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Simple Summary: Acute myeloid leukemia (AML) with mutations in the tumor suppressor gene
TP53 is rapidly lethal for most patients. Here, we investigated the preclinical activity of TP-0903, a
multikinase inhibitor that inhibits kinases with potential synthetical lethality in TP53 mutant AML.
TP-0903 inhibited cell viability and induced apoptosis in multiple TP53 mutant AML cell lines at
nanomolar concentrations in vitro. TP-0903, both alone and in combination with decitabine, the
current standard of care, improved survival in two xenograft models of TP53 mutant AML. These
results demonstrate that TP-0903 has activity in AML with TP53 dysfunction and support the clinical
evaluation of TP-0903 in combination with decitabine in TP53 mutant AML.

Abstract: Acute myeloid leukemia (AML) with mutations in the tumor suppressor gene TP53 confers
a dismal prognosis with 3-year overall survival of <5%. While inhibition of kinases involved in
cell cycle regulation induces synthetic lethality in a variety of TP53 mutant cancers, this strategy
has not been evaluated in mutant TP53 AML. Previously, we demonstrated that TP-0903 is a novel
multikinase inhibitor with low nM activity against AURKA/B, Chk1/2, and other cell cycle regulators.
Here, we evaluated the preclinical activity of TP-0903 in TP53 mutant AML cell lines, including a
single-cell clone of MV4-11 containing a TP53 mutation (R248W), Kasumi-1 (R248Q), and HL-60
(TP 53 null). TP-0903 inhibited cell viability (IC50, 12–32 nM) and induced apoptosis at 50 nM.
By immunoblot, 50 nM TP-0903 upregulated pChk1/2 and pH2AX, suggesting induction of DNA
damage. The combination of TP-0903 and decitabine was additive in vitro, and in vivo significantly
prolonged median survival compared to single-agent treatments in mice xenografted with HL-60
(vehicle, 46 days; decitabine, 55 days; TP-0903, 63 days; combination, 75 days) or MV4-11 (R248W)
(51 days; 62 days; 81 days; 89 days) (p < 0.001). Together, these results provide scientific premise for
the clinical evaluation of TP-0903 in combination with decitabine in TP53 mutant AML.

Keywords: TP53; AML; TP-0903; decitabine; multikinase; aurora kinase

1. Introduction

Acute myeloid leukemia (AML) is a deadly hematological malignancy typified by
heterogeneous cytogenetic abnormalities and genetic mutations [1]. Despite being present in
only <10% of de novo AML cases among younger patients [2], mutant TP53 is present in up
to 30% of treatment-related AML cases [3] and ~60% of AML cases with complex karyotype
(CK) (i.e., AML containing ≥3 genetic aberrations) [2,3] and 20% of elderly patients [4].
Despite advances in the overall treatment of AML [1], mutations in the tumor suppressor
gene TP53 continue to confer a particularly dismal prognosis with a 3-year overall survival
rate <5% [5]. The current standard of care for this AML subtype includes treatment with
a hypomethylating agent (HMA) such as decitabine or azacytidine [6]. Nonetheless, the
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median overall survival of TP53 mutant AML patients treated with decitabine remains <1
year [7]; the addition of venetoclax, a promising inhibitor of the antiapoptotic BCL-2 protein,
did not improve decitabine treatment [8]. New treatment approaches are urgently needed
to improve the survival of AML patients with mutant TP53.

TP53 is a tumor suppressor gene that encodes for p53, a transcription factor that
regulates the cell cycle and acts as a tumor suppressor in response to DNA damage. The
DNA damage response (DDR), controlled by p53 and other checkpoint proteins, including
the aurora and checkpoint kinases (e.g., Chk1 and Chk2) [9], acts by regulating checkpoints
during the cell cycle to facilitate DNA repair; this regulation includes the G1 checkpoint,
regulating the cell’s entry into the S phase, and the G2 checkpoint, regulating entry into
mitosis. Cells with mutant or deleted TP53 frequently have a defective G1 checkpoint and
are more dependent on the G2 checkpoint to repair DNA damage; the G2 checkpoint allows
p53-deficient AML cells to repair genetic lesions and continue through the cell cycle [10,11].
Consistent with this finding, inhibition of kinases involved in the G2 checkpoint, such as
aurora kinase A (AURKA) [12], aurora kinase B (AURKB) [13,14], and checkpoint kinase
1 (Chk1) [15], has induced mitotic catastrophe and p53-independent cell death in TP53
mutant cancer cells. Inhibitors of each of these cell cycle kinases are in different stages
of clinical development for the treatment of AML [9,16]. However, while the combined
inhibition of both AURK and Chk has been shown to induce synthetic lethality in ovarian
cancer [17], a type of cancer characterized by frequent TP53 mutations, this strategy has
not been evaluated in TP53 mutant AML.

We previously demonstrated that TP-0903, a small molecule originally developed as
an AXL inhibitor [18], is a multikinase inhibitor with low nM activity against AURKA/B,
Chk1/2, and other cell cycle regulators and has activity in models of drug-resistant acute
myeloid leukemia with wildtype TP53 [19]. TP-0903 inhibits kinases previously shown
to induce synthetic lethality in cancers with frequent TP53 mutations, including invasive
breast cancer [20,21] and pancreatic cancer [22]. Together, these data provided the scientific
rationale to evaluate TP-0903 activity in TP53 mutant AML.

2. Materials and Methods
2.1. Chemical and Reagents

Antibodies against p53 (48818; clone DO-7), p21 (2947; clone 12D1), pH2AX (Ser 139)
(80312; clone D7T2V), pH2AX (Ser139/Tyr142) (5438; clone N/A), H2AX (7631; clone
D17A3), pAURKA(Thr288)/B(Thr232)/C(Thr198) (2914; clone D13A11), AURKA (91590;
clone D3V7T), AURKB (3094; clone N/A), pChk1 (Ser345) (2348; clone 133D3), pChk2
(Thr68) (2197; clone C13C1), Chk1 (2360; clone 2G1D5), Chk2 (6334; clone D9C6), vinculin
(13901; clone E1E9V), GAPDH (5174S; clone D16H11), and HRP-conjugate secondary anti-
rabbit (7074) were obtained from Cell Signaling Technology (CST) (Danvers, MA, USA).
An antibody against MDM2 (MA1-24755) and qPCR primers for p21 (Hs00355782) and
PUMA (Hs00248075) were obtained from ThermoFisher (Waltham, MA, USA). An antibody
against pH2AX (Ser139) (ab81299) for immunohistochemistry was obtained from Abcam
(Waltham, MA, USA). ImmPRESS Horse Anti-Rabbit (MP-7401), a secondary antibody for
immunohistochemistry, was obtained from Vector Laboratories (Newark, CA, USA). Drugs
were obtained from the following sources: TP-0903 tartrate (SPD Oncology, Cambridge,
MA, USA), decitabine (LC-Labs, Woburn, MA, USA), and RG7388 (MedChemExpress,
Monmouth Junction, NJ, USA).

2.2. Cell Culture

MV4-11 (DSMZ; Braunschweig, Germany), Kasumi-1 (acquired from Dr. Ramiro
Garzon’s lab, The Ohio State University, Columbus, OH, USA), and HL-60 (ATCC) cells
were obtained and maintained in RPMI (Thermo Fisher Scientific) with 10% FBS. Cell
lines were verified using short tandem repeat (STR) profiling. Cells were used within
30 passages after thawing and were routinely checked to ensure there was no mycoplasma
contamination (MycoAlert Detection Kit, Lonza).
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2.3. Generation of the MV4-11 (R248W) Cells and Mutational Analysis

MV4-11 cells received from DSMZ harbor a low frequency TP53 mutation [23]. To
generate a clone with TP53 mutant MV4-11, individual cells were sorted into 96-well plates
using the FACSAria Fusion Flow Cytometer (BD Biosciences, Franklin Lakes, NJ, USA).
DNA was isolated from clones that grew out using the QIAamp DNA Mini Kit (QIAGEN,
Hilden, Germany). We confirmed the clones were MV4-11 cells using STR analysis in the
OSU Comprehensive Cancer Center (OSUCCC) Genomics Shared Resource. Clones were
screened for the presence of an R248W TP53 mutation using Sanger sequencing at the
OSUCCC Genomics Shared Resource and analyzed with Sequencher (Gene Code, Ann
Arbor, MI, USA). Primers used for sequencing TP53 were 5′-CCTCATCTTGGGCCTGTGTT-
3′ (forward) and 5′-AGTGTGCAGGGTGGCAAGTG-3′ (reverse). A TP53 mutant and
wild-type (WT) clone were selected for further sequencing using a 80-gene capture panel to
look for other common AML mutations [24]. Genomic DNA fragmentation was done via
focused ultrasonication (Covaris, Woburn, MA, USA). NGS libraries were prepared using a
KAPA HyperPlus Kit (Roche, Pleasanton, CA, USA). Target enrichment was performed
with xGen Lockdown Probes (IDT, Coralville, IA, USA). Libraries were sequenced using the
Illumina HiSeq 4000 (Illumina, San Diego, CA, USA). The Burrows-Wheeler Aligner (BWA)
was used to align sequenced reads to the hg19 genome build. UMI-consensus calling on
the aligned reads was performed using Picard Tools. The Genome Analysis Toolkit (GATK)
was used to realign insertions and deletions in the aligned reads and to perform base
quality score recalibration for those realigned regions. Variant calling was performed using
GATK’s MuTect2. After variant calling, variants were annotated using SnpEff and vcfanno
along with the dbsnp, COSMIC, 1000 genomes, and 6500 exomes variant databases. The
Mucor3 algorithm was the baseline for integrative mutation assessment. The Integrative
Genomics Viewer was used to visually inspect the aligned reads of all called variants
underwent. Variants that were annotated as a likely germline variant by 1000 genomes or
6500 exomes and visually suspected of being germline were removed. Variants in regions of
high discrepancy, low quality, tandem repeats, or mononucleotide runs were also excluded.
The NGS analysis revealed that the TP53 mutant clone also harbored a KMT2A S873R
variant; no information about this variant was available in COSMIC or dpSNP. At this
point, additional clones were screened from the original single cell sort for the presence
of the TP53 R248W and the absence of the KMT2A S873R; however, no clones with this
combination were found and work was carried out with the original mutant clone.

2.4. Characterization of the MV4-11 TP53 Mutant (R248W) Cells via Gamma Irradiation

MV4-11 TP53 mutant (R248W) and MV4-11 wild-type (WT) cells were fetal bovine
serum starved for 15 h prior to gamma irradiation. Cells were exposed to either 0, 10,
or 20 Gray (Gy) of radiation. At 0, 2, 10, and 24 h after irradiation, cells were collected
for subsequent RNA and protein isolation. Immunoblots were run to probe for p53, p21,
pH2AX, and MDM2. Real-time quantitative PCR analysis was performed to analyze the
transcriptional expression of p21 and PUMA using the ViiA 7 Real-Time PCR system.

2.5. Immunoblotting

Cell lines were treated with drugs for 4 h, then cells were lysed with RIPA buffer
(CST) supplemented with protease and phosphatase inhibitors. The concentration of each
cell lysate was determined by BCA and an equal concentration of protein was separated
on Bis-Tris 4–12% SDS-polyacrylamide gels with Invitrogen MOPS buffer (ThermoFisher,
Waltham, MA, USA) and transferred to PVDF membranes followed by Western blot analy-
sis, consistent with manufacturer’s instructions. Western blots were developed with either
Signal Fire ECL reagent (CST) or SuperSignal West Femto Maximum Sensitivity Substrate
(ThermoFisher) using film. Western blots were quantified using ImageJ (U. S. National
Institutes of Health, Bethesda, MD, USA) and normalized to respective loading controls.
Drug treatments and Western blots were repeated in 2–3 biological replicate experiments.
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2.6. Kinase Profiling

Inhibition of AURKA/B and Chk1/2 by TP-0903 was determined in a kinase assay
(Reaction Biology (Malvern, PA, USA)).

2.7. Cell Viability Assessment

Cells lines were treated with drugs for 72 h before treatment effects were assessed by
MTT assay (Sigma), as previously described [19]. 100,000 cells/well were plated in a 96-well
plate and treated with increasing concentrations of drug. For assays assessing the impact
of combining two drugs, surface–response analysis was performed using the Combenefit
software (v. 2.0.2, Cancer Research UK Cambridge Institute, Cambridge, UK) [25].

2.8. Cell Cycle Analysis

Asynchronous cells were treated with DMSO or 20 nM TP-0903 for up to 24 h. At
indicated time points, cells were collected and washed with 0.1% EDTA PBS (Ricca Chemical
Company, Arlington, TX, USA) followed by only PBS. Cells were then fixed on ice with
ice-cold 70% ethanol for 30 min. Cells were either stored at −20 ◦C for up to 1 month
or processed immediately. Cells were spun down at 450× g for 10 min and stained with
DAPI (final concentration 0.1 ug/1 mL) in 0.1% Triton-X (ThermoFisher) PBS for 30 min at
room temperature and protected from light. The DNA content was determined using a BD
LSR II flow cytometer in the OSUCCC Flow Cytometry Shared Resource. The cell cycle
distribution was analyzed using FlowJo (BD Biosciences).

2.9. Apoptosis Assessment and CD11b Expression Assays

Cells were treated with DMSO, 20 nM, or 50 nM TP-0903 for up to 48 h. At the
indicated time points, cells were collected and washed with PBS. DAPI was added to each
sample as a viability dye at a final concentration of 0.1 ug/1 mL. For apoptosis assays, cells
were incubated with annexin V-APC (BioLegend, San Diego, CA, USA)) according to the
manufacturer’s instructions. For analysis of CD11b, CD11b expression was measured using
an anti-CD11b-APC antibody (BioLegend, San Diego, CA, USA). Two-color flow cytometry
was performed in the OSUCCC Flow Cytometry Shared Resource, and data were analyzed
using FlowJo (BD Biosciences).

2.10. RNA Isolation and RT-PCR

RNA was extracted from cells using Trizol-Cholorform. cDNA was generated from
0.5 µg of RNA using the SuperScript IV First-Strand Synthesis System (ThermoFisher)).
Real time PCR for target genes and GAPDH, the housekeeping target, was conducted using
the TaqMan FAST method (ThermoFisher) with 50 ng of cDNA. Target Ct (threshold cycles)
was standardized to the GAPDH Ct and graphed as 2−∆Ct.

2.11. Growth Curves

Cells were seeded in triplicate at a concentration of 1.5 × 105 cells/mL in 10 mL and
were treated with DMSO, 10 nM TP-0903, or 50 nM TP-0903. Cells were counted every
2–3 days using Trypan Blue and normalized to Day 0 counts.

2.12. Murine Xenograft Models

MV4-11 (R248W) cells were transduced with a lentiviral vector containing a YFP/
luciferase construct (MV4-11 (R248W)-Luc+) to permit the monitoring of engraftment
through bioluminescence imaging. MV4-11 (R248W)-Luc+ were verified as homogeneous
TP53 mutant by Sanger sequencing. Female 8-12 week-old NSG mice were procured
from Jackson Laboratories (stock number: 005557; Bar Harbor, Maine, USA) and injected
intravenously via tail vein injection (TVI) with one million MV4-11 (R248W)-Luc+ cells (5–6
per treatment cohort). Engraftment and growth of leukemic cells were monitored weekly
by noninvasive bioluminescence imaging; after injection of D-luciferin (150 mg/kg i.p.;
Gold Biotechnology Inc., St. Louis, MO, USA), mice were assessed with Xenogen IVIS-200
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imaging system (Perkin Elmer, WA, MA), as done previously [19]. Mice were randomized
to treatment groups based on signal intensity and leukemia burden. Fourteen days after
TVI, mice were treated with vehicle, TP-0903 (50 mg/kg orally; 5 days on/2 days off),
decitabine (0.2 mg/kg i.p.; 4 days on/10 days off), or the combination for three cycles. TP-
0903 was formulated in 5% (w/v) vitamin E TPGS (Antare Health Products, Jonesborough,
TN, USA) and 1% Tween 80 (Sigma-Aldrich). Decitabine was dissolved in PBS. All mice
were observed daily and humanely euthanized when showing signs of progressive disease
including hind limb paralysis, weight loss of more than 20%, and lethargy. All animal
studies were approved by the OSU Institutional Animal Care and Use Committee.

HL-60 xenografts were conducted by Charles River Laboratories (Ashland, OH, USA).
8–12 week old female NOD-Prkdcem26Cd52Il2rgem26Cd22/NjuCrl (NCG) mice were injected
intravenously with HL-60 cells (10 per treatment cohort). Fourteen days after TVI, Mice
were treated with vehicle, TP-0903 (50 mg/kg orally; 5 days on/2 days off), decitabine
(0.4 mg/kg i.p.; 4 days on/10 days off) or the combination continuously until mice suc-
cumbed to leukemia.

2.13. Targeted Gene Sequencing

MV4-11 (WT) and MV4-11 (R248W) cell lines and bone marrow samples collected after
mice with MV4-11 (R248W)-Luc+ xenografts succumbed to leukemia and were analyzed
by targeted gene sequencing of 80 genes, as previously described [24]. MV4-11 (WT) and
MV4-11 (R248W) were collected at both early and late passages. Bone marrow samples
were collected from mice with MV4-11 (R248W)-Luc+ xenografts treated with vehicle,
decitabine, TP-0903, or the combination. Samples were pooled and analyzed on a MiSeq
system using the Illuminia MiSeq Reagent Kit v3. Sequencing was performed in the
OSUCCC Genomics Shared Resource. Illumina Isis Banded Smith Waterman aligner and
hg19 genome were used to align the sequences. Single nucleotide variant (SNV) and indel
calling were performed using MuTect [26] and Varscan2. A variant allele fraction (VAF)
cut-off of 0.10 was set for reporting mutations. SNV that are reported as pathogenic SNP
were considered mutations. All other SNV needed to be absent from 1000 Genome database,
dsSNP137 or dsSNP142. Visual inspection of all variants was carried out using Integrative
Genomics Viewer (Broad Institute Cambridge, MA, USA).

2.14. Immunohistochemistry

Immunohistochemistry was completed in collaboration with the OSUCCC Compar-
ative Pathology and Digital Imaging Shared Resource. After 4 h of drug treatment, cells
were pelleted and fixed for 48 h in 10% neutral buffered formalin. Paraffin processing was
completed using standard techniques and slides were stained for pH2AX or the appropriate
control. Representative photomicrographs were taken using a Nikon Eclipse Ci-L Upright
Microscope (Nikon Instruments, Inc., Melville, NY, USA), an 18-megapixel Olympus SC180
microscope-mounted digital camera, and cellSens imaging software (Olympus Life Science,
Center Valley, PA, USA).

2.15. Statistics

Statistical analyses to compare specific groups were performed with GraphPad Prism
software using unpaired two-tailed Student’s t-tests without correction for repeated anal-
ysis. Survival was depicted using Kaplan–Meier plots and compared using the log-
ranked test. A p < 0.05 was determined to be statistically significant. Data represent
the mean ± standard error of the mean.

3. Results
3.1. Isolation and Characterization of a TP53 Mutant MV4-11 Clone

To generate an additional in vitro model of TP53 mutant AML, we isolated and char-
acterized single-cell clones containing mutant (R248W) or wild-type (WT) TP53 from the
established MV4-11 AML cell line, as has been done previously [23]. After isolation and
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expansion of individual clones, we used sequencing to identify a clone with mutant TP53
(Figure S1A). Next-generation sequencing performed with MV4-11 (WT) and MV4-11
(R248W) cells collected at early and late passages demonstrated that mutations were stable
in each cell line (Supplementary Table S1). Notably, the isolated MV4-11 (R248W) clone
also had a mutation in KMT2A (S873R) that was not present in WT cells. Nonetheless,
the MV4-11 (R248W) had a defective p53 response. Having identified a mutant clone, we
used immunoblotting to compare the regulation of MDM2, p21, and pH2AX and real-time
PCR to compare the regulation of p21 and PUMA by the MV4-11 (R248W) and MV4-11
(WT) clones following gamma irradiation (Figure S1B,C). MV4-11 (R248W) cells displayed
a defective p53 response; when compared against MV4-11 (WT) cells, MV4-11 (R248W)
cells had smaller increases in the expression of p53-regulated genes following gamma
irradiation. Further validating this defective p53 response, MV4-11 (R248W) cells were less
sensitive to RG7388, an inhibitor of MDM2 [27]; in an MTT assay, MV4-11 (R248W) cells
had a >10-fold higher IC50 than MV4-11 (WT) cells. RG7388 induced apoptosis in MV4-11
(WT) cells, but not in MV4-11 (R248W) cells (Figure S1D).

3.2. TP-0903 Inhibits Aurora Kinases

Previously, we found that TP-0903 inhibited AURKA and AURKB in a binding affinity
assay and in cell lines with characteristics of high-risk AML including FLT3 and RAS
mutations [19]. Based on these data, we sought to determine whether TP-0903 inhibits
AURKA and AURKB in a kinase assay and in TP53 mutant AML cell lines. In a kinase assay,
TP-0903 inhibited AURKA and AURKB with EC50s of 0.66 nM and 2.23 nM, respectively
(Figure S2). Based on these data, we determined the ability of TP-0903 to inhibit these
kinases in TP53 mutant AML cell lines including HL-60 (TP53 null), Kasumi-1 (R248Q), and
MV4-11 (R248W) cells. TP-0903 inhibited both pAURKA (Thr 288) and pAURKB (Thr 232),
important autophosphorylation sites [28], in each cell line with a robust decrease at 50 nM,
an achievable concentration in bone marrow [19] (Figure 1). Based on these data and data
suggesting that AURK inhibition is synthetic lethal in TP53 mutant cancers [29], we sought
to determine the in vitro efficacy of TP-0903.
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for 4 h. Western blot analysis was performed on whole-cell lysates run on parallel gels with the
indicated antibodies. Vinculin served as the loading control for each lysate. Immunoblots were
quantified against respective loading controls using ImageJ. Data are representative of 3 independent
experiments.
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3.3. TP-0903 Has In Vitro Activity in TP53 Mutant AML Cell Lines

First, we assessed the ability of TP-0903 to inhibit the viability of TP53 mutant
AML cells. In an MTT assay, TP-0903 inhibited the viability of MV4-11 (R248W) (IC50:
11 nM ± 0.5 nM (SE)), HL-60 (IC50: 35 nM ± 2.4 nM (SE)), and Kasumi-1 cells (IC50:
15 nM ± 1.1 nM (SE)) (Figure 2A). Then, to determine how TP-0903 reduces cell viability,
we performed cell cycle and apoptosis assays in each of these cell lines. Consistent with our
previous data [19] and TP-0903’s inhibition of AURKA, TP-0903 induced a G2/M arrest
and apoptosis in each of these cell lines (Figure 2B,C). In addition, we observed decreased
growth over 5 days in the presence of TP-0903 (Figure 2D). Based on our previous findings
demonstrating that TP-0903 induced AML cell differentiation in AML cells with wildtype
(WT) TP53 [19], we performed similar experiments directly comparing our single-cell
sorted MV4-11 (WT) and MV4-11 (R248W) cell lines. In both cell lines, TP-0903 increased
the expression of lysozyme and GCSFR (Figure S3A) and the cell surface expression of
CD11b (Figure S3B), which suggests that TP-0903 induces cellular differentiation in TP53
mutant cells. Based on the observed G2/M arrest, as well as our prior observation that
TP-0903 inhibits Chk kinases in other AML cell types, we anticipated that TP-0903 would
induce a DNA damage response in TP53 mutant AML cell lines.
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Figure 2. TP-0903 has in vitro activity in TP53 mutant AML cell lines. (A) MTT cell viability assay
after MV4-11 (R248W), HL-60, and Kasumi-1 cell lines were treated with increasing concentrations of
TP-0903 (n = 18 across three independent experiments). (B) Cell cycle analysis performed in MV4-11
(R248W), HL-60, and Kasumi-1 cell lines treated with 20 nM TP-0903 determined by flow cytometry
using DAPI (n = 4–5). (C) Induction of apoptosis in MV4-11 (R248W), HL-60, and Kasumi-1 cell lines
treated with TP-0903 (20 nM or 50 nM) for 24 h (black bar) or 48 h (grey bar) determined by flow
cytometry using Annexin V (n = 3). Data represent the mean ± SEM. (D) MV4-11 (R248W), HL-60,
and Kasumi-1 cell lines were plated with increasing concentrations of TP-0903 (10 nM, 50 nM) and
counted on days 3 and 5. Cell counts/viability determined by trypan blue exclusion with Nexcelom
Cellometer (n = 3). (* p < 0.05, ** p < 0.01, *** p <0.001, **** p <0.0001).

3.4. TP-0903 Inhibits Checkpoint Kinases

To investigate the hypothesis that inhibition of checkpoint kinases contributes to the
efficacy of TP-0903 in TP53 mutant AML, we first determined the ability of TP-0903 to inhibit
these kinases. In a kinase assay, TP-0903 inhibited Chk1 and Chk2 with EC50s of 2.99 nM,
and 4.99 nM, respectively (Figure S2). Using our MV4-11 (R248W) cells, we conducted a
pilot study and found that pChk1 was substantially upregulated after a 4h treatment with
100 nM TP-0903 (Figure S4). Following this pilot experiment, we determined the effects of
TP-0903 on pChk1 and pChk2 in HL-60, Kasumi-1, and MV4-11 (R248W) cell lines. Similar
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to the pilot study, pChk1, as well as pChk2 were upregulated over a concentration range of
TP-0903 from 10 to 100 nM (Figure 3). Consistent with this finding, a prior investigation
postulated that as a result of Chk1 inhibition, DNA damage accumulates, which amplifies
ATM/ATR signaling, leading to increased phosphorylation of Chk1 (Ser345) and Chk2
(Thr68) [30].
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Figure 3. TP-0903 induces DNA damage response in TP53 mutant AML cell lines. (A) MV4-11
(R248W), (B) HL-60, and (C) Kasumi-1 cells were treated with DMSO or TP-0903 at indicated
concentrations for 4 h. Immunoblotting was performed to determine the expression of pChk1
(Ser345), pChk2 (Thr68), and pH2AX (Ser139/Tyr142). Vinculin served as the loading control for
pChk1/Chk1 and pChk2/Chk2 blots. GAPDH served as the loading control for pH2AX/H2AX blots.
Immunoblots were quantified against respective loading controls (vinculin or GAPDH) using ImageJ.
Blots are representative of 2–3 independent experiments.

We next investigated the impact of TP-0903 on pH2AX, a marker of DNA dam-
age. In each of our cell lines, TP-0903 treatment led to upregulation of pH2AX by im-
munoblot, suggesting induction of DNA damage (Figure 3). Consistent with these results,
TP-0903 treatment led to substantial upregulation of pH2AX by immunohistochemistry
(Figure S5). Consistent with our previous findings in models of high-risk AML with wild-
type TP53 [19], TP-0903 treatment also upregulated pChk1 and pH2AX in MV4-11 (WT)
cells (Figures S5 and S6).

3.5. Combination of TP-0903 and Decitabine Is Active In Vitro

Based on the promising single-agent activity of TP-0903 in vitro, we determined the
impact of adding TP-0903 to decitabine, the current standard of care for most cases of
TP53 mutant AML. In an MTT assay, as expected, both TP-0903 and decitabine had single-
agent activity and reduced the cell viability of HL-60, Kasumi-1, and MV4-11 (R248W)
cells (Figure S7). We then performed combinatorial MTT assays with varying ratios of
TP-0903 and decitabine analyzed utilizing response surface techniques [25]. This analysis
demonstrated a positive additive distribution (Figure 4).
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Figure 4. Combinatorial in vitro activity of TP-0903 and decitabine. MTT cell viability assays were
performed by treating (A) MV4-11 (R248W), (B) HL-60, and (C) Kasumi-1 cell lines with varying
concentrations of TP-0903 and decitabine for 72 h (n = 18 across three independent experiments). Data
were analyzed with surface-response using the highest single agent (HSA) model using Combene-
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3.6. TP-0903 and Decitabine Improve Survival In Vivo in an HL-60 Xenograft Model

With positive combinatorial in vitro data, we next evaluated the in vivo activity of
TP-0903, decitabine, or the combination in an HL-60 xenograft model. Fourteen days after
injection with HL-60 cells, mice were treated with vehicle, TP-0903, decitabine, or the
combination. The TP-0903/decitabine combination prolonged median survival (75 days)
compared to cohorts of mice treated with TP-0903 (63 days), decitabine (55 days), or vehicle
(46 days) (p < 0.0001) (Figure 5).
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Figure 5. TP-0903 is active in an HL-60 xenograft model. Kaplan–Meier survival curve of NCG mice
after intravenous injection with HL-60 cells (10 per treatment cohort). Fourteen days after TVI, mice
were treated with vehicle, TP-0903 (50 mg/kg orally; 5 days on/2 days off), decitabine (0.4 mg/kg
i.p.; 4 days on/10 days off), or the combination. Blue and red arrows represent days of TP-0903 and
decitabine treatment, respectively. The TP-0903/decitabine combination prolonged median survival
(75 days) compared to cohorts of mice treated with TP-0903 (63 days), decitabine (55 days), or vehicle
(46 days) (**** p < 0.0001).

3.7. TP-0903 Is Active in a MV4-11 (R248W)-Luc+ Xenograft Model

Based on our positive single-agent and combinatorial in vivo data in the HL-60 mouse
model, we next evaluated the activity of TP-0903, decitabine, or the combination in an MV4-
11 (R248W)-Luc+ xenograft model. TP-0903, decitabine, and the combination suppressed
leukemia outgrowth, as assessed by bioluminescence imagining (Figure 6A), and improved
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survival (Figure 6B). When compared against the median survival of mice treated with
vehicle (51 days) or decitabine (62 days), the survival of mice treated with TP-0903 (81 days)
or the combination (89 days) was significantly longer (** p < 0.01, *** p <0.001., respectively).
Next-generation DNA sequencing performed with bone marrow samples collected from
one mouse from each treatment group at study endpoint demonstrated that the mutations
observed in the MV4-11 (R248W)-Luc+ cells were the same as in the MV4-11 (R248W) cells
(Supplementary Table S2). However, the TP53 mutation had a loss of heterozygosity in all
four treatment groups, consistent with mutant p53 stabilization and progression of cancer,
as has been observed previously in vivo [31,32].
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Figure 6. TP-0903 is active in a MV4-11 (R248W)-Luc+ xenograft model. NSG mice were injected
intravenously with MV4-11 (R248W) cells transfected with luciferase (MV4-11 (R248W)-Luc+) (5–6
per treatment cohort). Fourteen days after TVI, mice were treated with vehicle, TP-0903 (50 mg/kg
orally; 5 days on/2 days off), decitabine (0.2 mg/kg i.p.; 4 days on/10 days off), or the combination
for three cycles. Blue and red arrows represent days of TP-0903 and decitabine treatment, respectively.
(A) Average radiance as determined by whole-body bioluminescence imaging performed weekly
(left). Data represent the mean ± SEM. A two-way ANOVA demonstrated a significant difference
between groups treated with TP-0903 or vehicle (* p < 0.05, ** p < 0.01). Representative whole-body
bioluminescence images from day 41 (right). Each image uses the same scale. (B) Kaplan–Meier
survival curve. Survival analysis demonstrated a significant survival advantage in mice treated with
TP-0903 alone or the combination versus decitabine alone (** p < 0.01, *** p < 0.001, respectively) or
vehicle (** p < 0.01, *** p < 0.001).

4. Discussion

TP53 mutant AML patients represent a cohort with a particularly poor prognosis and
lacking disease-modifying therapy [33]. While AML-related TP53 mutations differ in VAF,
mutational site, and functional impact, most of these mutations are missense mutations in
cancer-associated TP53 hotspots (e.g., codons 245, 248, and 273) [34], which are represented
by our Kasumi-1 (R248Q) and MV4-11 (R248W) cell lines. Nonetheless, it is postulated
that both loss of TP53 (e.g., HL-60 cells) and missense mutations function similarly by
preventing or redirecting p53 protein’s DNA binding and downstream activity [34]. Despite
a growing appreciation for TP53 mutations that confer novel functions that could worsen
AML (e.g., gain of function (GOF) mutations), there was no difference in survival whether
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a patient had TP53 mutations classified as disruptive or non-disruptive [35]. Altogether,
despite the ongoing characterization of unique AML-related TP53 mutations, most TP53
abnormalities appear to confer a worse prognosis for AML patients; disease-modifying
therapy is clearly needed for this patient population. Several novel drugs are under
investigation to meet this urgent need [36]. Among these, eprenetapopt (APR-246) likely
represents the most promising therapy targeting mutant p53. However, despite promising
preclinical data [37], clinical trials have thus far yielded relatively disappointing results,
with median overall survival < 1 year [38]. Overall, it remains clear that effective options
for this subtype of AML remain lacking.

Our present findings demonstrating that TP-0903 is effective in vitro and in vivo
among several preclinical models of TP53 mutant AML are consistent with our previous
investigation that found TP-0903 to be effective in other high-risk AML subtypes, including
AML with mutations in NRAS or FLT3. Indeed, TP-0903 had nearly equipotent activity
in MV4-11 (R248W) cells here as it had in MV4-11 (WT) cells [19]. Given the inhibition
of kinases broadly important to AML cells (e.g., FLT3, NRAS, AURKA/B, Chk1/2), it
is not surprising that TP-0903 has activity across several different AML subtypes. In
fact, this broad activity is particularly appealing for TP53 mutant AML, which frequently
occurs in complex karyotype AML. In this context, it is worth noting that transcriptome
analysis implicated FLT3 as a resistance mechanism to APR-246 [39], which is not an
anticipated issue with TP-0903 [19]. However, the relative importance of individual kinases
to the survival of AML cells in each of our models remains unclear. Future investigations
will require elegant experiments to characterize the exact mechanisms underlying TP-
0903 cytotoxicity. Nonetheless, here we have demonstrated the potential contribution of
inhibition of cell cycle kinases, including AURKs and Chks, to TP-0903 activity. Together,
our results suggest that TP-0903 causes DNA damage, amplifying ATM/ATR signaling,
leading to increased phosphorylation of Chk1 (Ser345) and H2AX [30] and subsequent
cell death.

TP-0903 was effective in combination with decitabine, the current standard of care
for TP53 mutant AML. While cytotoxic concentrations of decitabine cause a G2/M arrest
in cancer cells [40,41], it is unclear if concentrations of decitabine attained with lower
doses achieve similar outcomes [42,43]. Nonetheless, the addition of TP-0903 to decitabine
treatment enhanced drug activity in both in vitro and in vivo preclinical evaluation. Con-
sistent with these results, decitabine has previously been shown to be synergistic with other
multikinase inhibitors [44,45]. While the exact mechanisms underlying this synergy are
unclear, it is worth noting that, when decitabine was combined with vorinostat, an HDAC
inhibitor, the AXL signaling pathway (i.e., TP-0903’s original target) was upregulated and
identified as a potential combinatorial target. Altogether, TP-0903 inhibits putative targets
in AML and, based on our data, has great potential to be highly effective in this disease state.
When mice are administered 40–60 mg/kg TP-0903, plasma exposure of active moieties is
in the range observed in patients enrolled to ongoing phase I trials (NCT02729298), and
comparable to effective in vitro concentrations used in the present study [19]. Alleviating
concerns that this broad activity could be overtly toxic, TP-0903 was acceptably tolerated
in first-in-human studies in patients with advanced solid tumors [46]. Consistent with
these findings, we’ve previously demonstrated an acceptable broad therapeutic index when
comparing concentrations necessary to kill cancer cells (~20 nM) versus those necessary
to impair colony formation by healthy bone marrow cells (>100 nM) or the viability of
fibroblasts (>1 µM) [19].

5. Conclusions

Overall, our findings demonstrate that TP-0903 has preclinical activity in TP53 mutant
AML, with enhanced activity when given in combination with decitabine. Together, these
results provide scientific premise to evaluate TP-0903 activity in TP53 mutant AML.



Cancers 2023, 15, 29 12 of 14

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cancers15010029/s1, Table S1. Variant allele frequencies from
next-generation sequencing of single-cell clones of MV4-11 wildtype (WT) and MV4-11 TP53 mutant
(R248W) cells; Table S2. Variant allele frequencies from next-generation sequencing of bone marrow
samples collected from mice that succumbed to leukemia after injection with MV4-11 (R248W)-Luc+
cells and treated with vehicle, TP-0903, decitabine, or the combination; Figure S1. Characterization of
MV4-11 (R248W); Figure S2. TP-0903 inhibits AURKA, AURKB, Chk1 and Chk2 in kinase assays;
Figure S3. Induction of differentiation by TP-0903 in MV4-11 wild-type (WT) and TP53 mutant
(R248W) cells; Figure S4. Effects of TP-0903 on pChk1 in TP53 mutant MV4-11 cells; Figure S5.
Immunohistochemistry demonstrating upregulation of pH2AX with TP-0903 treatment; Figure S6.
TP-0903 upregulates pChk kinase and pH2AX in MV4-11 cells; Figure S7. In vitro activity of TP-0903
or decitabine in combinatorial assays.

Author Contributions: Conceptualization, A.S.M., J.C.B. and S.D.B.; methodology, D.R.B., S.O. and
J.Y.J.; validation, E.D.E. and J.C.S.; formal analysis, E.D.E., J.C.S., S.F., D.R.B. and S.O.; investigation,
E.D.E., J.C.S., S.F., K.M.H., D.R.B., S.O., R.H.W. and B.L.; resources, J.C.B. and S.D.B.; writing—original
draft preparation, E.D.E. and S.D.B.; writing—review and editing, E.D.E., J.C.S., S.F., K.M.H., D.R.B.,
S.O., J.Y.J., R.H.W., B.L., A.S.M., E.H., J.C.B. and S.D.B.; visualization, E.D.E., J.C.S. and S.F.; supervi-
sion, E.H., J.C.B. and S.D.B.; project administration, J.C.B. and S.D.B.; funding acquisition, E.D.E., S.F.,
J.C.B. and S.D.B. All authors have read and agreed to the published version of the manuscript.

Funding: The work was supported in part by the National Institutes of Health Grants P30CA016058,
R35CA198183 (JCB), F30CA265281 (SF), F31CA254151 (EDE), by the OSU Comprehensive Cancer
Center Pelotonia foundation (SDB) and by the Pelotonia Fellowship Program (EDE). The content is
solely the responsibility of the authors and does not necessarily represent the official views of the
funding agencies.

Institutional Review Board Statement: All animal studies were approved by the OSU Institu-
tional Animal Care and Use Committee. Protocol #2015A00000094-R2 was originally approved on
9/19/2018 and most recently approved on 9/14/2021.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We would like to acknowledge services provided by OSUCCC Shared Resources
(Comparative Pathology and Digital Imaging, Flow Cytometry, Genomics).

Conflicts of Interest: The authors declare no potential conflict of interest related to this work. JCB
reports consulting, stock ownership with Vincerx, consulting with AstraZeneca, Syndax, Janssen,
Pharmacyclics, Acerta, and Trillium that are outside of the submitted work.

References
1. Kantarjian, H.; Kadia, T.; DiNardo, C.; Daver, N.; Borthakur, G.; Jabbour, E.; Garcia-Manero, G.; Konopleva, M.; Ravandi, F. Acute

Myeloid Leukemia: Current Progress and Future Directions. Blood Cancer J. 2021, 11, 41. [CrossRef]
2. Hou, H.-A.; Chou, W.-C.; Kuo, Y.-Y.; Liu, C.-Y.; Lin, L.-I.; Tseng, M.-H.; Chiang, Y.-C.; Liu, M.-C.; Liu, C.-W.; Tang, J.-L.; et al. TP53

Mutations in de Novo Acute Myeloid Leukemia Patients: Longitudinal Follow-Ups Show the Mutation Is Stable during Disease
Evolution. Blood Cancer J. 2015, 5, e331. [CrossRef] [PubMed]

3. Ok, C.Y.; Patel, K.P.; Garcia-Manero, G.; Routbort, M.J.; Peng, J.; Tang, G.; Goswami, M.; Young, K.H.; Singh, R.; Medeiros, L.J.;
et al. TP53 Mutation Characteristics in Therapy-Related Myelodysplastic Syndromes and Acute Myeloid Leukemia Is Similar to
de Novo Diseases. J. Hematol. Oncol. 2015, 8, 45. [CrossRef]

4. Burd, A.; Levine, R.L.; Ruppert, A.S.; Mims, A.S.; Borate, U.; Stein, E.M.; Patel, P.; Baer, M.R.; Stock, W.; Deininger, M.; et al.
Precision Medicine Treatment in Acute Myeloid Leukemia Using Prospective Genomic Profiling: Feasibility and Preliminary
Efficacy of the Beat AML Master Trial. Nat. Med. 2020, 26, 1852–1858. [CrossRef]

5. Prochazka, K.T.; Pregartner, G.; Rücker, F.G.; Heitzer, E.; Pabst, G.; Wölfler, A.; Zebisch, A.; Berghold, A.; Döhner, K.; Sill, H.
Clinical Implications of Subclonal TP53 Mutations in Acute Myeloid Leukemia. Haematologica 2019, 104, 516–523. [CrossRef]
[PubMed]

6. National Comprehensive Cancer Network Acute Myeloid Leukemia (Version 1.2022). Available online: https://www.nccn.org/
professionals/physician_gls/pdf/aml.pdf (accessed on 1 September 2022).

https://www.mdpi.com/article/10.3390/cancers15010029/s1
https://www.mdpi.com/article/10.3390/cancers15010029/s1
http://doi.org/10.1038/s41408-021-00425-3
http://doi.org/10.1038/bcj.2015.59
http://www.ncbi.nlm.nih.gov/pubmed/26230955
http://doi.org/10.1186/s13045-015-0139-z
http://doi.org/10.1038/s41591-020-1089-8
http://doi.org/10.3324/haematol.2018.205013
http://www.ncbi.nlm.nih.gov/pubmed/30309854
https://www.nccn.org/professionals/physician_gls/pdf/aml.pdf
https://www.nccn.org/professionals/physician_gls/pdf/aml.pdf


Cancers 2023, 15, 29 13 of 14

7. Welch, J.S.; Petti, A.A.; Miller, C.A.; Fronick, C.C.; O’Laughlin, M.; Fulton, R.S.; Wilson, R.K.; Baty, J.D.; Duncavage, E.J.; Tandon,
B.; et al. TP53 and Decitabine in Acute Myeloid Leukemia and Myelodysplastic Syndromes. N. Engl. J. Med. 2016, 375, 2023–2036.
[CrossRef]

8. Kim, K.; Maiti, A.; Loghavi, S.; Pourebrahim, R.; Kadia, T.M.; Rausch, C.R.; Furudate, K.; Daver, N.G.; Alvarado, Y.; Ohanian,
M.; et al. Outcomes of TP53 -mutant Acute Myeloid Leukemia with Decitabine and Venetoclax. Cancer 2021, 127, 3772–3781.
[CrossRef]

9. Abou Zahr, A.; Borthakur, G. Emerging Cell Cycle Inhibitors for Acute Myeloid Leukemia. Expert Opin. Emerg. Drugs 2017, 22,
137–148. [CrossRef]

10. Dixon, H.; Norbury, C.J. Therapeutic Exploitation of Checkpoint Defects in Cancer Cells Lacking P53 Function. Cell Cycle 2002, 1,
362–368. [CrossRef]

11. Neizer-Ashun, F.; Bhattacharya, R. Reality CHEK: Understanding the Biology and Clinical Potential of CHK1. Cancer Lett. 2021,
497, 202–211. [CrossRef]

12. Dar, A.A.; Belkhiri, A.; Ecsedy, J.; Zaika, A.; El-Rifai, W. Aurora Kinase A Inhibition Leads to P73-Dependent Apoptosis in
P53-Deficient Cancer Cells. Cancer Res. 2008, 68, 8998–9004. [CrossRef] [PubMed]

13. Marxer, M.; Ma, H.T.; Man, W.Y.; Poon, R.Y.C. P53 Deficiency Enhances Mitotic Arrest and Slippage Induced by Pharmacological
Inhibition of Aurora Kinases. Oncogene 2014, 33, 3550–3560. [CrossRef] [PubMed]

14. Borah, N.A.; Reddy, M.M. Aurora Kinase B Inhibition: A Potential Therapeutic Strategy for Cancer. Molecules 2021, 26, 1981.
[CrossRef]

15. Gali-Muhtasib, H.; Kuester, D.; Mawrin, C.; Bajbouj, K.; Diestel, A.; Ocker, M.; Habold, C.; Foltzer-Jourdainne, C.; Schoenfeld, P.;
Peters, B.; et al. Thymoquinone Triggers Inactivation of the Stress Response Pathway Sensor CHEK1 and Contributes to Apoptosis
in Colorectal Cancer Cells. Cancer Res. 2008, 68, 5609–5618. [CrossRef]

16. Jammal, N.; Rausch, C.R.; Kadia, T.M.; Pemmaraju, N. Cell Cycle Inhibitors for the Treatment of Acute Myeloid Leukemia: A
Review of Phase 2 & 3 Clinical Trials. Expert Opin. Emerg. Drugs 2020, 25, 491–499. [CrossRef]

17. Alcaraz-Sanabria, A.; Nieto-Jiménez, C.; Corrales-Sánchez, V.; Serrano-Oviedo, L.; Andrés-Pretel, F.; Montero, J.C.; Burgos, M.;
Llopis, J.; Galán-Moya, E.M.; Pandiella, A.; et al. Synthetic Lethality Interaction between Aurora Kinases and CHEK1 Inhibitors
in Ovarian Cancer. Mol. Cancer Ther. 2017, 16, 2552–2562. [CrossRef]

18. Mollard, A.; Warner, S.L.; Call, L.T.; Wade, M.L.; Bearss, J.J.; Verma, A.; Sharma, S.; Vankayalapati, H.; Bearss, D.J. Design,
Synthesis, and Biological Evaluation of a Series of Novel AXL Kinase Inhibitors. ACS Med. Chem. Lett. 2011, 2, 907–912. [CrossRef]

19. Jeon, J.Y.; Buelow, D.R.; Garrison, D.A.; Niu, M.; Eisenmann, E.D.; Huang, K.M.; Zavorka Thomas, M.E.; Weber, R.H.; Whatcott,
C.J.; Warner, S.L.; et al. TP-0903 Is Active in Models of Drug-Resistant Acute Myeloid Leukemia. JCI Insight 2020, 5, e140169.
[CrossRef]

20. Kumagai, Y.; Oishi, J.; Nakamura, M.; Foulks, J.M.; Whatcott, C.J.; Warner, S.L.; Bearss, D.J.; Goto, M. Abstract 3969: TP-0903, a
Potent AXL Receptor Tyrosine Kinase Inhibitor, Enhances the Activity of Anti-PD-1 Therapy in a Metastatic Preclinical Syngeneic
Model of Breast Cancer. Cancer Res. 2019, 79, 3969. [CrossRef]

21. Cheng, Y.; Funakoshi, Y.; Wang, X.; Warner, S.; Bearss, D.; Ueno, N. Abstract P2-06-05: TP-0903, an AXL Kinase Inhibitor, Reduces
Inflammatory Breast Cancer Aggressiveness and Macrophage Polarization through Additional Mechanisms That May Include
JAK2 and Aurora B. Cancer Res. 2019, 79, P2-06. [CrossRef]

22. Zhang, Y.; Arner, E.N.; Rizvi, A.; Toombs, J.E.; Huang, H.; Warner, S.L.; Foulks, J.M.; Brekken, R.A. AXL Inhibitor TP-0903
Reduces Metastasis and Therapy Resistance in Pancreatic Cancer. Mol. Cancer Ther. 2022, 21, 38–47. [CrossRef]

23. Yan, B.; Chen, Q.; Xu, J.; Li, W.; Xu, B.; Qiu, Y. Low-Frequency TP53 Hotspot Mutation Contributes to Chemoresistance through
Clonal Expansion in Acute Myeloid Leukemia. Leukemia 2020, 34, 1816–1827. [CrossRef]

24. Eisfeld, A.-K.; Kohlschmidt, J.; Mrózek, K.; Blachly, J.S.; Nicolet, D.; Kroll, K.; Orwick, S.; Carroll, A.J.; Stone, R.M.; de la Chapelle,
A. Adult Acute Myeloid Leukemia with Trisomy 11 as the Sole Abnormality Is Characterized by the Presence of Five Distinct
Gene Mutations: MLL-PTD, DNMT3A, U2AF1, FLT3-ITD and IDH2. Leukemia 2016, 30, 2254. [CrossRef]

25. Di Veroli, G.Y.; Fornari, C.; Wang, D.; Mollard, S.; Bramhall, J.L.; Richards, F.M.; Jodrell, D.I. Combenefit: An Interactive Platform
for the Analysis and Visualization of Drug Combinations. Bioinformatics 2016, 32, 2866–2868. [CrossRef]

26. Cibulskis, K.; Lawrence, M.S.; Carter, S.L.; Sivachenko, A.; Jaffe, D.; Sougnez, C.; Gabriel, S.; Meyerson, M.; Lander, E.S.; Getz, G.
Sensitive Detection of Somatic Point Mutations in Impure and Heterogeneous Cancer Samples. Nat. Biotechnol. 2013, 31, 213–219.
[CrossRef]

27. Ding, Q.; Zhang, Z.; Liu, J.-J.; Jiang, N.; Zhang, J.; Ross, T.M.; Chu, X.-J.; Bartkovitz, D.; Podlaski, F.; Janson, C. Discovery of
RG7388, a Potent and Selective P53–MDM2 Inhibitor in Clinical Development. J. Med. Chem. 2013, 56, 5979–5983. [CrossRef]

28. Karthigeyan, D.; Prasad, S.B.B.; Shandilya, J.; Agrawal, S.; Kundu, T.K. Biology of Aurora A Kinase: Implications in Cancer
Manifestation and Therapy: BIOLOGY OF AURORA A KINASE. Med. Res. Rev. 2011, 31, 757–793. [CrossRef] [PubMed]

29. Wang, X.; Simon, R. Identification of Potential Synthetic Lethal Genes to P53 Using a Computational Biology Approach. BMC
Med. Genom. 2013, 6, 30. [CrossRef] [PubMed]

30. Parsels, L.A.; Qian, Y.; Tanska, D.M.; Gross, M.; Zhao, L.; Hassan, M.C.; Arumugarajah, S.; Parsels, J.D.; Hylander-Gans, L.;
Simeone, D.M.; et al. Assessment of Chk1 Phosphorylation as a Pharmacodynamic Biomarker of Chk1 Inhibition. Clin. Cancer
Res. 2011, 17, 3706–3715. [CrossRef]

http://doi.org/10.1056/NEJMoa1605949
http://doi.org/10.1002/cncr.33689
http://doi.org/10.1080/14728214.2017.1330885
http://doi.org/10.4161/cc.1.6.257
http://doi.org/10.1016/j.canlet.2020.09.016
http://doi.org/10.1158/0008-5472.CAN-08-2658
http://www.ncbi.nlm.nih.gov/pubmed/18974145
http://doi.org/10.1038/onc.2013.325
http://www.ncbi.nlm.nih.gov/pubmed/23955083
http://doi.org/10.3390/molecules26071981
http://doi.org/10.1158/0008-5472.CAN-08-0884
http://doi.org/10.1080/14728214.2020.1847272
http://doi.org/10.1158/1535-7163.MCT-17-0223
http://doi.org/10.1021/ml200198x
http://doi.org/10.1172/jci.insight.140169
http://doi.org/10.1158/1538-7445.AM2019-3969
http://doi.org/10.1158/1538-7445.SABCS18-P2-06-05
http://doi.org/10.1158/1535-7163.MCT-21-0293
http://doi.org/10.1038/s41375-020-0710-7
http://doi.org/10.1038/leu.2016.196
http://doi.org/10.1093/bioinformatics/btw230
http://doi.org/10.1038/nbt.2514
http://doi.org/10.1021/jm400487c
http://doi.org/10.1002/med.20203
http://www.ncbi.nlm.nih.gov/pubmed/20196102
http://doi.org/10.1186/1755-8794-6-30
http://www.ncbi.nlm.nih.gov/pubmed/24025726
http://doi.org/10.1158/1078-0432.CCR-10-3082


Cancers 2023, 15, 29 14 of 14

31. Rivlin, N.; Brosh, R.; Oren, M.; Rotter, V. Mutations in the P53 Tumor Suppressor Gene: Important Milestones at the Various Steps
of Tumorigenesis. Genes Cancer 2011, 2, 466–474. [CrossRef]

32. Alexandrova, E.M.; Mirza, S.A.; Xu, S.; Schulz-Heddergott, R.; Marchenko, N.D.; Moll, U.M. P53 Loss-of-Heterozygosity Is a
Necessary Prerequisite for Mutant P53 Stabilization and Gain-of-Function in Vivo. Cell Death Dis. 2017, 8, e2661. [CrossRef]
[PubMed]

33. Herold, T.; Rothenberg-Thurley, M.; Grunwald, V.V.; Janke, H.; Goerlich, D.; Sauerland, M.C.; Konstandin, N.P.; Dufour, A.;
Schneider, S.; Neusser, M.; et al. Validation and Refinement of the Revised 2017 European LeukemiaNet Genetic Risk Stratification
of Acute Myeloid Leukemia. Leukemia 2020, 34, 3161–3172. [CrossRef] [PubMed]

34. Prokocimer, M.; Molchadsky, A.; Rotter, V. Dysfunctional Diversity of P53 Proteins in Adult Acute Myeloid Leukemia: Projections
on Diagnostic Workup and Therapy. Blood 2017, 130, 699–712. [CrossRef]

35. Dutta, S.; Pregartner, G.; Rücker, F.G.; Heitzer, E.; Zebisch, A.; Bullinger, L.; Berghold, A.; Döhner, K.; Sill, H. Functional
Classification of TP53 Mutations in Acute Myeloid Leukemia. Cancers 2020, 12, 637. [CrossRef] [PubMed]

36. Grieselhuber, N.R.; Mims, A.S. Novel Targeted Therapeutics in Acute Myeloid Leukemia: An Embarrassment of Riches. Curr.
Hematol. Malig. Rep. 2021, 16, 192–206. [CrossRef] [PubMed]

37. Ali, D.; Jönsson-Videsäter, K.; Deneberg, S.; Bengtzén, S.; Nahi, H.; Paul, C.; Lehmann, S. APR-246 Exhibits Anti-Leukemic
Activity and Synergism with Conventional Chemotherapeutic Drugs in Acute Myeloid Leukemia Cells: APR-246 in Acute
Myeloid Leukemia. Eur. J. Haematol. 2011, 86, 206–215. [CrossRef]

38. Cluzeau, T.; Sebert, M.; Rahmé, R.; Cuzzubbo, S.; Lehmann-Che, J.; Madelaine, I.; Peterlin, P.; Bève, B.; Attalah, H.; Chermat, F.;
et al. Eprenetapopt Plus Azacitidine in TP53 -Mutated Myelodysplastic Syndromes and Acute Myeloid Leukemia: A Phase II
Study by the Groupe Francophone Des Myélodysplasies (GFM). JCO 2021, 39, 1575–1583. [CrossRef]

39. Maslah, N.; Salomao, N.; Drevon, L.; Verger, E.; Partouche, N.; Ly, P.; Aubin, P.; Naoui, N.; Schlageter, M.-H.; Bally, C.; et al.
Synergistic Effects of PRIMA-1 Met (APR-246) and 5-Azacitidine in TP53 -Mutated Myelodysplastic Syndromes and Acute
Myeloid Leukemia. Haematologica 2020, 105, 1539–1551. [CrossRef]

40. Shin, D.Y.; Sung Kang, H.; Kim, G.-Y.; Kim, W.-J.; Yoo, Y.H.; Choi, Y.H. Decitabine, a DNA Methyltransferases Inhibitor, Induces
Cell Cycle Arrest at G2/M Phase through P53-Independent Pathway in Human Cancer Cells. Biomed. Pharmacother. 2013, 67,
305–311. [CrossRef]

41. Hollenbach, P.W.; Nguyen, A.N.; Brady, H.; Williams, M.; Ning, Y.; Richard, N.; Krushel, L.; Aukerman, S.L.; Heise, C.; MacBeth,
K.J. A Comparison of Azacitidine and Decitabine Activities in Acute Myeloid Leukemia Cell Lines. PLoS ONE 2010, 5, e9001.
[CrossRef]

42. Gore, L.; Triche, T.J.; Farrar, J.E.; Wai, D.; Legendre, C.; Gooden, G.C.; Liang, W.S.; Carpten, J.; Lee, D.; Alvaro, F.; et al. A
Multicenter, Randomized Study of Decitabine as Epigenetic Priming with Induction Chemotherapy in Children with AML. Clin.
Epigenetics 2017, 9, 108. [CrossRef]

43. Rudek, M.A.; Zhao, M.; He, P.; Hartke, C.; Gilbert, J.; Gore, S.D.; Carducci, M.A.; Baker, S.D. Pharmacokinetics of 5-Azacitidine
Administered with Phenylbutyrate in Patients With Refractory Solid Tumors or Hematologic Malignancies. JCO 2005, 23,
3906–3911. [CrossRef]

44. Oki, Y.; Kantarjian, H.M.; Gharibyan, V.; Jones, D.; O’brien, S.; Verstovsek, S.; Cortes, J.; Morris, G.M.; Garcia-Manero, G.; Issa,
J.-P.J. Phase II Study of Low-Dose Decitabine in Combination with Imatinib Mesylate in Patients with Accelerated or Myeloid
Blastic Phase of Chronic Myelogenous Leukemia. Cancer 2007, 109, 899–906. [CrossRef]

45. Muppidi, M.R.; Portwood, S.; Griffiths, E.A.; Thompson, J.E.; Ford, L.A.; Freyer, C.W.; Wetzler, M.; Wang, E.S. Decitabine and
Sorafenib Therapy in FLT-3 ITD-Mutant Acute Myeloid Leukemia. Clin. Lymphoma Myeloma Leuk. 2015, 15, S73–S79. [CrossRef]

46. Sarantopoulos, J.; Fotopoulos, G.; Tsai, F.Y.-C.; Beg, M.S.; Adjei, A.A.; Lou, Y.; Seetharam, M.; Villalona-Calero, M.A.; Melear, J.;
Janat-Amsbury, M.; et al. A Phase Ia/b First-in-Human, Open-Label, Dose-Escalation, Safety, PK and PD Study of TP-0903 in
Solid Tumours. Ann. Oncol. 2019, 30, v172. [CrossRef]

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.

http://doi.org/10.1177/1947601911408889
http://doi.org/10.1038/cddis.2017.80
http://www.ncbi.nlm.nih.gov/pubmed/28277540
http://doi.org/10.1038/s41375-020-0806-0
http://www.ncbi.nlm.nih.gov/pubmed/32231256
http://doi.org/10.1182/blood-2017-02-763086
http://doi.org/10.3390/cancers12030637
http://www.ncbi.nlm.nih.gov/pubmed/32164171
http://doi.org/10.1007/s11899-021-00621-9
http://www.ncbi.nlm.nih.gov/pubmed/33738705
http://doi.org/10.1111/j.1600-0609.2010.01557.x
http://doi.org/10.1200/JCO.20.02342
http://doi.org/10.3324/haematol.2019.218453
http://doi.org/10.1016/j.biopha.2013.01.004
http://doi.org/10.1371/journal.pone.0009001
http://doi.org/10.1186/s13148-017-0411-x
http://doi.org/10.1200/JCO.2005.07.450
http://doi.org/10.1002/cncr.22470
http://doi.org/10.1016/j.clml.2015.02.033
http://doi.org/10.1093/annonc/mdz244.022

	Introduction 
	Materials and Methods 
	Chemical and Reagents 
	Cell Culture 
	Generation of the MV4-11 (R248W) Cells and Mutational Analysis 
	Characterization of the MV4-11 TP53 Mutant (R248W) Cells via Gamma Irradiation 
	Immunoblotting 
	Kinase Profiling 
	Cell Viability Assessment 
	Cell Cycle Analysis 
	Apoptosis Assessment and CD11b Expression Assays 
	RNA Isolation and RT-PCR 
	Growth Curves 
	Murine Xenograft Models 
	Targeted Gene Sequencing 
	Immunohistochemistry 
	Statistics 

	Results 
	Isolation and Characterization of a TP53 Mutant MV4-11 Clone 
	TP-0903 Inhibits Aurora Kinases 
	TP-0903 Has In Vitro Activity in TP53 Mutant AML Cell Lines 
	TP-0903 Inhibits Checkpoint Kinases 
	Combination of TP-0903 and Decitabine Is Active In Vitro 
	TP-0903 and Decitabine Improve Survival In Vivo in an HL-60 Xenograft Model 
	TP-0903 Is Active in a MV4-11 (R248W)-Luc+ Xenograft Model 

	Discussion 
	Conclusions 
	References

