-NMR), belongs to the target
protein-detected NMR screening methods and provides
unambiguous information on whether an antagonist of a

protein−protein interaction is strong enough to dissociate the
complex and whether its action is through denaturation,
precipitation, or release of a protein in its functional folded
state.23,24 For effective antagonists, AIDA can also quantita-
tively characterize antagonist−protein and antagonist−pro-
tein−protein interactions in the form of KD’s and fractions of
the released proteins from their mutual binding. AIDA requires
a large protein fragment (larger than 30 kDa; in the current
case, the p53 protein) to bind to a small protein (less than 20
kDa, here the N-terminal domain of MDM2 of ca. 120 amino
acids). The FP data in agreement with AIDA and HSQC assays
resulted in a reliable, efficient screening for the lead compounds
for MDM2 binding.
Key compounds during the SAR evolution are shown in

Table 1. The SAR can be summarized as follow. The binding is
tolerant with the hydrophobic fragment introduced by several
isocyanides (R1: benzyl, cyclohexyl, tert-butyl), which is
designed to occupy the Phe19 pocket of MDM2. However, it
turns out that the binding is more sensitive to the hydrophobic
fragment introduced by the amine (R2), which is designed to
occupy the Leu26 pocket of MDM2. As a general trend, it was
found that compounds with the free carboxylic acid on R4 are
more potent than the corresponding ethyl ester precursor.
Consistent with this finding, we previously showed for an
imidazole scaffold that the carboxylic acid group of the indole
fragment contributes to the binding by forming water-mediated
hydrogen bond contacts to the receptor (PDB IDs: 3LBK and
4DIJ).25 Moreover this is in accordance with most of the active

Table 1. Structure−Activity Relationship of Key Compounds to MDM2a

aAt the top, the core structure is presented. Compound YH239 is 5l′, with -Cl as substituent R5. Notes: 1The numbering corresponds to the
Supporting Information. 2Accuracy of the measurements ±10%. 3n.i. = no interaction (>60 μM).
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compounds/scaffolds that have been co-crystallized in MDM2
in the past, including benzodiazepine (PDB 1T4E), spiroox-
indoles (PDV ID: 4JVR), oxopiperidine (PDV ID: 4ERF),
nutlin (PDV ID: 4IPF), and others. All of these structures show
hydrophilic polar structures at the same position as our
-COOH group: benzodiazepine (diazepine carbonyl), spiroox-
indoles (oxindole), imidazoles (-COOH), oxopiperidine
(-OH), nutlin (urea-carbonyl). Compounds based on unsub-
stituted indole were found to be inactive (5a and 5b). The
binding was also influenced by the fragment introduced by the
acid component (R3): small substituents (H, Me) were well
tolerated; however, the introduction of a longer hydrocarbon
resulted in decreased activity (5h). Benzyl substituents on R2

showed good activities; however, the substitution pattern
around the benzyl group influenced the affinity strongly.
Heteroatom introduction into the benzyl group decreased the
affinity (5o′). Extension of the benzyl group in para position
resulted in less active compounds (5s′). In total 60 compounds
were synthesized and screened in order to optimize the initial
hit for affinity to MDM2 (Supporting Information). Racemic
compound YH239 (5l′, FP: Ki = 400 nM, AIDA: KD = 300 nM;
Figure 2) was found as the most potent one in this series by the

two complementary assays used, which indicates the optimal
combination of the fragments (Figure 1D, Supporting
Information Figure S6 and Supporting Information Note 2).
Interestingly, none of the compounds show significant binding
affinity with MDM4 (data not shown), although MDM4 shows
significant overall sequence and very close shape similarity to
the p53 binding site. Thus YH239 is highly selectively binding
to MDM2 over MDM4.
Both enantiomers of the most active compound YH239 were

obtained using preparative chiral supercritical fluid chromatog-
raphy (SFC; Supporting Information Note 3). The enantiomer
(+)-YH239 (Ki = 300 nM) is more potent than enantiomer
(−)-YH239 (Ki = 700 nM). The “binary titration” experiments,
using 1H,15N HSQC, were performed with MDM2, titrated
against these two enantiomers. Supporting Information Figure
S6 presents the results for (+)-YH239. NMR spectra showed
that the (+)-YH239-MDM2 complex was long-lived on the

NMR chemical shift time scale, indicating strong binding with
KD < 1 μM,22,26,27 as two separate sets of 1H,15N HSQC
resonances were observed in the intermediate stages of
titration, one corresponding to free MDM2 and the other to
the MDM2 bound to the (+)-YH239 compound. The NMR
spectra of (−)-YH239-MDM2 titration also showed a slow
chemical exchange.

Structural Basis for the Interaction between YH239
and MDM2. The structure−activity study resulted in the
optimized compounds with very good binding potency, which
encouraged us to co-crystallize a small molecule with the
receptor MDM2 in order to better understand the structural
basis of the interaction (Table 2). Indeed the enantiomer (S)-

YH239 binds to MDM2 and co-crystallized in the well-
established p53-MDM2 binding pocket (Figure 3A).28 The
indole anchor of (S)-YH239 binds in the Trp23 pocket of
MDM2. The alignment of the two indoles of (S)-YH239 and
Trp23 (rmsd = 0.65 Å) is consistent with the prediction of our
modeling approach (Figure 3B). Similar to Trp23 in the p53-
MDM2 structure, the indole fragment of (S)-YH239 forms a
hydrogen bond to the carbonyl of MDM2’s Leu54 (Figure 3C).
The benzyl group and the tert-butyl group of YH239 mimic
Leu26 and Phe19, respectively (Figure 3B). The hydrophobic
amino acids make various van der Waals contacts, e.g., the
Leu54 methyl group forms short C−H···π interaction with the
indole fragment (Figure 3C). The tert-butyl amide fragment of
(S)-YH239 resides in the Phe19 pocket and undergoes plenty

Figure 2. Summarized SAR of scaffold 5 (above) and structures of
optimized lead compound YH239 and its ethyl ester YH239-EE
(below).

Table 2. Data Collection and Refinement Statistics for the
Protein Data Bank (PDB) Accession Code 3TJ2

Data Collection
space group P21
cell constants (Å) a = 32.44

b = 58.88
c = 49.51
β = 99.208

resolution range (Å) 50−2.1
wavelength (Å) 0.9786
observed reflections 38,681
unique reflections 10,740
whole range
completeness (%) 98.8
Rmerge 12.5
I/σ(I) 8.34
last shell
resolution range (Å) 2.1 − 2.2
completeness (%) 99.9
Rmerge 31.6
I/σ(I) 4.48

Refinement
no. of reflections 9155
resolution (Å) 19−2.1
R-factor (%) 22.34
Rfree (%) 30.8
average B (Å2) 14.4
rmsd bond length (Å) 0.015
rmsd angles (deg) 1.707

Content of Asymmetric Unit
no. of protein−ligand complexes 2
no. of protein residues/atoms 183/1508
no. of solvent atoms 150
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of hydrophobic contacts with the surrounding amino acids,
including a short contact to the sulfur of Met62 (2.85 Å,
Supporting Information). The 4-chloro benzyl fragment deeply
inserts into the Leu26 pocket forming plenty of hydrophobic
contacts (Supporting Information). The imidazole ring of
His96 at the rim and the phenyl group are aligned parallel and
short contacts point to π-stacking interactions (3.1−3.5 Å,
Figure 3D). Similar π-stacking contacts with MDM2 are
observed in the spirocyclic indolone, the benzodiazepinedione,
and the chromenotriazolopyrimidine structures, but not in the
imidazole and Nutlin structures.25,29−31 The two amide groups
of (S)-YH239 do not undergo hydrogen bond contacts to the
receptor. The formyl group rather points toward the solvent
space, indicating that the introduction of solubilizing or affinity-
enhancing groups at this position might be useful for further
optimization.
YH239-EE Induces Cell Cycle Arrest and Potent

Apoptosis of AML Cells. The most potent compounds
derived from the biochemical screening and their correspond-
ing ethyl ester precursors were tested in different AML cell lines
including various mutational status of p53. The cell lines (OCI-
AML-3 and MOLM-13 with wt p53, NB4 with p53 mutation,
and HL60 with p53 deletion) were confirmed by p53
sequencing. To get a first impression of the in vitro effect of
our new p53-MDM2 antagonists, the cells were incubated with
20 μM compound for 72 h evaluating cell proliferation, cell
cycle arrest, and induction of apoptosis. The highest ranked
compounds from the FP assay and AIDA experiment were first
tested for their cellular activity on OCI-AML-3 cells.
Surprisingly the most potent antagonist from the biochemical
screening, the free carboxylic acid compound YH239, showed
no significant effect on the cells with wt p53, but the

corresponding ethyl ester precursor YH239-EE showed potent
inhibition of cell proliferation on OCI-AML-3 cells in the same
range as Nutlin-3 (Figure 4A). To further investigate the effect
of the compounds, we treated four AML cell lines with YH239
and its ethyl ester precursor YH239-EE to observe the
induction of cell cycle arrest after 24 h (Figure 4B and C).
The accumulation in the sub-G1 phase after treatment with
YH239-EE is in all cell lines higher than with YH239.
Interestingly YH239 induces MOLM-13 cells in a shift from
G2 to M phase, which shows that the compound is transported
into the cell.
The induction of apoptosis was determined by treating all

four AML cell lines with YH239 and YH239-EE for 72 h and
staining with Annexin-V and PI. YH239-EE potently induces
apoptosis in AML cell line OCI-AML-3 (YH239 1.3-fold vs
YH239-EE 11.8-fold), MOLM-13 (YH239 1.1-fold vs YH239-
EE 5.6-fold), and NB4 (YH239 1.2-fold vs YH239-EE 13.1-fold
induction of apoptotic cells correlated to untreated control
normalized to 1), whereas HL60 cell line shows no apoptotic
cells (Figure 4D). A representative example of the response to
the free carboxylic acid compound and its corresponding ethyl
ester precursor on MOLM-13 cells is shown in Figure 4E. The
free carboxylic acid compound YH239 shows almost no
apoptotic effect. The number of viable cells in the untreated
control (87.6%) after 72 h is similar compared to cells treated
by YH239 (92.1%), whereas YH239-EE and Nutlin-3 leads to a
high induction of apoptosis.
To determine the IC50, the enantiomeric mixture of YH239-

EE was separated in the enantiomers (+)-YH239-EE and
(−)-YH239-EE by preparative chiral SFC. The MOLM-13 cells
were incubated with various concentrations of the compounds
and analyzed by measuring the absorbance of formazan.

Figure 3. Crystallographic interaction of the MDM2 receptor and (S)-YH239 (cyan sticks). (A) Overall view of the crystallographic MDM2 complex
dimer. (B) Alignment of the p53 hot spot triad F19W23L26 (magenta sticks, PDB ID: 1YCR) with MDM2-YH239. A 4 Å radius around YH239 is
shown as blue surface representation. (C) L54 (blue sticks) undergoes hydrophobic contacts to the 4-chlorobenzyl group and forms a hydrogen
bond (red dotted line) to the indole NH (2.9 Å). (D) H96 (blue sticks) is aligning parallel to the benzyl group and forming short contacts (Å). Y100
(blue sticks) is in the characteristic inside-out conformation.
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Corresponding to the data of the FP binding assay, the
enantiomer of (+)-YH239-EE showed a higher decrease of
metabolic activity with an EC50 of 7.5 μM, in contrast to the
enantiomer (−)-YH239-EE with an EC50 of 25.2 μM. The free
carboxylic acid compound YH239 showed no effect on
MOLM-13 cells (Figure 4F). The separated enantiomers of
YH239-EE showed a selectively higher induction of apoptosis
after 72 h in one enantiomer (−)-YH239-EE (51.5% viable
cells) to (+)-YH239-EE (13.7% viable cells). The same effect
could be observed in other ethyl ester derivatives from this
compound series (data not shown).
YH239-EE Induces p53 and Activates the Apoptotic

Caspase 3/7. We further were interested in the target
specificity and activation of p53 and downstream targets in

the signal transduction pathway of p53. The induction of p53
and MDM2 by (+)-YH239-EE could be shown by Western blot
analysis. MOLM-13 (wt-p53) cells were treated with 20 μM
(+)-YH239-EE or Nutlin-3 or left untreated for indicated time
points and analyzed by Western blot. Comparing to untreated
control, an induction of p53 could be observed after 6 h in cells
treated by (+)-YH239-EE, whereas MDM2 levels raised after
12 h. As expected from the biochemical screening, no effect on
the level of MDM4 could be observed (Figure 5A).
Additionally we investigated our compounds for their

capability to induce the caspases 3 and 7 in the apoptotic
pathway. The incubation of MOLM-13 cells for various time
points with 20 μM (+)-YH239-EE leads to a significant higher

Figure 4. (A) Biological activity of YH239-EE. YH239-EE inhibits the growth of OCI-AML-3 cells with wild type p53 by inhibiting the p53-MDM2
interaction. Diagram of effects in OCI-AML-3 cell line by Nutlin-3 (black square), YH239 (light gray rhombus), and YH239-EE (dark gray triangle)
compared to the untreated control (white circle). The cells were incubated with the substances in a concentration of 20 μM at different time points.
The cell viability was determined by staining with Trypan blue. (B) Cell cycle analysis of YH239-EE. The bar chart represents the percentages of the
cells in the sub G1 phase in the four different AML cell lines OCI-AML-3 (wild type p53), HL60 (deleted p53), NB4 (mutated p53), and MOLM-13
(wt p53). The cells were treated for 24 h with 20 μM Nutlin-3 (black square), YH239 (light gray square), or YH239-EE (dark gray square) or were
left untreated (white square). The cells were fixed in ice-cold ethanol and stained with propidium iodide (PI), and the DNA content was analyzed by
flow cytometry. All values are given as means (n = 3) with the standard deviations. (C) Cell cycle state of the most sensitive cell line MOLM-13 (wt
p53). After treatment with 20 μM Nutlin-3, YH239 and YH239-EE, the cells were fixed, stained with propidium iodide, and treated with RNase. The
cells in the subG1 phase were gated. Untreated cells were used as control. (D) Induction of apoptosis in the four different AML cell lines OCI-AML-
3 (wt p53), HL60 (deleted p53), NB4 (mutated p53) and MOLM-13 (wt p53). The cells were treated with 20 μM Nutlin-3 (black bar), YH239-EE
(dark gray bar), and YH239 (light gray bar) for 72 h. The samples were prepared for Annexin-V and PI staining and analyzed by flow cytometry. The
data represent the total of Annexin-V and PI positive/apoptotic and necrotic cells in relation to untreated control set as 1. All values are given as
means (n = 3) with the standard deviations. (E) Induction of apoptosis in the most sensitive MOLM-13 (wt p53) cells analyzed by flow cytometry.
The cells were treated as in panel D. The boxes contain the number of cells belonging to each quadrant in %. (F) The biological activity of the
compounds Nutlin-3 (black square), YH239 (light gray rhombus), (−)-YH239-EE(white triangle), and (+)-YH239-EE (dark gray triangle) was
analyzed by measuring the turnover of WST-1 to formazan depending on the cell metabolism in the MOLM-13 cells after 48 h. All values are given
as means (n = 3) with the standard deviations.
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activation of caspase 3 and 7 after 24 h than (−)-YH239-EE
and Nutlin-3 (Figure 5B).
Effect of (+)-YH239-EE on Primary Material from AML

Patients. We were interested in the effect of the new p53-
MDM2 antagonists on primary AML blasts (Table 3). We
tested 8 primary patient samples with different mutational

status in NMP1 and Flt-3 and blast level by incubation for 72 h
with 20 μM (+)-YH239-EE. The cells were harvested and
stained with Annexin-V and PI and were analyzed by flow
cytometry. The Annexin-V/PI positive blasts were counted and
compared with the untreated control. Under our culture
conditions, the untreated AML blasts proliferated and showed

Figure 5. (A) Induction of p53 and downstream target. Western blot analysis of p53, MDM2, and MDM4 on MOLM-13 cells. The cells were
treated with 20 μM Nutlin-3 or (+)-YH239-EE or left untreated and were harvested and lysed after 6, 12, and 24 h. The expression of apoptosis-
associated proteins was analyzed by Western blot. (B) Induction of the downstream target proteins caspase 3 and 7 in MOLM-13 cells under
treatment with Nutlin-3, (−)-YH239-EE, and (+)-YH239-EE. The cells were incubated for 1, 6, and 24 h with a concentration of 20 μM. The
caspase activation was assessed with the CaspaseGlo 3/7 assay and is illustrated relative to untreated control set as 1. The bars represent means (n =
3) and standard deviations, *p < 0.05. (C) Induction of apoptosis in AML blasts. The blasts derived from bone marrow or peripheral blood were
cultivated on a mouse fibroblast feeder layer, and cell growth was stimulated with an AML cytokine mix. The blasts were treated with (+)-YH239-EE
at a concentration of 20 μM. After 72 h the blasts were harvested and stained with Annexin-V, and PI was analyzed by flow cytometry. The bar chart
shows the fold induction of apoptosis in primary AML blasts 1−8. The Annexin-V and PI positive blasts were counted and compared with the
untreated control set as 1. (D) Exemplary effect of (+)-YH239-EE on patient sample 4 compared to untreated control is shown after treatment for
72 h. The upper row shows the induction of apoptosis in FCS/SSC, and the lower row shows the Annexin-V/PI staining. The boxes contain the
number of blasts belonging to each quadrant.

Table 3. Molecular and Cytometric Markers of 8 Primary AML Patient Samples

AML sample no.

1 2 3 4 5 6 7 8

age 43 61 79 49 76 57 70 68
sexa m f f m f f m m
% AML blasts 83 79 90 70 85 41 45 35
NPM1 mutated + + + + − − + −
FLT3-ITD − − + + + − − −
karyotype 46,XY [25] 46,XX 48,XY,+4,+8[20] 46,XY [10] t (3;21) 46,XX 45,XY/46,XY 46,XY

am = male; f = female.
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viability in the range of 97.1−52.6% viable cells after 72 h. In 2/
3 of the tested samples, we observed an increased induction of
apoptosis (Figure 5C and D). Three of the responding AML
blasts showed a Flt-3-ITD mutation, and NPM-1 showed an
equal distribution over all samples. Interestingly the patient
samples with lower blast (<45%) counts showed no response to
(+)-YH239-EE. To differentiate the effect between AML blasts
and healthy cells, we incubated freshly isolated PBMCs with
(+)-YH239-EE and Nutlin-3 for 72 h. In terms of viability,
Nutlin-3 showed a higher toxic effect on PBMCs than
(+)-YH239-EE (data not shown).
Conclusions. This study disclosed the discovery of YH239,

an exquisitely potent p53-MDM2 antagonist, and its prodrug
YH239-EE, which can effectively induce apoptosis in vitro in
different leukemia cell lines as well in several patient derived
blasts. The compounds series was designed using a novel
pharmacophore-based virtual screening approach, and notably
the series could be fast and efficiently optimized using
convergent MCR chemistry. FP assay and a complementary
NMR-based assay were used to optimize the series for potency.
The binding of a potent compound was elucidated by
crystallography and was a further great help for the structure-
based optimization of the compound series. The binding mode
of the small molecule indicates that the three substituents
occupy the binding pockets of the p53 hot spot triad FWL, and
the compound therefore efficiently competes with the
endogenous protein−protein interaction and thus activates
wild type p53. YH239 is the most potent p53-MDM2
antagonist described to date (Supporting Information M6)
with respect to the ligand efficacy (ΔG/number of heavy
atoms) and represents the first structurally characterized acyclic
scaffold. The physicochemical properties of YH239 are drug-
like (MW: 476 Da, nRB: 7, HBD: 3, HBA: 7, cLogP: 4.2,
TPSA: 102). The water solubility of YH239 is good (1.3 mg
mL−1, Supporting Information M7), and the compound is
chemically accessible in just two steps from simple precursors.
The induction of apoptosis in leukemia cell line MOLM-13 was
tested for the most potent compounds. However, depending
only on protein-based affinity can be misleading during
optimization, since crucial ADMET cannot be assessed by
this screening. Interestingly the most potent compound in the
protein binding assay was YH239 (with a free carboxylic acid),
which is in vitro less active than its precursor YH239-EE. We
therefore speculate that YH239-EE can more effectively enter
the cell and is intracellularly activated by a cleavage mechanism
resulting in the stronger activity. In addition, we showed that
YH239-EE is effectively and in a concentration-dependent
manner activating caspase 3 and 7, an early marker of apoptosis.
We also tested YH239-EE in 8 different genotyped patient
derived blasts. Although the compound showed mixed results
ranging from good to no activity, we could show that the
compound is specifically inducing apoptosis in AML cancer
cells with wt p53 and is less toxic in p53 deleted cell lines.
(+)-YH239-EE leads to a higher caspase 3/7 activation and
induction of apoptosis than the reference compound Nutlin-3,
a derivative of which is currently undergoing early clinical
evaluation. Moreover (+)-YH239-EE is less cytotoxic than
Nutlin-3. The potent in vitro and cell-based activity suggests a
potentially therapeutic role of YH239-EE in the treatment of
AML.

■ METHODS
Chemistry. Standard chemical techniques were used, and the

obtained compounds were analyzed by NMR (Bruker 600 MHz),
SFC/HPLC−MS, and biochemical assays. Synthetic, analytical, and
SAR details are given in the Supporting Information Note 1 and M8.

Cell Lines and Patient Samples. Four human AML cell lines
used in our studies [OCI-AML-3, MOLM-13, HL60, and NB4] were
kindly provided from S. Bohlander and K. Spiekermann (Klinikum
Großhadern, Munich, Germany) and primarily purchased from
DSMZ, Braunschweig, Germany. The authenticity of these cell lines
was validated by their mutational status analysis of p53, NMP1, and
Flt3-ITD (Laboratory for leukemia diagnostics, Klinikum Großhadern,
Munich, Germany and Labor Rost Klein, Munich, Germany). The cell
lines OCI-AML-3 and MOLM-1332 have both wild type p53, HL6033

deleted and NB434 mutated p53. We cultured the cell lines in RPMI
1640 medium (PAN Biotech GmbH) containing 10% heat-inactivated
fetal bovine serum (FBS, GIBCO, Invitrogen; LOT 4169705K, REF
10270-106), 0.292 mg mL−1 L-Glutamine (GIBCO), 1 M Hepes
(GIBCO), 100 units mL−1 penicillin (GIBCO) and 100 μg mL−1

streptomycin (GIBCO). Cell lines were harvested in log-phase growth
and seeded in different concentrations (1 × 105 −1 × 106 mL−1) for
the different experiments following exposure to Nutlin-3 (Sigma
Aldrich and Nutlin-3a from Cayman Chemical, Ann Arbor, for
proliferation assay) and the new p53-MDM2 antagonists (YH
compounds). The p53-MDM2 antagonists were used in the
concentrations ranging from 50 to 0.1 μM. Heparinized peripheral
blood and bone marrow samples were obtained from healthy donors
and AML patients after informed consent approved by the Ludwig-
Maximilians-Universitaẗ, Munich, Germany. Mononuclear cells were
isolated by Biocoll Separation Solution (Biochrom) density-gradient
centrifugation and cryoconserved. Primary AML mononuclear cells
were seeded at 2 × 106 cell mL−1 in α-MEM Eagle medium (Pan
Biotech) supplemented with a cytokine mix on a MS-5 feeder layer
and incubated with p53-MDM2 antagonists for 72 h.35 In all
experiments, cell number and viability were determined by staining
cells with Trypan blue 0.4% (Invitrogen) and counted with Countess
slides (Invitrogen).

Cell Cycle Analysis. After 24 h of treatment, cells were washed
twice with cold PBS (PAN) + 0.1% bovine serum albumin (phosphate
buffered saline, pH 7.2, 0.2 μm filtered, Macs BSA stock solution,
Milteny Biotec). Then 1 ×106 cells were fixed in ice-cold ethanol (70%
v/v) for 1 h, stained with propidium iodide (PI, eBioscence), and
treated with RNase (Sigma Aldrich). After 3 h of incubation at 4 °C,
the DNA content was determined using the FACS Calibur flow
cytometer (Beckton Dickinson Immunocytometry Systems) and
analyzed with FlowJo software. The sub-G1 gate standing for non-
proliferative cell state was used for determining cell cycle arrest.

Apoptosis Analysis. The apoptosis analysis was performed using
the FITC Annexin V Apoptosis Detection Kit I (BD Pharmigen),
containing the 10X Annexin Binding Buffer, the FITC Annexin V, and
the Propidium Iodide (PI) Staining solution. After incubation with test
substances for 72 h, cells were harvested and analyzed. Then 2 ×105

cells were washed twice with ice-cold PBS and resuspended with 1X
binding buffer in a concentration of 1 × 106 mL−1. After staining with
PI and fluorescein isothiocyanate (FITC)-conjugated Annexin-V (1:20
solution) the cells were incubated for 15 min at RT and then directly
analyzed by flow cytometry. Annexin V binds specifically to
phosphatidylserine, a lipid that is normally on the inside of the cell
membrane but in early apoptosis is exposed on the cell surface.
Propidium iodide was used to assess the membrane integrity. The
extent of apoptosis induction was then quantified as percentage of
Annexin V-positive cells.

WST-1 Cell Proliferation. Cell proliferations were determined by
measuring the turnover of WST-1 to Formazan (Roche). Cells were
seeded at 5 × 105 mL−1 in a 96-well plate and treated with p53-MDM2
antagonists at various concentrations (0.1−50 μM) for the optimized
time period of 44 h. The WST-1 reagent was added, and the cells were
incubated for additional 4 h. The metabolic activity was determined
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photometrically at 440 nm (Sunrise Basic Tecan, Tecan Austria
GmbH). IC50 values were calculated by Prism (GraphPad Software).
Western Blot Analysis. Treated cells were harvested after various

time points, and 1 × 106 cells were solubilized with protein cell lysis
buffer. Western blot was performed using the XCell SureLock MINI-
Cell (Invitrogen) and the appropriate sample, running, and transfer
buffers. Equal amount of protein lysate was loaded into the well of a
12% sodium dodecyl sulfate (SDS)-polyacrylamide gel. After protein
separation by electrophoresis (120 V, 60 min), they were transferred
to polyvinylidene difluoride (PVDF) membrane (Amersham Hybond-
P Membrane, GE Healthcare) by electroblotting (100 V for 2 h).
Membranes were blocked, and protein loading was controlled by
Poneceau S staining (0.1% Ponceau S (w/v) in 5% (v/v) acetic acid,
Sigma Aldrich). The membranes were probed with the following
antibodies: mouse monoclonal anti-human p53 protein (Clone DO-7;
1:400 v/v; Dako), rabbit anti-β-actin antibody (1:20000 v/v; Sigma).
As secondary antibodies, we used the horseradish peroxidase (HRP)
conjugated anti-mouse IgG (1:50000 v/v; Promega) and anti-rabbit
IgG (1:50000 v/v; Promega). For detection the membranes were
incubated with West Pico chemiluminescent substrate (Thermo
Scientific) and signals were detected.
Caspase 3/7 Activation. The caspase activity was measured using

the CaspaseGlo 3/7-Assay (Promega). Cells were treated for different
time points (1, 6, 24 h) in a 96-well plate with 1 × 104 cells and a
volume of 100 μL per well. For analyzing the caspase activity, cells
were transferred in a white walled multi-well plate (Brand) and mixed
with 100 μL of Caspase Glo Reagent. After incubation time of 1 h the
luminescent signal was measured with a luminometer (Wallac Victor2

1420 multilabel counter, Wallac Cy).
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