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Simple Summary: This study explores HDM201, a second-generation MDM2-p53 binding
antagonist, as a potential novel treatment for chronic lymphocytic leukemia (CLL). Using a
range of B cell lines and primary CLL samples with different TP53 statuses, we found that
HDM201 effectively targets TP53 wild-type and heterozygous TP53-KO cells but shows
limited efficacy in TP53 mutant and homozygous TP53-KO cells. HDM201 stabilizes p53
and induces apoptosis in sensitive cells, demonstrating its potential as a targeted therapy
for TP53 wild-type CLL cases. This study highlights the importance of TP53 status in
predicting treatment response and suggests further research on resistance mechanisms and
combination therapies.

Abstract: Background: Chronic lymphocytic leukemia (CLL) treatment has transitioned
from traditional chemotherapy to more targeted therapies, but challenges such as resistance
and suboptimal responses persist. This study aimed to evaluate HDM201, a second-
generation MDM2-p53 binding antagonist, as a novel therapeutic strategy for CLL, with
a focus on its effectiveness across different TP53 genetic contexts. Methods: We utilized
a panel of B cell leukemia-derived cell lines with varying TP53 statuses, including TP53-
knockout (KO) derivatives of the human B cell line Nalm-6, and assessed the impact of
HDM201 on primary CLL samples with both TP53 wild-type and mutant backgrounds.
Results: Our results revealed that TP53 wild-type and heterozygous TP53-KO Nalm-6
cells were sensitive to HDM201, whereas homozygous TP53-KO cells and B cells with
TP53 mutations exhibited significant resistance. Resistance was also noted in primary CLL
samples with TP53 mutations. HDM201 effectively stabilized p53 and induced apoptosis
in TP53 wild-type cells but had limited efficacy in TP53 mutant cells. Conclusions: These
findings indicate that HDM201 holds promise as an additional targeted therapy option
for wild-type TP53 CLL. The results underline the importance of TP53 status in predicting
treatment efficacy and highlight the potential of HDM201 as a valuable addition to explore
in CLL therapy. Future research should focus on identifying additional biomarkers of
response and exploring the optimal way to include HDM?201 in combination therapies to
improve treatment outcomes in CLL.
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1. Introduction

Chronic lymphocytic leukemia (CLL) is one of the most common types of leukemia
in adults [1], characterized by the accumulation of dysfunctional B lymphocytes in the
blood, bone marrow, and lymphoid tissues [2,3]. Over the past 25 years, significant
advancements have reshaped our understanding and management of CLL. Landmark
studies published in 1999 [4,5] highlighted the critical role of somatic hypermutation of the
IGHYV genes in prognosis, driving extensive research into the biology, genetic factors, and
diagnostic technologies relevant to the clinical management of CLL. These advances have
not only propelled research within CLL but have also influenced the broader field of B cell
malignancies. Despite significant progress, challenges remain due to the unique biological
and clinical features of CLL.

Recent decades have witnessed a paradigm shift in CLL treatment, moving from
traditional purine analog-based chemotherapy to novel therapeutic approaches, including
the use of chemo-immunotherapy and B cell receptor (BCR) antagonists [6-8]. While
chemo-immunotherapy historically provided durable disease control, its limitations in
managing relapsed and high-risk cases [9-11] have highlighted the need for new strategies.
The introduction of targeted therapies, including Bruton’s tyrosine kinase (BTK) inhibitors
and BCL-2 (B cell lymphoma 2) inhibitors, has markedly improved treatment efficacy
and tolerability, particularly for older patients with complex conditions. These therapies
have largely replaced older treatments in both frontline and relapsed settings. Looking
ahead, novel approaches such as bi-specific antibody therapies [12,13] and third-generation
BTK inhibitors hold promise for tackling difficult cases like Richter’s transformation and
heavily pre-treated CLL [14,15]. Nevertheless, in CLL patients, the predominant resistance
mechanism to the BTK inhibitor ibrutinib is mutations in the BTK gene [16-18], and
similar resistance mechanisms are also observed with next-generation inhibitors such as
acalabrutinib [19]. There is, therefore, a need for novel therapeutic strategies to overcome
these resistance challenges, improve treatment efficacy, and address a broader range of
patient needs.

Given the crucial role of p53 in preventing abnormal cell proliferation and maintaining
genomic integrity, there is a strong interest in developing non-genotoxic pharmacolog-
ical strategies to modulate p53, aiming to enhance the selectivity and effectiveness of
cancer cell elimination [20,21]. Importantly, compared to other cancers, TP53 deletions
and/or mutations are relatively infrequent in CLL at diagnosis, occurring in approximately
only 10% of cases [22,23]. It is worth noting that, more generally, approximately 50% of
human cancers harbor mutations in the TP53 gene [24-26]. Furthermore, over 17% of
tumors exhibit amplification and overexpression of the MDM?2 gene, which encodes the
primary negative regulator of p53. These alterations, whether occurring individually or
together, are associated with poor prognosis and treatment resistance [27-29]. Emerging
therapies targeting the non-genotoxic activation of functional p53 protein offer promising
avenues for enhancing treatment outcomes in CLL. The activity and levels of p53 are
primarily regulated by its interaction with MDM2, a human homolog of the murine double-
minute 2 protein [30]. MDM?2 acts as an E3 ubiquitin ligase, controlling p53’s stability
through ubiquitin-dependent proteasomal degradation [30]. Cellular stress induces the
post-translational modifications of p53, resulting in disruption of the p53-MDM?2 interac-
tion, resulting in the release and accumulation of p53 to activate its target genes involved in
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cell cycle arrest, apoptosis, or senescence [30,31]. Nutlin-3 was the first selective MDM2-p53
binding antagonist (MDM2 inhibitor) shown to activate p53 and downstream signaling
in preclinical models. Several new-generation MDM2 inhibitors have been developed,
including RG7388 [32], HDM201 [33], AMG232 [34], DS-3032 [35], ASTX295 [36], and
MI-77301 [37], which have been shown to reduce cancer cell viability and proliferation in
preclinical models, including leukemia and lymphoma cells [38—44]. Most of these com-
pounds are also currently being evaluated in clinical trials, both as monotherapies [45,46]
and in combination therapies [47-50]. These non-genotoxic compounds bind specifically to
the p53-binding pocket of MDM2 [51], stabilizing p53 and activating the p53 pathway:.

A number of second-generation MDM?2 inhibitors, including Siremadlin (HDM201),
have progressed to evaluation in several recent and ongoing clinical trials for their efficacy
in treating cancers with wild-type p53. Results from a first-in-human phase I study of
HDM201 in patients with advanced wild-type TP53 solid tumors and acute leukemia
indicated a consistent safety profile and noted preliminary activity, particularly in acute
myeloid leukemia (AML). This study also established recommended dosing regimens for
subsequent combination studies [45]. HDM201 monotherapy in relapsed AML patients
following allogeneic stem cell transplantation (allo-SCT) demonstrated consistent safety
with no excessive graft vs. host disease (GvHD) and allowed continuation at full or
reduced doses. Preliminary data suggest it has anti-leukemic activity, supporting further
investigation as a potential maintenance or pre-emptive treatment to enhance graft-versus-
leukemia effects [52]. Furthermore, a phase Ib proof-of-concept study investigating the
co-targeting of MDM2 and CDK4/6 with HDM201 and ribociclib for patients with well-
differentiated or dedifferentiated liposarcoma (WDLPS/DDLPS) demonstrated manageable
toxicity and early signs of antitumor activity [49]. Current data and multiple ongoing
clinical trials suggest that HDM201 is a promising candidate for the treatment of cancers
with activatable functional p53. In this study, we assessed the effects of HDM201 on B cell
lines and ex vivo patient-derived primary CLL cells and compared these effects with those
observed in TP53 mutant cells as well as on normal hematopoietic cells.

2. Materials and Methods
2.1. Cell Lines and Compound

Human B cell lines, including Nalm-6, OCI-Ly3, and HAL-01 (wild-type TP53), as
well as Ramos, Raji, and Pfeiffer (P53 mutant), were acquired from authenticated cell
line repositories (ATCC or DSMZ). Nalm-6 TP53 monoallelic (+/—) and biallelic (—/—)
isogenic knockout cell lines were purchased from Horizon Discovery (Cambridge, UK) and
were generated using gene targeting by homologous recombination with an exon-2 deleted
TP53 DNA construct [53].

All these cell lines were cultured in RPMI-1640 medium (Sigma-Aldrich, St. Louis,
MO, USA), supplemented with 10% fetal calf serum and 100 U/mL penicillin/streptomycin
(Sigma-Aldrich, St. Louis, MO, USA). HDM201 (>99% purity) was obtained by a custom
synthesis through the CRUK Drug Discovery Programme at the Newcastle University
Cancer Centre and from Selleck Chem. The compound was accurately weighed and
dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA) to achieve a
final concentration of 20 mM. From this stock solution, aliquots of lower concentrations
were prepared and stored at —20 °C.

2.2. Cell Viability Assay for the Cell Lines

Cells were plated at a density of 0.2 x 10° cells/mL in 100 uL of culture medium per
well in a 96-well plate (Corning) and incubated for 24 h prior to treatment with HDM201 at
concentrations ranging from 0 to 10 uM for a duration of 72 h at 37 °C. Growth inhibition
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was assessed using the XTT Assay Kit (Cayman Chemical Company, Ann Arbor, MI, USA)
relative to a DMSO control. The optimal incubation time with the XTT reagents was
determined to be 4 h for the cell lines through pre-optimization procedures. Data were
normalized to the DMSO control and expressed as a percentage of relative growth. The
mean = standard error of the mean (SEM) for IC5( values from at least three independent
experiments was calculated.

2.3. Patient Samples

Peripheral blood samples from patients with CLL were collected following informed
consent and in accordance with institutional guidelines and the Declaration of Helsinki.
This study was approved by the UK NHS Research Ethics Service, and research has been
conducted using samples obtained through the Newcastle Biobank (Study ID: 17/NE/0361,
Date of Approval: 29 April 2014). The diagnosis of CLL was confirmed based on the
IWCLL-164 NCI 2008 criteria [54]. Peripheral blood samples were obtained from CLL
patients with total white blood cell counts of at least 30 x 10° cells/L, supporting the
high proportion of malignant CD5+/CD19+ B cells. Mononuclear cells were purified by
density gradient centrifugation (Lymphoprep, Axis-Shield Ltd., Dundee, UK) following
the manufacturer’s protocol. Sensitivity to MDM2 inhibitors was always assessed on
fresh samples just after collecting from the patients. The cells were cultured in RPMI-1640
medium (Sigma-Aldrich, St. Louis, MO, USA), supplemented with 10% fetal calf serum
and 100 U/mL penicillin/streptomycin (Sigma-Aldrich, St. Louis, MO, USA). HDM201
was dissolved in DMSO (Sigma-Aldrich) and used at a final concentration of 0.5% (v/v)
DMSO in the medium. This concentration of DMSO was previously demonstrated to have
minimal cytotoxic effects on the cells [55].

Normal peripheral blood mononuclear cells (PBMCs) were isolated from three healthy
donors. Normal PBMCs and CLL cells were isolated by density gradient centrifugation
(Lymphoprep, Axis-Shield Ltd., Dundee, UK) following the manufacturer’s protocol.

2.4. Patient Sample Information

The details of Sanger sequencing of SF3B1 in primary CLL samples have been de-
scribed in a previous study [39]. The TP53 mutational status of CLL samples was assessed
by next-generation sequencing (using Roche 454 GS FLX and Illumina MiSeq platforms) in
all samples. The functional status of p53 in CLL samples was determined by observing the
stabilization of p53 and activation of downstream proteins, p21"WAF! and MDM2, following
exposure to the MDM2 inhibitor HDM201. Viability was routinely assessed by trypan blue
exclusion assay and was >95% in fresh and thawed samples after 24 h culture.

2.5. Cell Viability Assay for the Primary Cells

An amount of 5 x 10° cells/mL in 100 uL of medium per well in a 96-well plate was
exposed to a range of concentrations (from 0 to 3000 nM) of HDM201 at 37 °C for 48 h. Ex
vivo cytotoxicity was assessed by the XTT Assay Kit (Cayman Chemical Company, Ann
Arbor, MI, USA). The optimal incubation time with the XTT reagents was determined to be
8 h through pre-optimization procedures. Results were normalized to DMSO controls and
expressed as % viability.

2.6. Immunoblotting

An amount of 5 x 10° cells/mL primary CLL cells were seeded in 2 mL per well of
a 6-well plate (Corning) and subjected to treatment with HDM201. Protein lysates were
harvested using 2% SDS lysis buffer at 24 h, heated at 95 °C for 10 min, and sonicated.
Protein concentration was measured using a Pierce™ BCA Protein Assay Kit (Thermo
Fisher Scientific, Rugby, UK). Primary antibodies against p53 (DO-7) (#M7001, Dako, Santa
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Clara, CA, USA), MDM2 (Ab-1) (#0OP46, Merck Millipore, Jaffrey, NH, USA), p21WAF!
(Calbiochem, San Diego, CA, USA), PARP (Trevigen, Gaithersburg, ML, USA), Actin
(Sigma, Livonia, MI, USA), and secondary goat anti-mouse/rabbit horseradish peroxidase-
conjugated antibodies (Dako, Santa Clara, CA, USA) were used. All antibodies were diluted
in 5% (w/v) nonfat milk or BSA in TBS-tween20. Protein bands were visualized using
enhanced chemiluminescence reagents (GE Healthcare, Alger, OH, USA).

2.7. Annexin V-FITC/PI Analysis

Peripheral blood mononuclear cells (PBMCs) from CLL patients were resuspended in
pre-warmed medium and seeded at 5 x 10° cells/mL in a 24-well plate. After a 1-h equi-
libration period, cells were treated with various drug concentrations for 48 h. Following
treatment, cells were harvested, washed with cold PBS, and resuspended in 1 x binding
buffer (10 mM Hepes/NaOH (pH 7.4), 0.14 M NaCl, 2.5 mM CaCl) at 1 x 10° cells/mL.
Cells (100 uL of 1 x 10° cells) were transferred to round-bottom tubes and stained with
5 pL of annexin V-FITC (BD Pharmingen™, Hong Kong) and 5 uL of propidium iodide
(PL, BD Pharmingen™, Hong Kong). Controls included unstained cells and cells stained
with either annexin V-FITC or PI alone. After a 15-min incubation in the dark, 400 uL of
1x binding buffer was added for analysis within 1 h. Flow cytometry was conducted
using an Attune™ NxT Acoustic Focusing Flow Cytometer. Data were acquired for
25,000 events per sample, with detection of annexin V-FITC on the FL1 channel (max
emission wavelength = 519 nm; max excitation wavelength = 495 nm) and PI on the FL2
channel (max emission wavelength = 617 nm; max excitation wavelength = 536 nm). FCS
files were analyzed with FCS Express 6 software.

2.8. Statistical Analysis

The data from the repeated experiments were presented as mean + standard error of
the mean (SEM) unless otherwise stated. Statistical tests were carried out using GraphPad
Prism 6 software, and all p-values represent paired or unpaired t-tests of at least three
independent repeats unless otherwise stated.

3. Results
3.1. TP53 Wild-Type B Cell Lines Demonstrate Sensitivity to MDM?2 Inhibition Using HDM201

Six different B cell lines were exposed to increasing concentrations of the MDM?2
inhibitor HDM201. An XTT assay was used to measure the relative growth of the cells.
Figure 1 displays growth inhibition curves for the cell lines treated with HDM201 for
72 h. Three out of the six B cell lines were sensitive to the MDM2 inhibitor, with ICs
values < 146 nM (Figure 1A-C). In contrast, HDM201 had no significant effect on TP53
mutant cell lines Ramos and Raji, nor on TP53-null Pfeiffer, even at concentrations up to
10 uM (Figure 1D-F). Figure 11 and Table 1 summarize the ICsy values of HDM201 and the
TP53 gene status for all cell lines used in this study.

To directly evaluate the effect of TP53 status alone on the response of B cells to
HDM201 while minimizing the impact of additional genomic variations, we utilized oth-
erwise isogenic TP53-knockout (TP53-KO) derivatives of the human B cell line Nalm-6.
These cells were treated with HDM?201, and their responses were assessed and compared.
Both TP53+/+ and heterozygous KO (TP53+/—) Nalm-6 cells exhibited sensitivity to the
compound at low concentrations (mean + SEM ICsgs are 146 & 20 nM and 123 + 22 nM, re-
spectively) (Figure 11 and Table 1; TP53+/+ vs. TP53+/ — paired t-test p = 0.27). In contrast,
homozygous KO (TP53—/—) cells showed markedly increased resistance to HDM201, with
an ICsy exceeding 3 uM, the highest concentration tested (Figure 1H,I and Table 1).
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Figure 1. The concentration-dependent effect of HDM201 on the proliferation of a panel of B cell
lines: (A) Nalm-6 TP53 (+/+), (B) OCI-Ly3, (C) HAL-01, (D) Ramos, (E) Raji, and (F) Pfeiffer. Isogenic
NALM-6 cell lines with (G) TP53 (+/—) and (H) TP53 (—/ —) genotypes were also incorporated into
the growth inhibition assays. Each cell line shows independent repeats (e.g., 1st: green, 2nd: red, 3rd:
blue, and 4th: brown). Bars show the mean ICsy &+ SD. The asterisks show how significantly the drug
induces cell death for each concentration compared to DMSO control. Each independent repeat of
the experiment was averaged within itself, and then a paired ¢-test was applied to compare paired
measurements (*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). (I) Summary IC50 values of
HDM201 for the panel of B cell lines. The results for TP53 wild-type and TP53 mutant cell lines are
shown in blue and red bars, respectively. Bars show the mean 3 SEM. A standard parametric paired
t-test was applied to compare TP53+/+ with TP53+/— Nalm-6 cells. ns, not significant.

Table 1. Mean ICsy concentrations of HDM201 for the panel of B cell lines.

Cell Line TP53 Gene Status HDM201 IC5¢ (nM)
OCI-Ly3 Wild-type 123 + 47
HAL-01 Wild-type 83+ 12
+/+ 146 £ 20
Nalm-6 +/— 123 +22

—/— >3000
Ramos NS Arp AN >10,000
Mutant (Heterozygous)
Raji €.638G > A; p.R213Q >10,000
¢.700T > C; p.Y234H

Pfeiffer CI.\(IC‘;;) >10,000

The ICsp values shown represent the mean of at least n = 3 independent repeats = SEM.
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3.2. TP53 Wild-Type Primary CLL Samples Are Sensitive to MDM?2 Inhibition Using HDM201

Ex vivo cytotoxicity of HDM201 was evaluated using an XTT assay after 48 h of
treatment compared with untreated DMSO vehicle controls. HDM?201 significantly and
potently reduced the viability of TP53 wild-type CLL cells but had minimal or no effect
on cells with mutant TP53 (Figure 2A,C). The LCsq values (concentration required for 50%
loss of viability) for each primary CLL sample, as summarized in Figure 2C, indicate that
TP53 wild-type CLL cells overall were sensitive to HDM201-induced cytotoxicity (median
LCsp = 0.253 uM), whereas CLL samples with mutated TP53 were substantially more
resistant (median LCs = 2.63 uM; Figure 2C). Since the LCsq values did not follow a normal
distribution (D’Agostino—Pearson omnibus test, p < 0.05), row median and mean values
with the range bars are presented in Figure 2C. Detailed information on TP53 mutations
and LCsp values for each TP53 mutant CLL sample is provided in Table 2. The LCsy data
for all CLL primary samples utilized in this study are also provided in Supplementary
Material Table S1.
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Figure 2. Time- and concentration-dependent effects of HDM201 on primary CLL samples:
(A) Representative cytotoxicity curves for TP53 wild-type (blue) and mutant (red) CLL samples.
The samples were treated with increasing concentrations of HDM201 (ranging from 0 to 3 uM) for a
duration of 48 h. To compare with the response of normal cells to HDM201, three PBMC samples
(black) sourced from individual healthy donors were tested using the XTT assay. (B) LC50 values
of HDM201 for each individual CLL sample across increasing exposure durations (6, 12, 24, and
48 h) are plotted. The time-dependent effects of HDM?201 exposure were analyzed for the five CLL
samples. Each CLL sample is a different color. A statistically significant difference in LC50 was
observed between 24 h and 48 h exposure (paired t-test, denoted as * p < 0.05). (C) A summary of
the LC50 values for the MDM2-p53 binding antagonist HDM201, tested on primary CLL samples
with TP53 wild-type (N = 28) and mutant (N = 6) profiles. The samples were subjected to increasing
concentrations of HDM201 (ranging from 0 to 3 uM) for a 48-h exposure period. The three PBMC
samples (indicated in black), derived from healthy donors, exhibited LC50 values exceeding 3 uM.
Horizontal bars show mean values.
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Table 2. Detailed information on TP53 mutations and LCsq values for each TP53 mutant CLL sample.

Tumor ID 1 VAF (%) 2 CDS Mutation Amino Acid Mutation HDM201 LCsp (uM)
p-R209fs*6

CLL258 35 €.626_627delGA (Deletion—Frameshift) 0.82

CLL261 97 €.626_627delGA p-R209fs*6 (Deletion—Frameshift) >3
20 ¢.1067G > C p-G356A

CLL273 >3
20 c.1069A > C pK357Q
28 C623A>T p-D208V

CLL281 >3
66 C.659A > G p-Y220C

CLL283 48 c.745A > G p-R249G 2.26

CLL287 50 524G > A p-R175H 2.01

1 VAF: variant allele frequency; > CDS: coding sequence.

To assess the effect of HDM201 on normal cells, PBMC samples from healthy donors
were exposed to HDM201 for 48 h. In contrast to TP53 wild-type CLL cells, normal
PBMCs were resistant to HDM201 and exhibited LCsy values consistently greater than
3 uM (Figure 2A,C).

For evaluating the time-dependent effects of HDM201, five CLL patient samples with
functional p53 were treated with various concentrations of HDM201 or left untreated. At
different time points (6, 12, 24, or 48 h), the compound was washed out, and the cells were
resuspended in complete medium without the drug. The cells were then plated in a 96-well
format, and viability was assessed at 48 h using the XTT assay. These wash-out experiments
showed that HDM201 decreased CLL viability in both a concentration-dependent and
time-dependent manner (paired t-test, 24 h vs. 48 h, p = 0.02). Median LCs( values across
CLL samples decreased over time, with LCsy values exceeding 10 uM for 6- and 12-h
exposures (except for CLL294) but decreasing significantly with longer exposure periods
(Figure 2B).

3.3. HDM201 Induces p53 Stabilization and Functional Activation in TP53 Wild-Type CLL Cells

The functional integrity of the p53 signaling pathway was evaluated by treating CLL
cells with the MDM2-p53 antagonist HDM201 for 24 h and assessing the protein expression
of p53 transcriptional target genes. Inhibition of MDM?2 led to the prevention of ubiquitin-
mediated degradation of p53, resulting in p53 stabilization. In TP53 wild-type CLL cells,
HDM201 induced a concentration-dependent stabilization of p53, which was accompanied
by the activation of p53 target genes, CDKN1A (encoding the p21WAF! protein) and MDM2
(Figure 3A). The concentration-dependent accumulation of p53 was consistently observed
in all TP53 wild-type CLL samples within 24 h of treatment (Figure 3A). To monitor
apoptosis, PARP-1 cleavage was analyzed, revealing a concentration-dependent decrease in
the levels of full-length PARP accompanied by an increase in the 85 kDa cleavage product
(cPARP) in p53-functional CLL cells treated with HDM201 for 24 h. Densitometric analysis
of p53, MDM2, and cPARP bands, normalized to actin, showed a significant concentration-
dependent increase in these proteins when analyzed across five samples using paired -tests
(Figure 3B-D).

In contrast, CLL samples with TP53 mutations exhibited no induction of p21WAF!
following treatment with HDM201, even at concentrations up to 3 pM (Figure 3E). The
absence of p21"WAF! induction was noted in TP53 mutant CLL cells from patients CLL281,
CLL283, and CLL287. Additionally, there was no significant change in the levels of full-
length PARP-1 or cPARP following 24 h of exposure of TP53 mutant CLL cells to HDM201.
Although some degree of p53 stabilization was observed in CLL283 and CLL287 samples
after 24 h of HDM201 exposure, it did not result in downstream activation of p21"WAFL. The
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samples analyzed include a mixed clonal population of TP53 mutant and wild-type cells
with varying variant allele frequencies (Table 2).
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Figure 3. Western immunoblot analyses illustrating the response to HDM201 of both functional and
non-functional p53 CLL samples: (A) Western immunoblots depicting TP53 wild-type CLL cells,
either untreated (DMSO control) or exposed to increasing concentrations of HDM201 (0.1, 0.3, 1, and
3 uM) for 24 h. Actin served as a loading control. Densitometry was performed for p53 (B), MDM2
(C), and cPARP (D) bands and normalized to actin. Statistical comparisons of different HDM?201
concentrations were carried out using a paired t-test (*, p < 0.05; **, p < 0.01). Data are presented as
mean + SEM. (E) Representative Western immunoblots for TP53 mutant CLL samples. In contrast to
functional samples, there was no discernible increase in either the p21WAF! or the cleaved PARP-1
(cPARP) marker of apoptotic signaling. Ctrl: Control lysate from OCI-Ly3 cells treated with 0.3 pM
RG7388 (idasanutlin) for 24 h. Control lysates were run on the same gel with the sample shown
beside the controls.

3.4. HDM201 Treatment Increases the Proportions of Early and Late Apoptotic CLL Cells

Western blot analysis revealed a concentration-dependent increase in cPARP levels
in p53-functional CLL cells following 24 h of HDM201 treatment. To further characterize
the apoptotic effects of HDM201, flow cytometry was employed using annexin V and
propidium iodide (PI) staining. The intensity of PI staining was plotted against annexin V
staining to distinguish between viable (annexin V-negative/PI-negative), early apoptotic
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(annexin V-positive/PI-negative), and late apoptotic or necrotic (annexin V-positive/PI-
positive) cells. Cell debris was excluded from the analysis, and the cell population of
interest was identified based on forward and side scatter intensity (Figure 4). Figure 4A-C
illustrate concentration-dependent changes in the proportion of cells staining positively for
annexin V and/or PI, reflecting apoptosis induction in three freshly isolated CLL primary
samples: CLL289, CLL295, and CLL293.
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Figure 4. Induction of apoptosis in freshly isolated CLL samples CLL289 (A), CLL295 (B), and CLL293
(C) following treatment with HDM201. CLL cells were exposed to two distinct concentrations of
HDM201 (0.3 pM and 1 uM) or a vehicle control (DMSO) for 48 h. Apoptosis was assessed by
flow cytometry after staining with annexin V-FITC and PI. The lower left quadrants indicate viable
cells (annexin V-negative/PI-negative), the lower right quadrants represent cells in the early stage
of apoptosis (annexin V-positive/PI-negative), and the upper right quadrants denote cells in the
late stage of apoptosis or necrosis (annexin V-positive/PI-positive). The percentages of the cell
populations within each quadrant are presented.
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A

% viable cells
(normalized to DMSO)

After 48 h of HDM201 treatment, a significant decrease in the proportion of viable
cells was observed. The normalized percentages of viable cells decreased to 51 £ 10%
(mean + SEM) at 0.3 uM of HDM201 and to 27 + 6% (mean + SEM) at 1 uM of HDM201
(Figure 5A; 0.3 uM vs. 1 uM paired t-test, p = 0.02). Conversely, early apoptotic cell
proportions (Figure 5B) and late apoptotic cell proportions (Figure 5C) relative to DMSO
control increased following 48 h of HDM201 treatment.

100+ B e C. o
o) (o)}
80 * 5 . 5 5~ 25-
— 59 %z i
60- 53 Y da 35 20
o O I %) 2 I
=+ 34 = o 1.51 -
o o o 2
404 22 2=
I o0® 219 08 1.01
Q‘E Q [
© L © ~—
204 >= 14 27 05
g -—
0-— T T 01— T T 0.0+—7/—"—"—7—""
(S ™ ~ (5] ™ ~ [N ™ ~
S e' o
HDM201 (uM) HDM201 (uM) HDM201 (uM)

Figure 5. HDM201 induces apoptosis in CLL cells in a concentration-dependent manner. Freshly
isolated CLL samples (n = 3) were treated with either 0.3 pM or 1 uM HDM201, or with a vehicle
control (DMSO), for 48 h. Apoptosis was assessed using FACS analysis of annexin V/PI staining.
(A) The percentage of viable cells remaining was calculated relative to untreated control samples.
The fold change in the percentage of early (B) and late (C) apoptotic cells relative to the DMSO
control is presented for the two different concentrations. Data are expressed as mean + SEM.
Statistically significant differences between concentrations were determined using a paired sample
t-test (¥, p < 0.05; ***, p < 0.001).

A total of 73 £ 11% (mean £ SEM) of CLL cells lost viability at 1 uM HDM201
compared to the DMSO control (Figure 5A). The reduction in viability observed in these
CLL samples, as measured by FACS analysis of annexin V/PI staining, showed a strong
positive correlation with the results from the XTT cell viability assay (mean & SD: 69 & 6%
viability decrease at 1 uM HDM201). This correlation was statistically significant (Pearson’s
test: r =0.99; p = 0.01; n = 3).

4. Discussion

The landscape of CLL treatment has undergone substantial evolution over the past
decades, marked by a transition from traditional chemotherapy to more sophisticated
targeted therapies. Despite significant advancements, challenges persist, particularly
concerning resistance mechanisms and suboptimal responses in high-risk cases. Our
study has focused on exploring the potential of HDM201, a second-generation MDM2-p53
binding antagonist, as a novel therapeutic strategy to include for CLL. The promise of
HDM201 stems from its ability to specifically target the MDM2-p53 interaction, thereby
stabilizing p53 and activating its tumor-suppressive functions in a non-genotoxic manner.
This approach contrasts with traditional treatments that largely rely on direct cytotoxicity or
modulation of immune responses. The rationale behind targeting the p53 pathway in CLL
is grounded in the relatively low frequency of TP53 alterations at diagnosis (approximately
10%), which suggests that a significant portion of CLL cases could benefit from therapies
aimed at activating p53 function.
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The safety profile of HDM201 observed in clinical trials appears promising, showing
manageable toxicity and no severe adverse effects. This is crucial for CLL patients, who are
often older and may have multiple comorbidities. The ability of HDM201 to be administered
without excessive toxicity could make it a viable option for long-term or combination
therapy, particularly in settings where current treatments have failed or have become
less effective.

One of the initial aims of this study was to directly evaluate the effects of HDM201
on various B cell lines with differing TP53 status, employing otherwise isogenic TP53-
knockout (TP53-KO) derivatives of the human B cell line Nalm-6 to minimize the impact of
other genomic variations. Our results demonstrated that both parental (TP53 wild-type)
and heterozygous KO (TP53+/—) Nalm-6 cells were sensitive to HDM201. In contrast, B
cells with TP53 mutations or deletions, including homozygous TP53-KO (TP53—/ —) cells,
showed a lack of response to HDM201. These findings underscore the crucial role of TP53
in mediating the response to HDM201 and emphasize the specificity of the compound.
Our results reinforce the notion that TP53 status is a critical factor in determining the
therapeutic efficacy of MDM2 inhibitors, highlighting the importance of assessing TP53
status as a patient selection biomarker to predict the responsiveness of B cell malignancies
to HDM201.

We also evaluated HDM?201 in malignant B cells isolated from the peripheral blood
of patients with CLL. Almost all TP53 wild-type samples exhibited a response to the
compound within clinically acceptable limits [45]. In contrast, TP53 mutant samples
demonstrated varying responses based on the specific mutation type and mutant allele fre-
quency, with drug resistance being generally predominant. The clinical applicability of such
treatments hinges on their selective toxicity toward malignant cells while sparing healthy
cells. Previous studies have shown that MDM2 inhibitors effectively target malignant cells
while sparing normal B cells and stem cells [38,56,57]. Although MDM?2 inhibitors activate
p53 in both normal and tumor cells with functional p53, the resulting gene expression
and cytotoxic effects differ significantly between these cell types [38]. We have previously
shown that MDM2 inhibition selectively induces a pro-apoptotic p53 gene signature in CLL
cells [38]. This difference leads to distinct cell fates and provides a therapeutic window that
has important implications for the use of MDM2 inhibitors as potential cancer treatments.
This mechanism is supported by the reversible growth arrest in normal cells as the primary
response to MDM2 inhibition, observed with both first-generation and second-generation
MDM2 antagonists [38,43,58]. To further investigate this, we isolated peripheral B cells
from three different healthy donors and treated them with HDM?201 to assess its effects on
normal healthy B cells. Remarkably, all isolated B cells displayed resistance to the drug.
These findings are significant as they underline the selective toxicity and clinical relevance
of targeted therapies, supporting prior research on MDM?2 inhibitors.

One notable challenge revealed by our preclinical study is the potential for resis-
tance mechanisms, a common issue across various targeted therapies. In our analysis
of 28 primary CLL samples with wild-type TP53, we identified two samples exhibiting
notable resistance to HDM201 (Figure 2C). Previous research has demonstrated that SF3B1
mutations, alongside TP53 status, are an important determinant of response to MDM?2
inhibitors [59]. To further explore this, we checked the SF3B1 gene status of these two
resistant samples from our previous comprehensive sequencing data. Notably, one of
these two samples, CLL290, was found to carry the SF3B1 c.2110A > T (p.I704F) point
mutation [59]. Despite being TP53 wild-type, this sample showed significant resistance
not only to HDM201 but also to another MDM?2 inhibitor, RG7388 (idasanutlin), with an
LCs0 exceeding 10 uM [59]. These results further emphasize the substantial impact of
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SF3B1 mutations on the effectiveness of MDM?2 inhibitors and underscore the importance
of identifying and considering additional biomarkers of treatment response.

The role of HDM201 as an MDM2-p53 binding antagonist is to stabilize p53 in TP53
wild-type CLL cells by preventing its ubiquitin-mediated degradation. This stabilization
was demonstrated in our study and promoted the increased expression of key downstream
TP53 transcriptional targets CDKN1A (p21WAF) essential for inhibition of cell cycle pro-
gression and the futile increased expression of the negative feedback autoregulator MDM2.
PARP-1 is one of several known cellular substrates of caspases. Cleavage of PARP-1 by
caspases is considered to be a hallmark of apoptosis [60]. As a marker of caspase-dependent
apoptosis, we evaluated PARP-1 cleavage in Western blot experiments. The increased levels
of cPARP in TP53 wild-type CLL cells provided mechanistic evidence of the pro-apoptotic
effect of HDM201. These findings were corroborated by flow cytometry, Western blot, and
XTT assay results, demonstrating the capacity of HDM201 to induce apoptosis through the
activation of the p53 pathway. Conversely, TP53 mutant CLL cells exhibited resistance to
HDM?201, consistent with the lack of p21"WAF! induction and minimal apoptosis (Figure 3).
TP53 mutations result in dysfunctional p53, impairing its ability to trigger downstream
apoptotic pathways. The intense p53 bands in our TP53 mutant samples, especially in sam-
ple CLL281, indicate the accumulation of non-functional and conformationally altered p53,
which is no longer recognized by MDM?2 and, therefore, not able to be targeted for normal
turnover degradation. This is consistent with the known behavior of some mutant forms of
TP53 and associated resistance mechanisms. The clonal heterogeneity observed in TP53
mutant CLL samples (Table 2) complicates the overall effect of treatment, as subclones will
differ in their response to HDM201. This complexity underlines the need for tailored thera-
peutic strategies to address clonal resistance and optimize treatment efficacy by choosing
appropriate targeted drug combinations in genetically diverse CLL populations.

In a recently published study, we conducted a detailed transcriptome analysis of a
small subpopulation of CLL samples resistant to the MDM2 inhibitor RG7388 and identified
several candidate genes [61]. Although these genes are also potential candidates for
HDM201, which operates through the same mechanism as RG7388, further research is
needed to thoroughly characterize their roles and validate their relevance to the efficacy
of HDM201. Further evaluation of apoptotic and DNA damage response pathways could
be highly beneficial, particularly for elucidating resistance mechanisms in the limited
number of samples and for a more mechanistic understanding of drug response. Future
research should focus on delineating the precise mechanisms through which resistance to
HDM?201 and other MDM2 inhibitors may develop and seek to identify biomarkers that
predict response or resistance. This could involve evaluating the impact of co-occurring
mutations or the role of the microenvironment in influencing drug efficacy. Furthermore,
combination strategies involving HDM201 and other targeted agents, such as BTK inhibitors
or novel immunotherapies, could potentially enhance therapeutic outcomes and overcome
resistance barriers.

5. Conclusions

Here, we present a rationale for the further evaluation of the new-generation MDM?2
inhibitor HDM201 in CLL therapy. Our observations indicate that CLL cells are particularly
primed for p53-dependent apoptosis compared to normal PBMCs. Given the promising
results observed in B cell lines and primary patient samples, HDM201 could become a
valuable addition to the therapeutic arsenal for CLL. Integrating HDM?201 into treatment
regimens may offer a new strategy for managing relapsed or refractory cases. These results
support the investigation of MDM2 inhibitors in CLL clinical trials, which will determine
their optimal use in clinical treatment strategies.



Cancers 2025, 17,274 14 of 17

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/cancers17020274/s1: Figure S1: Densitometry readings; Table S1:
Detailed information on TP53 mutations and LCs values for each CLL sample.

Author Contributions: Conceptualization, E.A., EW. and J.L.; data curation, E.A. and M.H.; formal
analysis, E.A. and M.H.; funding acquisition, E.W. and J.L.; investigation, E.A. and M.H.; methodology,
E.A,; resources, ].L.,, EW,, ]I, JPW.,, HM. and S.M.; supervision, EW. and ]J.L.; writing—original
draft, E.A. and M.H.; writing—review and editing, E.A., E.W. and J.L. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was supported by Cancer Research UK (Awards #C2215/A21421), Blood Cancer
UK (formerly Bloodwise; grant #13034), the JGW Paterson Foundation (grant #BH152495) and the
Newcastle Healthcare Charity (grant #BH152694). The Turkish Ministry of National Education
funded the first author’s Ph.D. study.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of the Newcastle
Academic Health Partners Biobank (https://www.ncl.ac.uk/biobank/collections/nbrtb/ (accessed
on 11 January 2025)). Samples were collected and stored for research under the auspices of the
Newcastle Biobank, with Research Ethics Committee (REC) reference 17/NE /0361 (Date of Approval:
29 April 2014).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this
study. Written informed consent has been obtained from the CLL patients.

Data Availability Statement: The data presented in this study and released under a CC-BY 4.0 license
are available upon request from the corresponding authors.

Acknowledgments: The authors gratefully acknowledge Newcastle University and Cancer Research
UK for infrastructure funding at the Newcastle University Cancer Centre. We would also like to
thank CLL patients for their generous consent and supply of blood samples for research, collected
following approved ethical guidelines.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Chiorazzi, N.; Rai, K.R.; Ferrarini, M. Chronic lymphocytic leukemia. N. Engl. |. Med. 2005, 352, 804-815. [CrossRef] [PubMed]

2. Ponzoni, M.; Doglioni, C.; Caligaris-Cappio, F. Chronic lymphocytic leukemia: The pathologist’s view of lymph node microenvi-
ronment. Semin. Diagn. Pathol. 2011, 28, 161-166. [CrossRef] [PubMed]

3.  Burger, J.A.; Ghia, P; Rosenwald, A.; Caligaris-Cappio, F. The microenvironment in mature B-cell malignancies: A target for new
treatment strategies. Blood 2009, 114, 3367-3375. [CrossRef]

4. Damle, R.N.; Wasil, T.; Fais, F.; Ghiotto, E; Valetto, A.; Allen, S.L.; Buchbinder, A.; Budman, D.; Dittmar, K.; Kolitz, J.; et al. Ig
V gene mutation status and CD38 expression as novel prognostic indicators in chronic lymphocytic leukemia. Blood 1999, 94,
1840-1847. [CrossRef]

5. Hamblin, T.J.; Davis, Z.; Gardiner, A.; Oscier, D.G.; Stevenson, FK. Unmutated Ig V(H) genes are associated with a more
aggressive form of chronic lymphocytic leukemia. Blood 1999, 94, 1848-1854. [CrossRef]

6. Iyer, P; Wang, L. Emerging Therapies in CLL in the Era of Precision Medicine. Cancers 2023, 15, 1583. [CrossRef] [PubMed]

7. Herman, S.E.; Mustafa, R.Z.; Gyamfi, ].A.; Pittaluga, S.; Chang, S.; Chang, B.; Farooqui, M.; Wiestner, A. Ibrutinib inhibits BCR
and NF-kappaB signaling and reduces tumor proliferation in tissue-resident cells of patients with CLL. Blood 2014, 123, 3286-3295.
[CrossRef]

8.  Parmar, S.; Patel, K.; Pinilla-Ibarz, J. Ibrutinib (imbruvica): A novel targeted therapy for chronic lymphocytic leukemia. Pharm.
Ther. 2014, 39, 483-519.

9.  Seiler, T.; Dohner, H.; Stilgenbauer, S. Risk stratification in chronic lymphocytic leukemia. Semin. Oncol. 2006, 33, 186-194.
[CrossRef]

10. Takahashi, K.; Hu, B.; Wang, F; Yan, Y.; Kim, E.; Vitale, C.; Patel, K.P; Strati, P., Gumbs, C,; Little, L.; et al. Clinical implications of

cancer gene mutations in patients with chronic lymphocytic leukemia treated with lenalidomide. Blood 2018, 131, 1820-1832.
[CrossRef]


https://www.mdpi.com/article/10.3390/cancers17020274/s1
https://www.mdpi.com/article/10.3390/cancers17020274/s1
https://www.ncl.ac.uk/biobank/collections/nbrtb/
https://doi.org/10.1056/NEJMra041720
https://www.ncbi.nlm.nih.gov/pubmed/15728813
https://doi.org/10.1053/j.semdp.2011.02.014
https://www.ncbi.nlm.nih.gov/pubmed/21842701
https://doi.org/10.1182/blood-2009-06-225326
https://doi.org/10.1182/blood.V94.6.1840
https://doi.org/10.1182/blood.V94.6.1848
https://doi.org/10.3390/cancers15051583
https://www.ncbi.nlm.nih.gov/pubmed/36900373
https://doi.org/10.1182/blood-2014-02-548610
https://doi.org/10.1053/j.seminoncol.2006.01.017
https://doi.org/10.1182/blood-2017-11-817296

Cancers 2025, 17,274 15 0f 17

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.
28.

29.
30.
31.
32.

33.

34.

35.

Schlette, E.J.; Admirand, J.; Wierda, W.; Abruzzo, L.; Lin, K.I.; O’Brien, S.; Lerner, S.; Keating, M.].; Tam, C. p53 expression by
immunohistochemistry is an important determinant of survival in patients with chronic lymphocytic leukemia receiving frontline
chemo-immunotherapy. Leuk. Lymphoma 2009, 50, 1597-1605. [CrossRef]

Mhibik, M.; Gaglione, E.M.; Eik, D.; Herrick, J.; Le, J.E.; Ahn, LE.; Chiu, C.; Wielgos-Bonvallet, M.; Hiemstra, I.H.; Breij,
E.C.W,; et al. Cytotoxicity of the CD3xCD20 bispecific antibody epcoritamab in CLL is increased by concurrent BTK or BCL-2
targeting. Blood Adv. 2023, 7, 4089-4101. [CrossRef]

Liu, L.; Lam, CK,; Long, V.; Widjaja, L.; Yang, Y.; Li, H.; Jin, L.; Burke, S.; Gorlatov, S.; Brown, J.; et al. MGDO011, A CD19 x
CD3 Dual-Affinity Retargeting Bi-specific Molecule Incorporating Extended Circulating Half-life for the Treatment of B-Cell
Malignancies. Clin. Cancer Res. 2017, 23, 1506-1518. [CrossRef]

Mato, A.R.; Woyach, J.A.; Brown, ].R.; Ghia, P; Patel, K; Eyre, T.A.; Munir, T.; Lech-Maranda, E.; Lamanna, N.; Tam, C.S,; et al.
Pirtobrutinib after a Covalent BTK Inhibitor in Chronic Lymphocytic Leukemia. N. Engl. J. Med. 2023, 389, 33—44. [CrossRef]
Guo, Y,; Liu, Y;; Hu, N.; Yu, D.; Zhou, C.; Shi, G.; Zhang, B.; Wei, M.; Liu, ]J.; Luo, L,; et al. Discovery of Zanubrutinib (BGB-3111),
a Novel, Potent, and Selective Covalent Inhibitor of Bruton’s Tyrosine Kinase. J. Med. Chem. 2019, 62, 7923-7940. [CrossRef]
Woyach, J.A.; Furman, RR;; Liu, TM.; Ozer, H.G.; Zapatka, M.; Ruppert, A.S.; Xue, L.; Li, D.H.; Steggerda, S.M.; Versele, M.; et al.
Resistance mechanisms for the Bruton’s tyrosine kinase inhibitor ibrutinib. N. Engl. ]. Med. 2014, 370, 2286-2294. [CrossRef]
Kanagal-Shamanna, R.; Jain, P; Patel, K.P; Routbort, M.; Bueso-Ramos, C.; Alhalouli, T.; Khoury, ].D.; Luthra, R.; Ferrajoli,
A.; Keating, M.; et al. Targeted multigene deep sequencing of Bruton tyrosine kinase inhibitor-resistant chronic lymphocytic
leukemia with disease progression and Richter transformation. Cancer 2019, 125, 559-574. [CrossRef]

Ahn, LE.; Underbayev, C.; Albitar, A.; Herman, S.E.; Tian, X.; Maric, I.; Arthur, D.C.; Wake, L.; Pittaluga, S.; Yuan, C.M.; et al.
Clonal evolution leading to ibrutinib resistance in chronic lymphocytic leukemia. Blood 2017, 129, 1469-1479. [CrossRef]
Nakhoda, S.; Vistarop, A.; Wang, Y.L. Resistance to Bruton tyrosine kinase inhibition in chronic lymphocytic leukaemia and
non-Hodgkin lymphoma. Br. . Haematol. 2023, 200, 137-149. [CrossRef] [PubMed]

Chene, P. Inhibiting the p53-MDM?2 interaction: An important target for cancer therapy. Nat. Rev. Cancer 2003, 3, 102-109.
[CrossRef] [PubMed]

Brown, C.J.; Lain, S.; Verma, C.S.; Fersht, A.R.; Lane, D.P. Awakening guardian angels: Drugging the p53 pathway. Nat. Rev.
Cancer 2009, 9, 862-873. [CrossRef]

Zenz, T,; Eichhorst, B.; Busch, R.; Denzel, T.; Habe, S.; Winkler, D.; Buhler, A.; Edelmann, J.; Bergmann, M.; Hopfinger, G.; et al.
TP53 mutation and survival in chronic lymphocytic leukemia. J. Clin. Oncol. 2010, 28, 4473-4479. [CrossRef] [PubMed]

Dicker, E; Herholz, H.; Schnittger, S.; Nakao, A.; Patten, N.; Wu, L.; Kern, W.; Haferlach, T.; Haferlach, C. The detection of TP53
mutations in chronic lymphocytic leukemia independently predicts rapid disease progression and is highly correlated with a
complex aberrant karyotype. Leukemia 2009, 23, 117-124. [CrossRef]

Chen, X.; Zhang, T.; Su, W.; Dou, Z.; Zhao, D.; Jin, X.; Lei, H.; Wang, ].; Xie, X.; Cheng, B.; et al. Mutant p53 in cancer: From
molecular mechanism to therapeutic modulation. Cell Death Dis. 2022, 13, 974. [CrossRef] [PubMed]

Hollstein, M.; Sidransky, D.; Vogelstein, B.; Harris, C.C. p53 mutations in human cancers. Science 1991, 253, 49-53. [CrossRef]
Wu, C.E,; Chen, C.P; Huang, WK_; Pan, Y.R.; Aptullahoglu, E.; Yeh, C.N.; Lunec, J. p53 as a biomarker and potential target in
gastrointestinal stromal tumors. Front. Oncol. 2022, 12, 872202. [CrossRef] [PubMed]

Levine, A.J.; Oren, M. The first 30 years of p53: Growing ever more complex. Nat. Rev. Cancer 2009, 9, 749-758. [CrossRef]
Momand, J.; Jung, D.; Wilczynski, S.; Niland, ]. The MDM2 gene amplification database. Nucleic Acids Res. 1998, 26, 3453-3459.
[CrossRef]

Zhang, R.; Wang, H. MDM2 oncogene as a novel target for human cancer therapy. Curr. Pharm. Des. 2000, 6, 393-416. [CrossRef]
Moll, U.M.; Petrenko, O. The MDM2-p53 interaction. Mol. Cancer Res. 2003, 1, 1001-1008.

Chen, J.D. The Cell-Cycle Arrest and Apoptotic Functions of p53 in Tumor Initiation and Progression. Cold Spring Harb. Perspect.
Med. 2016, 6, a026104. [CrossRef] [PubMed]

Ding, Q.; Zhang, Z.; Liu, ].].; Jiang, N.; Zhang, J.; Ross, T.M.; Chu, X.]J.; Bartkovitz, D.; Podlaski, E; Janson, C.; et al. Discovery of
RG7388, a potent and selective p53-MDM2 inhibitor in clinical development. J. Med. Chem. 2013, 56, 5979-5983. [CrossRef]
Furet, P.; Masuya, K.; Kallen, J.; Stachyra-Valat, T.; Ruetz, S.; Guagnano, V.; Holzer, P; Mah, R; Stutz, S.; Vaupel, A.; et al.
Discovery of a novel class of highly potent inhibitors of the p53-MDM2 interaction by structure-based design starting from a
conformational argument. Bioorganic Med. Chem. Lett. 2016, 26, 4837-4841. [CrossRef]

Rew, Y.; Sun, D. Discovery of a small molecule MDM2 inhibitor (AMG 232) for treating cancer. . Med. Chem. 2014, 57, 6332—-6341.
[CrossRef]

Arnhold, V.; Schmelz, K.; Proba, J.; Winkler, A.; Wunschel, J.; Toedling, J.; Deubzer, H.E.; Kunkele, A.; Eggert, A ; Schulte, ] H.;
et al. Reactivating TP53 signaling by the novel MDM?2 inhibitor DS-3032b as a therapeutic option for high-risk neuroblastoma.
Oncotarget 2018, 9, 2304-2319. [CrossRef]


https://doi.org/10.1080/10428190903165241
https://doi.org/10.1182/bloodadvances.2022009517
https://doi.org/10.1158/1078-0432.CCR-16-0666
https://doi.org/10.1056/NEJMoa2300696
https://doi.org/10.1021/acs.jmedchem.9b00687
https://doi.org/10.1056/NEJMoa1400029
https://doi.org/10.1002/cncr.31831
https://doi.org/10.1182/blood-2016-06-719294
https://doi.org/10.1111/bjh.18418
https://www.ncbi.nlm.nih.gov/pubmed/36029036
https://doi.org/10.1038/nrc991
https://www.ncbi.nlm.nih.gov/pubmed/12563309
https://doi.org/10.1038/nrc2763
https://doi.org/10.1200/JCO.2009.27.8762
https://www.ncbi.nlm.nih.gov/pubmed/20697090
https://doi.org/10.1038/leu.2008.274
https://doi.org/10.1038/s41419-022-05408-1
https://www.ncbi.nlm.nih.gov/pubmed/36400749
https://doi.org/10.1126/science.1905840
https://doi.org/10.3389/fonc.2022.872202
https://www.ncbi.nlm.nih.gov/pubmed/35965531
https://doi.org/10.1038/nrc2723
https://doi.org/10.1093/nar/26.15.3453
https://doi.org/10.2174/1381612003400911
https://doi.org/10.1101/cshperspect.a026104
https://www.ncbi.nlm.nih.gov/pubmed/26931810
https://doi.org/10.1021/jm400487c
https://doi.org/10.1016/j.bmcl.2016.08.010
https://doi.org/10.1021/jm500627s
https://doi.org/10.18632/oncotarget.23409

Cancers 2025, 17,274 16 of 17

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Willmore, E.; Ahn, M.; Kyle, S.; Zhao, Y.; Thomas, H.; Rankin, K.S.; Bevan, L.; Fazal, L.; Hearn, K.; Wilsher, N.; et al. Targeting
the MDM2-p53 interaction: Time- and concentration-dependent studies in tumor and normal human bone marrow cells reveal
strategies for an enhanced therapeutic index. Cancer Res. 2024, 84, 3333. [CrossRef]

Wang, S.M.; Sun, W.; Zhao, Y.J.; McEachern, D.; Meaux, 1; Barriere, C.; Stuckey, J.A.; Meagher, J.L.; Bai, L.C; Liu, L.; et al.
SAR405838: An Optimized Inhibitor of MDM2-p53 Interaction That Induces Complete and Durable Tumor Regression. Cancer
Res. 2014, 74, 5855-5865. [CrossRef]

Ciardullo, C.; Aptullahoglu, E.; Woodhouse, L.; Lin, W.Y.; Wallis, ].P.; Marr, H.; Marshall, S.; Bown, N.; Willmore, E.; Lunec, J.
Non-genotoxic MDM2 inhibition selectively induces a pro-apoptotic p53 gene signature in chronic lymphocytic leukemia cells.
Huaematologica 2019, 104, 2429-2442. [CrossRef] [PubMed]

Aptullahoglu, E.; Ciardullo, C.; Wallis, ].P.; Marr, H.; Marshall, S.; Bown, N.; Willmore, E.; Lunec, ]J. Splicing Modulation Results
in Aberrant Isoforms and Protein Products of p53 Pathway Genes and the Sensitization of B Cells to Non-Genotoxic MDM?2
Inhibition. Int. J. Mol. Sci. 2023, 24, 2410. [CrossRef] [PubMed]

Johansson, K.B.; Zimmerman, M.S.; Dmytrenko, 1.V.; Gao, F.; Link, D.C. Idasanutlin and navitoclax induce synergistic apoptotic
cell death in T-cell acute lymphoblastic leukemia. Leukemia 2023, 37, 2356-2366. [CrossRef]

Seipel, K.; Schmitter, K.; Bacher, U.; Pabst, T. Rationale for a Combination Therapy Consisting of MCL1- and MEK-Inhibitors in
Acute Myeloid Leukemia. Cancers 2019, 11, 1779. [CrossRef] [PubMed]

Ghotaslou, A.; Samii, A.; Boustani, H.; Kiani Ghalesardi, O.; Shahidi, M. AMG-232, a New Inhibitor of MDM-2, Enhance
Doxorubicin Efficiency in Pre-B Acute Lymphoblastic Leukemia Cells. Rep. Biochem. Mol. Biol. 2022, 11, 111-124. [CrossRef]
Bell, H.L.; Blair, H.].; Jepson Gosling, S.J.; Galler, M.; Astley, D.; Moorman, A.V.; Heidenreich, O.; Veal, G.J.; van Delft, EW.; Lunec,
J.; et al. Combination p53 activation and BCL-x(L)/BCL-2 inhibition as a therapeutic strategy in high-risk and relapsed acute
lymphoblastic leukemia. Leukemia 2024, 38, 1223-1235. [CrossRef] [PubMed]

Gungordu, S.; Aptullahoglu, E. Targeting MDM2-mediated suppression of p53 with idasanutlin: A promising therapeutic
approach for acute lymphoblastic leukemia. Investig. New Drugs 2024, 42, 603-611. [CrossRef] [PubMed]

Stein, E.M.; DeAngelo, D.J.; Chromik, J.; Chatterjee, M.; Bauer, S.; Lin, C.C.; Suarez, C.; de Vos, E; Steeghs, N.; Cassier, PA.; et al.
Results from a First-in-Human Phase I Study of Siremadlin (HDM201) in Patients with Advanced Wild-Type TP53 Solid Tumors
and Acute Leukemia. Clin. Cancer Res. 2022, 28, 870-881. [CrossRef]

Koyama, T.; Shimizu, T.; Kojima, Y.; Sudo, K.; Okuma, H.S.; Shimoi, T.; Ichikawa, H.; Kohsaka, S.; Sadachi, R.; Hirakawa, A.; et al.
Clinical Activity and Exploratory Resistance Mechanism of Milademetan, an MDM2 Inhibitor, in Intimal Sarcoma with MDM?2
Amplification: An Open-Label Phase Ib/II Study. Cancer Discov. 2023, 13, 1814-1825. [CrossRef]

Daver, N.G.; Dail, M.; Garcia, J.S.; Jonas, B.A.; Yee, KW.L,; Kelly, K.R.; Vey, N.; Assouline, S.; Roboz, G.J.; Paolini, S.; et al.
Venetoclax and idasanutlin in relapsed /refractory AML: A non-randomized, open-label phase 1b trial. Blood 2022, 141, 1265-1276.
[CrossRef] [PubMed]

Konopleva, M.Y.; Rollig, C.; Cavenagh, J.; Deeren, D.; Girshova, L.; Krauter, J.; Martinelli, G.; Montesinos, P.; Schafer, ].A;
Ottmann, O,; et al. Idasanutlin plus cytarabine in relapsed or refractory acute myeloid leukemia: Results of the MIRROS trial.
Blood Adv. 2022, 6, 4147-4156. [CrossRef]

Abdul Razak, A.R.; Bauer, S.; Suarez, C.; Lin, C.C.; Quek, R.; Hutter-Kronke, M.L.; Cubedo, R.; Ferretti, S.; Guerreiro, N.;
Jullion, A.; et al. Co-Targeting of MDM2 and CDK4/6 with Siremadlin and Ribociclib for the Treatment of Patients with Well-
Differentiated or Dedifferentiated Liposarcoma: Results from a Proof-of-Concept, Phase Ib Study. Clin. Cancer Res. 2022, 28,
1087-1097. [CrossRef]

Senapati, J.; Muftuoglu, M.; Ishizawa, J.; Abbas, H.A.; Loghavi, S.; Borthakur, G.; Yilmaz, M.; Issa, G.C.; Dara, S.I.; Basyal, M.;
et al. A Phase I study of Milademetan (DS3032b) in combination with low dose cytarabine with or without venetoclax in acute
myeloid leukemia: Clinical safety, efficacy, and correlative analysis. Blood Cancer J. 2023, 13, 101. [CrossRef]

Chen, J.; Marechal, V.; Levine, A.J. Mapping of the p53 and mdm-2 interaction domains. Mol. Cell. Biol. 1993, 13, 4107—4114.
Stein, E.M.; Chromik, J.; Carpio, C.; Mous, R; Kiladjian, J.J.; Alatrash, G.; Curti, A.; Craddock, C.; Schmid, C.; Zeiser, R.; et al.
Siremadlin (HDM201) Is Well Tolerated and Demonstrates Clinical Activity in Patients with Acute Myeloid Leukemia Who Have
Relapsed after Allogeneic Stem Cell Transplantation: A Subset Analysis of Safety and Preliminary Efficacy. Blood 2021, 138, 3417.
[CrossRef]

Adachi, N.; So, S.; liizumi, S.; Nomura, Y.; Murai, K.; Yamakawa, C.; Miyagawa, K.; Koyama, H. The human pre-B cell line Nalm-6
is highly proficient in gene targeting by homologous recombination. DNA Cell Biol. 2006, 25, 19-24. [CrossRef]

Hallek, M.; Cheson, B.D.; Catovsky, D.; Caligaris-Cappio, F.; Dighiero, G.; Dohner, H.; Hillmen, P.; Keating, M.].; Montserrat, E.;
Rai, K.R,; et al. Guidelines for the diagnosis and treatment of chronic lymphocytic leukemia: A report from the International
Workshop on Chronic Lymphocytic Leukemia updating the National Cancer Institute-Working Group 1996 guidelines. Blood
2008, 111, 5446-5456. [CrossRef] [PubMed]

Shen, M.; Zhang, Y.; Saba, N.; Austin, C.P.; Wiestner, A.; Auld, D.S. Identification of therapeutic candidates for chronic lymphocytic
leukemia from a library of approved drugs. PLoS ONE 2013, 8, €75252. [CrossRef]


https://doi.org/10.1158/1538-7445.AM2024-3333
https://doi.org/10.1158/0008-5472.CAN-14-0799
https://doi.org/10.3324/haematol.2018.206631
https://www.ncbi.nlm.nih.gov/pubmed/31004033
https://doi.org/10.3390/ijms24032410
https://www.ncbi.nlm.nih.gov/pubmed/36768733
https://doi.org/10.1038/s41375-023-02057-x
https://doi.org/10.3390/cancers11111779
https://www.ncbi.nlm.nih.gov/pubmed/31718075
https://doi.org/10.52547/rbmb.11.1.111
https://doi.org/10.1038/s41375-024-02241-7
https://www.ncbi.nlm.nih.gov/pubmed/38600316
https://doi.org/10.1007/s10637-024-01473-9
https://www.ncbi.nlm.nih.gov/pubmed/39305365
https://doi.org/10.1158/1078-0432.CCR-21-1295
https://doi.org/10.1158/2159-8290.CD-23-0419
https://doi.org/10.1182/blood.2022016362
https://www.ncbi.nlm.nih.gov/pubmed/36265087
https://doi.org/10.1182/bloodadvances.2021006303
https://doi.org/10.1158/1078-0432.CCR-21-1291
https://doi.org/10.1038/s41408-023-00871-1
https://doi.org/10.1182/blood-2021-149751
https://doi.org/10.1089/dna.2006.25.19
https://doi.org/10.1182/blood-2007-06-093906
https://www.ncbi.nlm.nih.gov/pubmed/18216293
https://doi.org/10.1371/journal.pone.0075252

Cancers 2025, 17,274 17 of 17

56.

57.

58.

59.

60.

61.

Shangary, S.; Qin, D.; McEachern, D.; Liu, M.; Miller, R.S.; Qiu, S.; Nikolovska-Coleska, Z.; Ding, K.; Wang, G.; Chen, J.; et al.
Temporal activation of p53 by a specific MDM?2 inhibitor is selectively toxic to tumors and leads to complete tumor growth
inhibition. Proc. Natl. Acad. Sci. USA 2008, 105, 3933-3938. [CrossRef] [PubMed]

Shangary, S.; Ding, K.; Qiu, S.; Nikolovska-Coleska, Z.; Bauer, J.A.; Liu, M.; Wang, G.; Lu, Y.; McEachern, D.; Bernard, D.; et al.
Reactivation of p53 by a specific MDM2 antagonist (MI-43) leads to p21-mediated cell cycle arrest and selective cell death in colon
cancer. Mol. Cancer Ther. 2008, 7, 1533-1542. [CrossRef] [PubMed]

Stithmer, T.; Chatterjee, M.; Hildebrandt, M.; Herrmann, P.; Gollasch, H.; Gerecke, C.; Theurich, S.; Cigliano, L.; Manz, R.A,;
Daniel, P.T.; et al. Nongenotoxic activation of the p53 pathway as a therapeutic strategy for multiple myeloma. Blood 2005, 106,
3609-3617. [CrossRef]

Aptullahoglu, E.; Wallis, J.P.; Marr, H.; Marshall, S.; Bown, N.; Willmore, E.; Lunec, J. SE3B1 Mutations Are Associated with
Resistance to Non-Genotoxic MDM2 Inhibition in Chronic Lymphocytic Leukemia. Int. ]. Mol. Sci. 2023, 24, 11335. [CrossRef]
[PubMed]

Kaufmann, S.H.; Desnoyers, S.; Ottaviano, Y.; Davidson, N.E.; Poirier, G.G. Specific proteolytic cleavage of poly(ADP-ribose)
polymerase: An early marker of chemotherapy-induced apoptosis. Cancer Res. 1993, 53, 3976-3985. [PubMed]

Aptullahoglu, E.; Nakjang, S.; Wallis, J.P.; Marr, H.; Marshall, S.; Willmore, E.; Lunec, J. RNA Sequencing Reveals Candidate
Genes and Pathways Associated with Resistance to MDM2 Antagonist Idasanutlin in TP53 Wild-Type Chronic Lymphocytic
Leukemia. Biomedicines 2024, 12, 1388. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1073/pnas.0708917105
https://www.ncbi.nlm.nih.gov/pubmed/18316739
https://doi.org/10.1158/1535-7163.MCT-08-0140
https://www.ncbi.nlm.nih.gov/pubmed/18566224
https://doi.org/10.1182/blood-2005-04-1489
https://doi.org/10.3390/ijms241411335
https://www.ncbi.nlm.nih.gov/pubmed/37511096
https://www.ncbi.nlm.nih.gov/pubmed/8358726
https://doi.org/10.3390/biomedicines12071388
https://www.ncbi.nlm.nih.gov/pubmed/39061962

	Introduction 
	Materials and Methods 
	Cell Lines and Compound 
	Cell Viability Assay for the Cell Lines 
	Patient Samples 
	Patient Sample Information 
	Cell Viability Assay for the Primary Cells 
	Immunoblotting 
	Annexin V-FITC/PI Analysis 
	Statistical Analysis 

	Results 
	TP53 Wild-Type B Cell Lines Demonstrate Sensitivity to MDM2 Inhibition Using HDM201 
	TP53 Wild-Type Primary CLL Samples Are Sensitive to MDM2 Inhibition Using HDM201 
	HDM201 Induces p53 Stabilization and Functional Activation in TP53 Wild-Type CLL Cells 
	HDM201 Treatment Increases the Proportions of Early and Late Apoptotic CLL Cells 

	Discussion 
	Conclusions 
	References

