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A B S T R A C T

Tumor protein 53 (TP53)-mutated acute myeloid leukemia (AML) is characterized by poor outcomes and the 
quick development of treatment resistance. Here, we report that simultaneous inhibition of cyclin-dependent 
kinases (CDKs) and histone deacetylases (HDACs) with dinaciclib and CAY10603, respectively, eliminates the 
therapeutic response gap between TP53-mutant and TP53 wild-type AML. Biochemical profiling showed that 
CAY10603 is not only HDAC6-selective but also exhibits pan-HDAC activity similar to suberoylanilide 
hydroxamic acid, enabling dual targeting of transcriptional and cell cycle pathways. Across parental wild-type 
lines and isogenic TP53 mutants, the combination consistently suppressed clonogenic growth, induced 
caspase-dependent apoptosis, and downregulated key regulators such as CDK2, CDK4/6, and their cyclins, while 
restoring the CDK inhibitor CDKN1A/p21. In an orthotopic NSG mouse model, dinaciclib + CAY10603 signifi
cantly reduced leukemia burden and extended survival without adverse toxicity. By “normalizing” TP53-mutant 
AML to respond like its wild-type counterpart, this pan-HDAC/multi-CDK blockade offers a TP53-agnostic 
therapeutic option and warrants clinical evaluation as a strategy that remains effective regardless of baseline 
allelic status.

1. Introduction

Acute myeloid leukemia (AML) is a heterogeneous malignancy 
characterized by the clonal expansion of immature myeloid cells in the 

bone marrow and peripheral blood. Mutations in the tumor suppressor 
gene tumor protein (TP)53 occur in approximately 10 % of AML cases, 
leading to resistance to conventional chemotherapy and venetoclax/ 
azacytidine combination therapy. The median overall survival (OS) is 
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4–6 months, and a 2-year OS is less than 10 %. This poor outlook un
derscores the urgent need for effective therapeutic strategies for this 
high-risk patient population.

Multiple strategies have been proposed to target TP53-mutated AML 
(AMLTP53mut), including inhibitors of mouse double minute (MDM)2 
homolog, B-cell lymphoma (BCL)2, TP53-MDM2-MDMX homolog 
interaction, cyclin-dependent kinase (CDK)9, and histone deacetylases 
(HDACs) in combination therapies [1–4]. Alternatively, TP53 reac
tivation and induction of massive apoptosis (PRIMA-1) and PRIMA-1Met 
(APR-246) are currently in advanced development, with several clinical 
trials in progress [5].

The TP53 gene is critical in preserving genomic stability by regu
lating cell cycle arrest, DNA repair, and apoptosis in response to cellular 
stress. Loss of TP53 function suppresses the expression of CDK inhibitor 
(CDKN)1A/p21 expression, an essential regulator of the G1/S check
point. Without CDKN1A/p21, CDK1, CDK2, and CDK4/6 activities cause 
hyperphosphorylation of the retinoblastoma (Rb) protein. This modifi
cation releases E2F transcription factors from the E2F/phospho-Rb 
complex, enabling E2F to drive the expression of genes vital for DNA 
synthesis and cell cycle progression. Therefore, inducing CDKN1A/p21 
expression and/or targeting CDKs and cyclins (CCN) may reduce the 
proliferation and survival of AMLTP53mut cells.

Interestingly, HDAC inhibitors (HDACi) have been shown to upre
gulate CDKN1A/p21 in various cell types [6,7]. Moreover, HDACis 
induce apoptosis and promote the accumulation of cells in the G0/G1 
cell cycle phase. They also prevent MYC expression, which inhibits 
CDKN1A/p21 and CDKN2B/p15 expression, thus inhibiting cell prolif
eration [8].

Meanwhile, several pan-CDK inhibitors (CDKi) like flavopiridol 
(alvocidib) [9], AT7519 [10], and dinaciclib (SCH 727965) [11–14] 
have been developed and evaluated alone or in combination therapies in 
preclinical and clinical settings, including for hematological malig
nancies. Furthermore, combination therapies using specific CDK4/6 
inhibitors (palbociclib, ribociclib, abemaciclib) are now the standard of 
care in first- and second-line metastatic settings, significantly improving 
progression-free and overall survival in breast cancer patients [15–18]. 
Additionally, the selective CDK9 inhibitor BAY1143572 (atuveciclib) 
has demonstrated promising results when combined with TRAIL in 
preclinical studies [19]. CDK9 regulates gene transcription by phos
phorylating the C-terminal domain of RNA polymerase II, a process 
critical for transitioning into the elongation phase of transcription. 
Inhibiting CDK9 can downregulate short-lived anti-apoptotic proteins, 
which may be especially beneficial in AML.

In this study, we investigated the potential of dual targeting of CDKs 
and HDACs in both TP53 wild-type (AMLTP53wt) and, critically, 
AMLTP53mut subtypes by using dinaciclib, a potent inhibitor of CDK1, 
CDK2, CDK5, and CDK9, and the pan-HDACi CAY10603. Although 
CAY10603 is recognized as a selective HDAC6 inhibitor [20], our data 
demonstrate that it inhibits additional HDAC isoforms, resulting in 
histone H3/H4 acetylation. Our current study shows notable similarities 
between CAY10603 and SAHA (suberoylanilide hydroxamic acid; vor
inostat), supporting classifying CAY10603 as a pan-HDACi. These re
sults refine our understanding of the CAY10603’s mechanism of action 
and have implications for its use in research and therapeutic contexts.

Here, we examined the dual blockade of HDACs and CDKs with 
CAY10603 + dinaciclib across TP53 wild-type, TP53 mutant, and 
isogenic AML models. We also tested the regimen in an orthotopic 
xenograft of U-937-Luc cells in NSG mice. Strikingly, the combination 
“normalized” AMLTP53mut, eliminating the therapeutic sensitivity gap 
and producing cytotoxicity indistinguishable from that in AMLTP53wt 

cells. Mechanistically, CAY10603’s newly defined pan-HDAC activity 
cooperated with dinaciclib’s multi-CDK inhibition to halt cell cycle 
progression (via suppression of CDK2, CDK4/6, and their cyclins, and 
upregulation of CDKN1A/p21) and to trigger caspase-dependent 
apoptosis. In vivo, this resulted in a significant reduction in leukemic 
burden and prolonged survival without adverse toxicity. Overall, our 

findings position pan-HDAC/multi-CDK co-inhibition as a TP53- 
agnostic therapeutic strategy capable of counteracting the survival 
advantage conferred by mutant TP53 and of maintaining efficacy even 
as TP53 status evolves under treatment pressure.

2. Material and Methods

A detailed Material and Methods section is provided as a supple
mentary document.

2.1. Ethical considerations and experimental protocols

The Supplementary Material and Methods detail ethical consider
ations, experimental protocols, cell lines, reagents, antibodies, and data 
analysis methods. Cell lines are described in Table S1.

2.2. Healthy blood samples

CD34+ hematopoietic stem and progenitor cells HSPCs were purified 
as follows: mononuclear cells were collected using Ficoll® (GE Health
care, Roosendaal, The Netherlands) density gradient medium. Next, 
CD34+ cells were selected by magnetic cell sorting in accordance with 
the manufacturer’s instructions (Miltenyi Biotec, Utrecht, The 
Netherlands). The CD34+ cells were cultured under serum-free condi
tions in Stem Line Medium II (Sigma-Aldrich, St. Louis, MO, USA) sup
plemented with L-glutamine, penicillin/streptomycin/amphotericin B 
(Lonza, Basel, Switzerland). Peripheral blood mononuclear cells 
(PBMCs) were isolated and cultivated as previously described [21,22]. 
Additional information on the sources, authentication, and culture 
conditions of all cell models used in this study is provided in the Sup
plementary Material and Methods.

2.3. In vivo studies

All animal experiments were conducted in compliance with the 
guidelines of the Institute of Animal Care and Use Committee (IACUC) at 
Seoul National University, Seoul, South Korea. The study protocol was 
approved by the IACUC Ethics Committee (SNU-220704-6-3 and SNU- 
241112-4). A detailed description of the in vivo studies is available in 
the Supplementary Material and Methods.

2.4. Statistical analysis

Details on data representation and statistical tests are provided in the 
figure legends. Statistical analyses were performed using Prism 10.0 or R 
version 4.2.0. The threshold for statistical significance was set at p <
0.05. Appropriate adjustments were made to account for multiple 
comparisons.

3. Results

3.1. High variant allele frequency of TP53 mutations impairs AML patient 
survival

To highlight the aggressive nature of AMLTP53mut, we categorized 
patients included in the BeatAML2 cohort [23] by variant allele fre
quency (VAF) of TP53 mutations and analyzed the impact on survival. 
From an initial cohort of 55 patients who had matched TP53 VAF and 
overall survival (OS) data, the impact of TP53 mutation burden on OS 
was investigated in patients’ samples exhibiting high and low TP53 VAF 
(25th and 75th percentiles of TP53 VAF values; N = 28). This study 
revealed that individuals with a high VAF had significantly shorter 
survival than those with low VAF (Fig. 1A). This finding suggests that a 
higher mutation burden, reflecting the proportion of tumor cells 
harboring TP53 mutations, correlates with poorer prognosis. Moreover, 
in Cox proportional hazards models, start-stop gain/loss variants were 
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significantly associated with an approximately 11-fold increase in the 
hazard of death (Fig. 1B). However, the significant frailty term indicates 
the presence of additional, unmeasured factors influencing the observed 
variability in OS. Notably, mutations in exon 5, essential for TP53’s 
DNA-binding function, were linked to a 3-fold increase in the hazard of 
death. The strong predictive performance of these models, evidenced by 
concordance indexes of 0.97 and 0.73, underscores their utility for risk 
stratification (Fig. 1B).

3.2. Key regulators of cell cycle progression are deregulated in 
AMLTP53mut patients

The significant impact of TP53 mutations on patient survival ques
tions the underlying biological mechanisms driving disease aggressive
ness. To understand how TP53 genomic alterations contribute to AML 
progression and identify actionable therapeutic targets, we analyzed the 
BeatAML2 and Leucegene patient cohorts [24–28]. This study aimed to 
uncover a mechanistic link between poor clinical outcomes and specific 
molecular defects, which could reveal vulnerabilities to be exploited for 
pharmacological targeting.

A comparative analysis of AMLTP53mut and AMLTP53wt in the Bea
tAML2 and Leucegene cohorts revealed a significant enrichment of E2F, 
MYC targets, and G2M checkpoint genes, suggesting activation of 
pathways that drive cell cycle progression at both the G1/S and G2/M 
transitions (Fig. 1C and D). Cyclins and CDKs govern these processes, 
with the G2M checkpoint primarily regulated by the cyclin A/B–CDK1 
complex and the G1/S transition mediated by cyclin D-CDK4/6 and 
cyclin E-CDK2, all of which are modulated by E2F factors. Notably, a 
comparative differential gene expression analysis of the E2F family 
genes (E2F1 to E2F8) in BeatAML2, Leucegene, and TCGA LAML cohorts 
found that E2F2 was significantly upregulated across all datasets, with 
the strongest differential expression seen in the Leucegene cohort 
(Log2FC = 1.56, padj = 9.24E-11; Table S2). Correlation studies be
tween mRNA and proteomic expression levels of E2F family genes 
confirmed gene expression levels as reliable indicators for protein 
abundance, with E2F2 (Rs: 0.84) and E2F5 (Rs: 0.70) showing the 
strongest correlations (Table S3; [29]).

To identify genes with a functional impact on proliferation, we 
performed a differential dependency analysis using CRISPR gene effect 
data from 16 AML cell lines (Table S4). This approach identified 88 
genes whose knockdown significantly inhibited proliferation in 
AMLTP53mut cells compared to AMLTP53wt cells (Table S5). These genes 
were enriched in gene ontology (GO) categories involving the cyclin A2- 
CDK2 complex (Biological Processes; Fig. 1E), MYC targets, and the G2M 
checkpoint (Hallmarks; Fig. 1F).

3.3. CAY10603 displays pan-HDACi activity comparable to SAHA

Since HDACis offer a promising therapeutic approach by targeting 
the cell cycle control, we used the HDACi CAY10603. Even though 
CAY10603 is described as a selective HDAC6 inhibitor, the results of the 
present analysis led us to question this designation. First, an in vitro 
comparison of CAY10603 and SAHA showed that CAY10603 inhibited 

all tested HDACs similarly to SAHA. Second, all half-maximal inhibitory 
concentrations (IC50) values for CAY10603 were lower than those for 
the pan-HDACi SAHA (Table S6), indicating that CAY10603 targets the 
same HDACs as SAHA in vitro, even more potently. Finally, CAY10603 
induced acetylation of α-tubulin but also histone H3/H4, which is not a 
substrate of HDAC6, in HL-60 and U-937 cells, mirroring the effects of 
SAHA (Fig. 2A–C). These findings suggest that CAY10603 is not a se
lective HDAC6 inhibitor, underscoring the need to reexamine its selec
tivity profile and therapeutic potential.

3.4. CAY10603 and SAHA reduce AMLTP53mut cell viability

Next, we hypothesized that the modulation of oncogenic drivers by 
CAY10603 primes AML cells for apoptosis. The HDACi treatment (1 μM) 
significantly impacted the cell cycle distribution of AMLTP53mut cells, 
with a notable accumulation of HL-60 cells in the G1 phase and U-937 
cells in the G2 phase. Both cell lines displayed a very strong reduction in 
the S phase (Fig. 3A). These results suggest that the HDACi disrupts cell 
cycle progression by modulating key regulators such as CDKN1A/p21, 
cyclins, and CDKs but also induces extensive apoptosis. These findings 
underscore the potent anti-leukemic activity of this HDACi in 
AMLTP53mut cells.

We next compared the impact of CAY10603 and SAHA on the 
AMLTP53mut cell lines HL-60, U-937, HEL, and KG-1, as well as the 
AMLTP53wt cell lines OCI-AML-3 and MV4-11. Both HDACis signifi
cantly, though differentially, reduced cell viability in all cell lines in a 
time- and concentration-dependent manner (Fig. 3B, Fig. S1). Notably, 
while both HDACi affected AMLTP53wt cells, they also reduced the 
viability of AMLTP53mut cells in the same concentration range (1–4 μM). 
Interestingly, CAY10603 showed lower IC50 values than SAHA at 48 h 
(Table S7). Results were validated through colony formation assays 
(CFAs) in various AML cell lines (Fig. S2). CAY10603 (2 μM) and SAHA 
(2 μM) induced apoptosis in HL-60 and U-937 cells, as indicated by the 
cleavage of procaspases-3 and -9 and poly (ADP-ribose) polymerase 
(PARP)-1 at 24 h (Fig. 3C).

To validate in vivo efficacy, NSG mice were xenografted with TP53- 
mutated U-937-Luc cells. Bioluminescence imaging demonstrated that 
CAY10603 exerted a significantly stronger effect on AMLTP53mut cell 
viability than SAHA for the same concentration (40 mg/kg) (Fig. 3D–F). 
Importantly, CAY10603 did not impair the viability of healthy PBMCs or 
CD34+ hematopoietic stem and progenitor cells (Fig. 3G and H), 
underlining its excellent differential toxicity.

CAY10603 and SAHA reduce the AMLTP53mut cell viability and 
induce cell death both in vitro and in vivo, underscoring their thera
peutic potential. Notably, these inhibitors also reduce cell viability in 
other AML lines irrespective of TP53 status; however, their significance 
in the TP53-mutated context is essential, considering the dismal survival 
associated with TP53-mutated AML. Any agent that remains effective in 
this setting addresses an urgent clinical need.

Fig. 1. Differential Gene Dependency and Pathway Enrichment Analyses reveal Key Vulnerabilities in TP53-mutated AML. A. Kaplan-Meier survival curves 
comparing the overall survival between patients with high and low TP53 variant allele frequency (VAF) classified by the 1st and 4th quartiles of VAF in the BeatAML2 
cohort (N = 28). Patients with high VAF (red) had significantly shorter survival times than those with low VAF (blue): 101 vs. 197.5 days, respectively. Statistical 
significance was assessed using the log-rank test. B. Cox proportional hazard ratio analyses for TP53 variant classifications (left) and specific exons (right) in 
BeatAML2 patients. The hazard ratios and 95 % confidence intervals illustrate the risk associated with different TP53 mutation categories. C. Volcano plot displaying 
differentially expressed genes between AMLTP53wt and AMLTP53mut patients from the BeatAML2 or Leucegene cohort. D. Hallmark pathways enrichment analysis of 
differentially expressed genes in AMLTP53mut patients from the BeatAML2 or Leucegene cohort, performed using a hypergeometric test and corrected for multiple 
comparisons with the Benjamini-Hochberg (BH) method, applying a significance threshold of false discovery rate (FDR) < 0.05. Strata: stratification. E-F. Pathway 
enrichment analysis of genes showing significant differential effects on proliferation in AMLTP53mut vs AMLTP53wt cell lines, as identified by CRISPR screens, based on 
gene ontology Biological Process terms (E) and hallmark pathways (F). This analysis used a hypergeometric test with a Benjamini-Hochberg correction for multiple 
comparisons, applying a significance threshold of false discovery rate (FDR) < 0.05. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)
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3.5. HDACi modulate gene expression of key cell cycle regulators in 
AMLTP53mut cell lines

To better understand the molecular mechanisms, we conducted 
RNA-seq analyses to investigate the impact of HDACi on the expression 
of key cell pathways critical to AMLTP53mut cell survival.

HL-60 and U-937 cells were treated with 2 μM CAY10603 or SAHA 
for 8 h. RNA-seq analyses revealed a substantial overlap and strong 
correlation between CAY10603- and SAHA-treated samples in both cell 
lines (Fig. 4A–C), indicating similar effects on gene expression. 
CAY10603 and SAHA treatments in HL-60 and U-937 cells significantly 
downregulated MYC and E2F target genes, as well as G2M checkpoint 
regulators, while activating the TP53 pathway (Fig. 4D). Additionally, 
transcription factors MYC and several members of the E2F family (E2F3, 
E2F5, and E2F6) were markedly reduced in both cell lines (Fig. 4E). Of 
particular note, the expression of the cell cycle checkpoint regulators 
CDKN1A/p21, CDKN2B/p15 and CDKN2D/p19 mRNA was upregu
lated, whereas transcripts for CDK6, CCN-D, -A, and -B were down
regulated in HL-60 and U-937 cells (Fig. 4F). These results suggest that 
CAY10603 and SAHA concurrently activate the p21/CCN-CDK/E2F 
pathway, partially reversing the transcriptional profile previously 
observed in AMLTP53mut patients (Fig. 1D).

Western blot analyses showed that MYC expression decreased as 
early as 2 h after CAY10603 (2 μM) and SAHA (2 μM) treatment in HL-60 
and U-937 cells, reaching near-total inhibition at 24 h. This inhibitory 
effect was more pronounced in CAY10603-treated cells and in U-937 

cells. In line with this reduction in MYC expression, acetylation of MYC 
at lysine residues K148/K323 was more prominent in CAY10603-treated 
cells compared to SAHA and more so in U-937 cells, indicating 
CAY10603’s ability to modulate the acetylation of non-histone proteins 
(Fig. 5A).

As expected, p21 protein expression was constitutively present in 
AMLTP53wt cells but absent in AMLTP53mut cells, where its level was 
inversely correlated with E2F1 expression (Fig. 5B). HDACi restored p21 
expression in AMLTP53mut cells, while E2F1 expression was markedly 
diminished. Additionally, the TP53-independent p15 expression was 
also elevated (Fig. 5C). In agreement with the RNA-seq data, as well as 
with MYC and E2F1 modulation, the expression of CDK4/6 and the 
CDK2 partners CCNE1 and CCNA2 decreased in HDACi-treated cells 
(Fig. 5D). Furthermore, HDACi decreased Rb levels at 24 h, while S807/ 
811 residues phosphorylation remained stable in CAY10603 (2 μM)- and 
SAHA (2 μM)-treated HL-60 cells with a stronger effect for CAY10603 
(Fig. 5E). This finding implies ongoing CDK activity and suggests that 
HDAC inhibition alone may be insufficient to suppress the cell cycle 
machinery fully.

3.6. Dinaciclib induces cell death in AMLTP53mut cell lines

The ability of CAY10603 to disrupt cell cycle progression by 
restoring negative regulators such as CDKN1A/p21 and downregulating 
oncogenic drivers like MYC and E2F1 creates a synergistic opportunity 
for combination therapy. Moreover, the addition of a CDK inhibitor may 

Fig. 2. Histone and Tubulin Acetylation Triggered by CAY10603 and SAHA. A-C. Western blot analyses showing the effects of CAY10603 and SAHA on the acet
ylation of histone H4 (Ac-H4) and H3 (Ac-H3) in HL-60 and U-937 cells, according to the indicated treatment times (A) and concentrations (B). C. Western blot 
analysis of acetylated tubulin at the specified treatment concentrations. Histone H1 and GAPDH were used as loading controls. Blots are representative of three 
independent experiments.
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disrupt Rb phosphorylation, leading to enhanced cell cycle arrest and 
apoptosis in AMLTP53mut cells. Dinaciclib, a potent CDK inhibitor tar
geting CDK1, CDK2, CDK5, and CDK9, could complement the effects of 
CAY10603 by further suppressing key cell cycle and survival pathways.

Dinaciclib significantly reduced cell viability at 8–16 nM in 
AMLTP53wt and AMLTP53mut cell lines (Fig. 6A). At 48 h, IC50 values were 
13 nM for HL-60 cells and 9 nM for U-937 cells (Table S7). Notably, the 
clonogenic ability was highly impaired with a reduction in colony size 
and numbers at reduced concentrations (Fig. 6B, Fig. S3).

To further explore these effects, we compared the impact of dinaci
clib and CAY10603 over time in HL-60 and U-937 cells by examining the 
expression of anti-apoptotic proteins (BCL-2, MCL-1) and the pro- 
apoptotic protein NOXA. Western blot analyses indicated that MCL-1 
expression was elevated at early time points in CAY10603 (2 μM)- 
treated cells. In contrast, dinaciclib (13 and 9 nM, respectively) down
regulated MCL-1 at early time points in HL-60 cells and fully suppressed 
MCL-1 in U-937 cells at its IC50 (Fig. 6C). Both drugs reduced BCL-2 
expression in HL-60 and U-937 cells. Meanwhile, Noxa was strongly 
overexpressed under CAY10603 treatment and remained unchanged 
with dinaciclib.

In addition, regulators of cell cycle progression (CCNA2, CCNE1, 
E2F1, and MYC) were downregulated in HL-60 and U-937 cells (Fig. 6D). 
Interestingly, CDK4, a non-selective target of dinaciclib, was also 
diminished.

3.7. A combination of CAY10603 with dinaciclib results in AML 
cytotoxicity

The rationale for combining CAY10603 with dinaciclib stems from 
their complementary mechanisms of action, which result in the down
regulation of MCL-1 and MYC. Meanwhile, CAY10603 induces apoptosis 
via HDAC inhibition and upregulates p21 and p15 in AMLTP53mut cells.

Treating cells with 0.5, 1, and 2 μM CAY10603 combined with 6 or 9 
nM dinaciclib significantly decreased the viability and number of living 
HL-60 and U-937 cells at 24 h compared to individual treatments 
(Fig. 7A and B). The effect was more pronounced in U-937 cells, where 
most combinations caused a greater reduction in viability, indicating 
increased sensitivity to the combination. To assess potential synergy, the 
combination index (CI) was calculated using the Chou-Talalay method. 
In HL-60 cells, no synergy was observed for viability, as all CI values 
were above 1. However, synergistic inhibition of proliferation was 
observed at the lowest concentrations tested. Notably, the combination 
of 0.5 μM CAY10603 with 6 or 9 nM dinaciclib yielded a CI of 0.6, with 
both drugs below their IC50, indicating a strong cooperative effect at low 
doses (Fig. 7A). In U-937 cells, the combination showed stronger syn
ergy, with CI values below 1 for both viability and proliferation across 
multiple dose combinations, including sub-IC50 concentrations (Fig. 7B). 
Interestingly, this effect was reached in combination treatments with 
lower concentrations than IC50s and was confirmed by CFAs (Fig. S4).

To determine whether the dual CDK/HDAC strategy is affected by 
TP53 genotype or mutation burden, we used isogenic derivatives of the 
parental MOLM-13 (WT-TP53, BCL-2-high/MCL-1-low) and MOLM-14 
(TP53wt, MCL-1-high) backgrounds. Annexin-V/PI assays were per
formed 48 h after exposure to CAY10603 (500 nM), dinaciclib (1 or 2 
nM), or their combination. CAY10603 reduced viability by 30–45 % in 

all clones, regardless of TP53 status; dinaciclib alone caused ≤25 % loss 
at 1 nM and approximately 35 % at 2 nM. In MOLM-13 cells, only the 
combination treatment significantly decreased viability compared to 
control in both TP53wt and mutated isogenic cell lines. The combination 
further decreased viability in TP53 KO MOLM-13 cells compared to 
single agents. In contrast, in MOLM-14 cells, CAY10603 alone was suf
ficient to strongly reduce viability. Viability reduction was greatest in 
the MCL-1-high MOLM-14 background (around 70 %) and least 
noticeable in BCL-2-dominant MOLM-13 (around 50 %). These data 
suggest that CAY10603 plus dinaciclib is effective regardless of TP53 
mutation type or allelic state. Meanwhile, the strength of the response is 
influenced more by the cell’s reliance on short-lived anti-apoptotic 
proteins than by TP53 function itself (Fig. 7C).

We then analyzed the effect of the combination on apoptosis and cell 
cycle regulator proteins. HL-60 and U-937 cells were treated (8 h) with 
2 μM CAY10603 and 9–13 nM dinaciclib, and Western blot analyses 
revealed that the combination inhibited CDK6 expression. In contrast, 
individual treatments induced only a slight decrease at this time point. 
The combination also more effectively activated caspase-9 and PARP-1, 
as reflected by the cleavage of pro-caspases and PARP-1. We next 
assessed p21 expression at 24 h and showed that p21 was restored in 
CAY10603-treated cells but not in dinaciclib-treated cells. In co-treated 
HL-60 cells, p21 expression persisted, albeit at a lower level, likely due 
to heightened cytotoxicity, which was even more pronounced in U-937 
cells (Fig. 8A). Moreover, the analysis of the Rb phosphorylation status 
at S807/811 (RbS807/811) in HL-60 cells showed that the combination 
CAY10603/dinaciclib triggered a decrease in RbS807/811 phosphoryla
tion at 8 h compared to the control cells. Furthermore, in the combined 
treatment, dinaciclib prevented the CAY10603-induced stabilization of 
the phosphorylation at 24 h (Fig. 8B).

To further confirm that the observed cell death was apoptotic and 
caspase-dependent, we performed Annexin V-FITC/DAPI staining fol
lowed by flow cytometry analysis in HL-60 and U-937 cells treated with 
CAY10603, dinaciclib, or their combination (Fig. S5). In U-937 cells, 
combination treatments significantly increased the percentage of total 
Annexin V-positive cells compared to single-agent treatments and 
decreased the proportion of double-negative (viable) cells (Fig. S5 A-C). 
Conversely, in HL-60 cells, although both CAY10603 and dinaciclib 
induced apoptosis, the combination treatment did not further increase 
Annexin V positivity beyond the levels seen with the single agents 
(Fig. S5 D-F). Notably, the pan-caspase inhibitor zVAD-FMK markedly 
reduced Annexin V positivity in both cell lines, confirming that the 
cytotoxic effects were mainly mediated through caspase-dependent 
apoptosis. Similarly, in MV411 and HEL cells treated with CAY10603, 
dinaciclib, or their combination, Annexin V-FITC/DAPI staining 
confirmed apoptosis as the primary cell death mechanism. Flow 
cytometry showed a clear shift toward the Annexin V-positive popula
tion with only a minimal increase in DAPI-only positive cells. This gating 
pattern indicates that the cytotoxicity observed was primarily due to 
apoptosis rather than necrosis (Fig. S6).

To quantify anti-leukemic activity in vivo, we established an ortho
topic xenograft model by injecting 1 × 105 U-937-Luc cells intrave
nously into NSG mice, followed by randomization on day 3 into four 
treatment arms (n = 5 each): vehicle, CAY10603 40 mg/kg (i.p., 5 ×
week), dinaciclib 5 mg/kg (i.p., 1 × week), or the combination. Vehicle- 

Fig. 3. Effect of HDAC inhibitors on AML cell viability in vitro and in vivo. A. Cell cycle analysis in 24 h CAY10603-treated AMLTP53mut cell lines. B. Viability in 48 h 
CAY10603 or SAHA-treated AMLTP53mut (HL-60, HEL, KG-1, U-937) and AMLTP53wt (MV4-11, OCI-AML-3) cell lines treated with increasing concentrations of the 
indicated compounds. C. Western blot analysis of caspase 9 (Casp9), caspase 3 (Casp3), and PARP-1 cleavage of HL-60 and U-937 cells treated for 24 h with 2 μM 
CAY10603 or 2 μM SAHA. α-tubulin was used as a loading control. Blots are representative of three independent experiments. D-E. Effect of HDACi in a U-937-Luc 
xenograft study (N = 5 mice/group). D. Bioluminescence imaging of U-937-Luc cells after tail vein injection. CAY10603 or SAHA (40 mg/kg; intraperitoneal in
jection; 5 times a week) were administered. E. Quantification of the total bioluminescent flux over time. F. Kaplan-Meier survival analysis. G-H. Assessment of cell 
viability in healthy cell models cultured for up to 72 h: (G) peripheral blood mononuclear cells (PBMCs) treated with 1, 5, and 10 μM CAY10603; (H) CD34+

hematopoietic stem and progenitor cells (HSPCs) treated with 3 μM CAY10603. Data represent the mean ± SD of at least 3 (2 for CD34+ cells) independent ex
periments. P values were determined by unpaired two-tailed t-test (A); one-way ANOVA with Dunnett’s multiple comparison test (B,G); one-way ANOVA with 
Tukey’s multiple comparison test (E) and Log-rank test (F). Significance levels are indicated as *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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treated mice exhibited exponential disease expansion, whereas single- 
agent CAY10603 or dinaciclib delayed but did not prevent progres
sion. In contrast, the combination suppressed luminescence to near- 
baseline levels through day 18 and maintained a significant reduction 
versus vehicle at every subsequent time point (Fig. 8C and D). 
Kaplan–Meier analysis showed median survivals of 14 days for vehicle, 
17 days for dinaciclib, 19 days for CAY10603, and 26 days for the 
combination. The dual regimen extended lifespan by 86 % relative to 
vehicle and by 37 % over the best single agent; log-rank testing yielded 
P < 0.0001 overall and P < 0.01 for all pairwise comparisons between 
the combination and each other group. Together, these data demon
strate that concomitant pan-HDAC and CDK inhibition produces a syn
ergistic, durable suppression of systemic AML burden and markedly 
prolongs survival beyond either monotherapy in an aggressive ortho
topic model (Fig. 8E).

These potent anti-leukemic effects were achieved without inducing 
hepatic or renal toxicity (Fig. S7). Moreover, in healthy C57BL/6 mice 
treated with the combination of CAY10603 and dinaciclib, the complete 
blood count analysis showed that neutrophil, eosinophil, basophil, and 
platelet counts remained within or close to the normal reference range 
(Fig. S8). Platelet levels were consistently maintained, and no cytopenia 
was observed in all treated groups. A transient reduction in circulating 
lymphocytes was observed, while monocyte levels recovered by both 
day 6 and day 14 post-treatment. The results showed that the combi
nation treatment maintains steady-state hematopoiesis and is well 
tolerated.

4. Discussion

Despite a growing range of experimental treatments, long-lasting 
therapeutic control of AMLTP53mut remains challenging. Venetoclax 
(VEN) combined with hypomethylating agents (HMAs) shows promising 
initial remissions, with Complete Remission/Complete Remission with 
incomplete count recovery (CR/Cri) of approximately 47–56 %, but 
median OS stalls at 7–7.2 months [30,31]; resistance often develops 
through compensatory MCL-1 upregulation. Antibody-based macro
phage engagement with magrolimab plus azacitidine achieves CR/CRi 
around 40 % and median OS about 9.8 months, but its confirmatory 
phase III trial was recently stopped for futility [32,33]. Early-phase 
TIM-3 blockade with sabatolimab produces modest, sometimes lasting 
responses (overall response rate 20 % in high-risk myelodysplastic 
syndrome (MDS)/AML; median response duration 21.5 months) and is 
still evolving [34,35], while checkpoint inhibitor combinations (e.g., 
nivolumab with azacitidine) yield objective response rate (ORR) up to 
33 % with median OS near 6 months [36]. TP53-reactivating strategies 
like eprenetapopt with azacitidine reached only a 17 % CR rate and did 
not succeed in a key phase III trial [37]. Bispecific T-cell engagers (flo
tetuzumab) produce transient CR/CRi in 47 % with OS around 4 months 
[38].

In this context, our data present the first dual epigenetic and cell- 
cycle blockade, pan-HDAC inhibition by CAY10603 combined with 
multi-CDK inhibition by dinaciclib. This combination simultaneously 
downregulates MCL-1 transcription (via CDK9 inhibition) and re-primes 

AML cells for apoptosis, thus counteracting resistance pathways limiting 
VEN, magrolimab, and APR-246-based therapies [39]. To our knowl
edge, no ongoing trial pairs any HDAC inhibitor with a CDK inhibitor, 
highlighting our approach’s novelty and translational importance.

Dysregulation of the cell cycle is a key characteristic of cancer and 
often occurs alongside TP53 mutations [40]. Comparative gene 
expression analysis revealed a significant enrichment of G2M, MYC, and 
E2F target genes in AMLTP53mut patients, indicating the activation of 
pathways critical for cell cycle progression at G1/S and G2/M transi
tions. Comprehensive differential gene expression analysis across mul
tiple AML patient blast cohorts revealed consistent upregulation of E2F 
gene family members, with E2F2 modulation conserved across all 
groups. Notably, within the E2F family, mRNA expression levels predict 
corresponding protein abundance, with correlation values falling within 
or exceeding the average expected range (~0.5 for most proteins) [29].

Using CRISPR gene dependency data, we consistently identified 88 
genes whose inhibition significantly reduced proliferation in AMLTP53

mut cells compared to AMLTP53wt cells. The enrichment of dependencies 
in the CCNA2-CDK2 complex and MYC target genes highlights the reli
ance of AMLTP53mut cells on these pathways for survival.

HDACi treatment restored CDKN1A/p21 expression in AMLTP53mut 

cells, suggesting alternative regulatory mechanisms independent of 
TP53 function, possibly through modulation of chromatin structure and 
transcription factor accessibility [41]. Indeed, previous studies reported 
enhanced histone H4 acetylation and RNA polymerase II enrichment at 
the CDKN1A/p21 promoter after HDACi treatment in leukemia cells 
[42]. CDKN1A/p21 can also be induced through TP53-independent 
mechanisms involving nuclear receptors [43]. Conversely, active TP53 
may negatively influence the HDACi trichostatin A (TSA)-mediated in
duction of p21, as TSA strongly induced p21 expression in mutant cells 
but not in their wild-type counterparts [44].

Given the reliance of AMLTP53mut cells on CDKs and the ability of 
HDACi to modulate the TP53 pathway and restore CDKN1A/p21 
expression, we explored the therapeutic potential of dual CDK/HDAC 
inhibition. HDACi, including SAHA, have been shown to induce 
apoptosis and cause cell cycle arrest in AML cells [45]. Although 
CAY10603 is considered a selective HDAC6 inhibitor, our study 
demonstrated its potent pan-HDAC inhibitory activity and greater po
tency than SAHA in reducing AMLTP53mut cell viability in vitro and in 
vivo.

Additionally, HDACi partially reversed the aberrant transcriptional 
profile of AMLTP53mut cells by downregulating CDK4/6, CCND1/2, MYC, 
and E2F1. Intriguingly, CDK4/6 inhibition has been linked to Rb 
degradation and reduction of E2F activation in breast cancer cells [46]. 
TP53 has been reported to repress MYC transcription via histone 
deacetylation [47], and MYC suppresses the transcription of 
CDKN1A/p21 and CDKN2B/p15 genes [48]. CAY10603 and SAHA 
downregulated constitutive expression of MYC in AMLTP53mut cells in 
correlation with HDACi-mediated hyperacetylation of MYC at 
K143/K323, known to promote its proteasomal degradation [49]. 
Inhibiting the constitutive expression of MYC by CAY10603 and dina
ciclib thus fosters the reactivation of CDKN1A/p21 and CDKN2B/p15 in 
the absence of functional TP53.

Fig. 4. Gene expression analysis in HL-60 and U-937 cell lines following treatment with CAY10603. A. Principal component (PC) analysis plot of the top 500 most 
variable genes, showing the separation of samples based on treatment conditions [2 μM CAY10603, 2 μM SAHA, and control (CTRL)] after 8 h. Each point represents 
a color-coded sample according to the treatment group and cell line (U-937 or HL-60). B. Venn diagram showing the overlap in differentially expressed genes 
between CAY10603 and SAHA treatments, with a high intersection indicating shared gene expression changes. C. Scatter plot comparing the log2 fold changes 
(LogFC) of differentially expressed genes between CAY10603 and SAHA treatments. Each point represents a gene, with a linear regression line (blue) showing a high 
correlation (Pearson R = 0.99, p < 2.2e− 16). D. Gene set enrichment analysis (GSEA) plot showing the enrichment of differentially expressed genes across hallmark 
pathways in CAY10603-treated vs untreated cells. Significantly, enriched pathways are indicated with a false discovery rate (FDR) < 0.05. E. Differential expression 
analysis of MYC and E2F family genes. F. Differential expression analysis of cell cycle-related genes following CAY10603 treatment, categorized by cyclins (CCN), 
cyclin-dependent kinases (CDKs), and cyclin-dependent kinase inhibitors (CDKIs). Data represent the mean ± SD of 3 independent experiments. Statistical analysis of 
gene expression was performed using the BH method to control for FDR, with a significance threshold set at FDR <0.05 (D, F); one-way ANOVA with Tukey’s 
multiple comparison test (E). Significance levels are indicated as follows: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001; ns: not significant. (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Protein expression in HL-60 and U-937 cell lines following treatment with CAY10603 or SAHA. A. MYC and acetylated MYC (ac-MYC K323, K148) protein 
levels after treatment with 2 μM of the indicated compounds at the indicated time points. B. Western blot analysis of E2F1 and p21 protein levels in AML cell lines. C- 
D. Western blot analysis of (C) cyclin-dependent kinase (CDK) inhibitors and E2F1 and (D) cyclins (CCN) and their corresponding CDKs in HL-60 and U-937 cells 
treated with 2 μM of CAY10603 or SAHA for 24 h. Blots are representative of three independent experiments. E. Western blot analysis of total and phosphorylated 
retinoblastoma (p-RbS807/811) in HL-60 cells treated with 2 μM of CAY10603 or SAHA for 24 h. GAPDH and β-actin were used as internal loading controls. 
Immunoblot pictures represent at least three independent experiments.
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A screening of small molecule inhibitors targeting epigenetic and 
transcriptional regulators showed that the HDACi panobinostat and 
dinaciclib induced apoptosis in leukemic cells derived from genetically 
engineered, MLL–AF9–driven mouse AML models [42]. Nevertheless, in 
this specific murine model, the combination of panobinostat/dinaciclib 
did not produce an additive or synergic effect on cell viability. In 
contrast, our results showed that the CAY10603/dinaciclib combination 
significantly reduced U-937 AMLTP53mut cell viability in vitro and in vivo 
experiments.

Using the Chou–Talalay method, we found that the CAY10603 +
dinaciclib combination exhibits dose-dependent synergy that is most 
pronounced at sub-IC50 concentrations and in TP53-mutant U-937 cells. 
In HL-60 cells, the combination displayed clear synergistic inhibition of 
proliferation at the lowest tested doses (0.5 μM CAY10603 + 6 or 9 nM 
dinaciclib; CI ≈ 0.6). In contrast, U-937 cells showed CI < 1 across 
multiple dose pairs for viability and proliferation, confirming a stronger 
cooperative effect. These data validate our use of the term “synergistic,” 
highlight the therapeutic advantage of low-dose combinations, and 
reinforce the observation that the regimen neutralizes, but does not 
depend on, TP53 status for efficacy. Saidahmatov et al. [50] showed that 
a combination of SAHA and the selective CDK9 inhibitor NVP-2 pro
duced a synergistic antileukemic effect in the AMLTP53wt MV-4-11 (AML 
FAB M5) cells. These cells express the MLL-AF4 fusion gene, are char
acterized by the t(4; 11) translocation, and carry an FLT3-ITD mutation. 
The specificities of individual cell models and their murine or human 
genetic backgrounds may influence responses to HDAC/CDK inhibitions 
and remain to be further investigated in the future.

MYC is a key driver of leukemic proliferation, yet its stability and 
activity are sensitive to lysine acetylation. p300/CBP-mediated acety
lation at K148 and K323 can recruit ubiquitin ligases and accelerate 
proteasomal degradation, transforming MYC from an oncogenic acti
vator into a short-lived, transcriptionally inactive form [51]. HDACi 
leverage this vulnerability; Nebbioso et al. showed that acetyl-K323 is a 
pharmacodynamic marker of HDACi response and coincides with 
TRAIL-mediated apoptosis in AML cells [52]. Our data expand this 
model by showing that dual pan-HDAC/CDK inhibition increases 
K148/K323 acetylation and suppresses MYC transcription, creating a 
double inhibition that disrupts the MYC gene-expression program and 
triggers cell cycle arrest. The paradox of “more acetylated MYC but less 
MYC activity” is thus explained: acetyl-MYC is quickly targeted for 
degradation and cannot engage its target promoters. This mechanistic 
convergence accounts for the sharp decrease in S-phase entry and the 
priming of cells for later apoptosis. Although acetylation has been re
ported to stabilize MYC in certain contexts, recent structure-function 
studies by Hurd et al. mapped distinct lysine clusters that can exert 
gene-specific effects on MYC biology [53]. Our finding that K148/K323 
acetylation accompanies MYC loss and growth arrest highlights the 
importance of the context in these modifications and supports further 
investigation of acetyl-lysine-specific MYC inhibitors or degraders as 
rational partners for HDAC/CDK blockade.

Combining CAY10603 with dinaciclib significantly reduced cell 
viability and improved survival outcomes in vivo compared with single- 
agent treatments. Annexin V–FITC/DAPI quantification studies confirm 
that caspase-dependent apoptosis is the primary mode of cell death 
induced by the CAY10603 + dinaciclib combination. In TP53-mutant U- 
937 cells, the combination significantly increased the proportion of 
Annexin V-positive cells compared to either monotherapy, aligning with 

the synergy observed in viability assays; the near-complete rescue by the 
pan-caspase inhibitor zVAD-FMK highlights a classic apoptotic mecha
nism. In TP53-null HL-60 cells, each single agent already caused high 
Annexin V positivity and zVAD-FMK blocked cell death, indicating 
reliance on caspases. Similar Annexin V shifts in HEL and MV4-11 lines 
extend this finding across additional genetic backgrounds. Overall, these 
data demonstrate that the combined anti-leukemic effect results from 
convergent activation of the intrinsic apoptotic pathway rather than 
necrosis or off-target toxicity, and that this apoptosis trigger functions 
independently of TP53 status, consistent with the “normalizing” effect of 
the “double-hit” treatment. Dual inhibition effectively led to the 
downregulation of anti-apoptotic proteins (BCL-2, MCL-1) and upregu
lation of the pro-apoptotic protein NOXA, culminating in enhanced 
apoptosis in AMLTP53mut cells. Our study demonstrates that adminis
tering CAY10603 with dinaciclib exerts potent anti-leukemic effects 
through complementary mechanisms, blocking cell cycle progression 
and promoting apoptosis by targeting CDK2, CDK4/6, and their asso
ciated cyclins.

The phosphorylation status of the Rb protein plays a complex role in 
cell cycle regulation. RbS807/811 phosphorylation is a marker of hyper
phosphorylation, which prevents apoptosis and is correlated with E2F 
activity, whereas hypophosphorylation leads to apoptosis [41,54–57]. 
Moreover, RbS807/811 is phosphorylated by the CCNC-CDK3 complex, 
which was reported to promote the G0/G1 phase transition [58]. 
CAY10603 inhibited CDK3 mRNA and induced an accumulation of 
HL-60 cells in the G1 phase at 24 h. HDACi induced RbS807/811phos
phorylation at 24 h, suggesting ongoing CDK activity in HDACi-treated 
HL-60 cells. Nevertheless, the E2F family of transcription factors, 
including the E2F1 protein, was downregulated in AMLTP53mut cells by 
CAY10603 and dinaciclib, suggesting that E2F downregulation is at least 
partially independent of Rb phosphorylation status. The combination of 
CAY10603/dinaciclib prevented the stabilization of RbS807/811 phos
phorylation, decreasing the hyperphosphorylated form of Rb in HL-60 
cells. Dinaciclib inhibits several CDKs, including CDK5, which was 
shown to phosphorylate RbS807/811 to activate cell cycle progression 
[59].

The apparent decrease in E2F5/6 repressor mRNA levels can be 
consistent with the strong G1 arrest caused by dual pan-HDAC/CDK 
inhibition. First, our RNA-seq in HL-60 and U-937 cells shows that 
transcripts encoding repressors E2F5 and 6 decrease after treatment. At 
the same time, activators E2F1-3 are strongly downregulated. This in
dicates that the overall transcriptional activity of E2F-responsive genes 
is reduced. Moreover, despite reduced mRNA levels, E2F5 and E2F6 can 
be stabilized after translation when pocket proteins p130/p107 stay 
hypophosphorylated, a direct result of CDK inhibition. This results in the 
formation of repressive complexes like “Dimerization partner, RB-like, 
E2F, and MuvB” (DREAM), which maintain cells in quiescence. HDAC 
blockade further facilitates the assembly of these complexes by 
increasing acetylation-mediated chromatin accessibility at E2F- 
repressed promoters [60].

The primary function of E2F5 remains transcriptional repression. 
Therefore, it is conceivable that accumulation of E2F5/6 proteins, 
despite reduced mRNA levels, contributes to a compensatory mecha
nism reinforcing the cell cycle arrest caused by decreased E2F1-3 levels. 
Overall, these findings reconcile the increase in E2F repressor proteins 
with the observed cell cycle arrest and support previous reports that the 
coordinated downregulation of activator E2Fs and stabilization of 

Fig. 6. Effect of CDK inhibitor Dinaciclib on viability and the cell cycle. A. Viability of AMLTP53mut (HL-60, HEL, KG-1, U-937) and AMLTP53wt (MV4-11, OCI-AML-3) 
cell lines treated with increasing concentrations of dinaciclib at 48 h. B. Effect of dinaciclib on colony formation capacity. Cells were pre-treated for 24 h before 
seeding. Representative images from three independent experiments after 10 days of incubation and corresponding quantification. A-B. Data represent the mean ±
SD of at least 3 independent experiments. C-D. Western blot analysis in HL-60 and U-937 cells after treatment with 2 μM of CAY10603 (CAY) or 13 and 9 nM of 
dinaciclib (Dina), respectively. C. Anti-apoptotic proteins MCL-1 and BCL-2, pro-apoptotic protein NOXA, and (D) cell cycle-related proteins CCNA2, CCNE1, E2F1, 
MYC, and CDK4. P values were determined by one-way ANOVA with Dunnett’s multiple comparison test. Significance levels are indicated as follows: *p ≤ 0.05, **p 
≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. GAPDH serves as an internal loading control. Blots are representative of three independent experiments. Abbreviations: CAY: 
CAY10603; Dina, dinaciclib.
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Fig. 7. Effect of CAY10603 and Dinaciclib combination on cell viability and clonogenic capacity. A-B. Cell viability assessment after 24 h of the indicated treatments 
with a combination of CAY10603 and dinaciclib in HL-60 (A) and U-937 (B) cell lines. C. Cell viability assessment after 24 h of the indicated treatments with a 
combination of CAY10603 and dinaciclib in MOLM-13 TP53 wild type, MOLM-13 TP53 KO, MOLM-13 TP53 mutant, MOLM-14, MOLM-14 TP53 wild type, MOLM- 
14 TP53 KO, and MOLM-14 TP53 mutant cell lines. Data represent the mean ± SD of at least 3 independent experiments. P values were determined by one-way 
ANOVA with Tukey’s multiple comparison test. Significance levels are indicated as follows: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
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Fig. 8. Effect of CAY10603 and Dinaciclib combination on protein expression and in vivo survival. A-B. Western blot analysis of CDK6, procaspase-9, PARP-1, p21 
(C), RB, and phosphorylated RB (D) following the indicated treatments. GAPDH and α-tubulin were used as internal loading controls. Immunoblot pictures represent 
at least three independent experiments. C-E. Synergistic effect of the combination of CAY10603 and dinaciclib in a U-937-Luc xenograft study (N = 5 mice/group). C. 
Bioluminescence imaging of U-937-Luc cells after tail vein injection. CAY10603 (40 mg/kg; intraperitoneal injection; 5 times a week) and dinaciclib (5 mg/kg; 
intraperitoneal injection; 3 times a week) were administered alone or in combination. N = 5 mice/group. D. Quantification of total bioluminescent flux over time. E. 
Kaplan-Meier survival analysis. Data are presented as mean ± SD (N = 5). P values were determined by one-way ANOVA with Tukey’s multiple comparison test (D) 
and Log-Rank Test (E). Significance levels are indicated as follows: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001. Blots are representative of three inde
pendent experiments.
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repressor E2Fs are key features of effective anti-proliferative therapy 
[60].

Although HDACis are designed to block deacetylases, they also shift 
the acetylation balance by indirectly affecting the histone acetyl
transferases (HATs) p300 and CBP. HDAC inhibition lifts the negative 
regulation that class I/II HDACs usually impose on p300 autoacetyla
tion, momentarily increasing its catalytic activity [61]. Activated p300 
is the main enzyme that adds lysine acetyl groups to proteins involved in 
cell cycle progression and apoptosis, especially TP53 [62].

The functional effect of TP53 acetylation varies greatly depending on 
the allele. As seen in our HL-60 model, acetylation of the missing lysines 
does not matter in cells with null or loss-of-function mutations, or 
complete gene silencing. Conversely, tumors with partially functional or 
“gain-of-function” (GOF) TP53 mutants can respond to increased acetyl- 
p53 in two ways: (i) restoring some tumor-suppressor activity, or (ii) 
activating alternative pro-apoptotic programs that are unique to the 
mutant protein [63]. GOF TP53 variants are rare in AML and mostly 
unstudied, but it is worth exploring whether HDACi could change their 
transcriptional output.

Beyond TP53, p300-mediated acetylation of MYC at K148 and K323 
marks the oncoprotein for ubiquitin-dependent degradation and reduces 
its transactivation potential [64]. HDACi-driven activation of p300 thus 
converges with direct HDAC inhibition to suppress MYC and E2F 
signaling, an effect observed as a significant reduction of “MYC Targets” 
and decreased E2F1 expression in our RNA-seq data. These events shift 
the transcriptional balance toward CDK inhibitors like p21WAF1 and 
p15INK4B, strengthening cell-cycle arrest and priming cells for apoptosis. 
Future studies that measure p300 levels, catalytic activity, and 
site-specific TP53 acetylation in primary AML samples will help clarify 
how this HAT axis works with the HDAC/CDK blockade to produce the 
observed anti-leukemic effects.

The pronounced synergy observed in vitro, coupled with the signifi
cant reduction of the leukemic burden and extended survival in mice, 
underscores the potential of this combination for AMLTP53mut patients. 
These findings have important clinical implications. The strong efficacy 
of dual CDK/HDAC inhibition supports further evaluation in clinical 
trials to determine safety, optimal dosing, and therapeutic efficacy in 
patients with AMLTP53mut. Moreover, incorporating TP53 mutation sta
tus and mutational burden into standard diagnostic and prognostic 
procedures could refine risk stratification and guide treatment decisions. 
Our analysis reinforces the adverse prognostic impact of the high TP53 
clonal burden, measured by VAF (quartile values), on AML patient 
survival outcomes. While a median-based stratification did not 
discriminate outcomes, patients in the upper quartile of the VAF dis
tribution showed significantly poorer survival. This is consistent with 
reports linking higher TP53 VAF to dominant leukemic clones with 
aggressive biology and chemoresistance. These findings are from 
exploratory thresholds; therefore, they should be validated in indepen
dent cohorts before being used clinically. Nonetheless, they emphasize 
the potential value of including quantitative TP53 mutation metrics, 
rather than just binary mutation status, in prognostic assessments.

It is crucial to recognize study limitations and consider potential off- 
target effects. Mechanistically, additional research is needed to clarify 
how HDACi restore CDKN1A/p21 and CDKN2B/p15 expression and to 
investigate resistance mechanisms against dual CDK/HDAC inhibition. 
Although we employed multiple AMLTP53mut and AMLTP53wt cell lines, it 
is uncertain how widely these results will apply to the genetic and 
phenotypic diversity of human AML. The concentrations and treatment 
durations used in our study may not fully reflect the pharmacokinetics 
and pharmacodynamics observed in patients. Additionally, the study 
focused on cell-based assays validated by orthotopic xenograft models, 
which are informative but cannot fully represent the complexity of the 
tumor microenvironment and the immune system’s role in AML pro
gression and treatment response. Nevertheless, these observations sug
gest a promising therapeutic avenue for overcoming resistance and 
improving results in this difficult AML subgroup [44].

Previous studies have shown that HDACi can variably affect immune 
cell subsets [65]. Although HDACi like entinostat can enhance natural 
killer (NK) cell activity, they may paradoxically cause immune sup
pression by increasing inhibitory receptors [66]. HDACi impair CD4+

T-cell function and promote regulatory T-cell (Treg) differentiation by 
suppressing cytokine expression and interleukin-6 receptor (IL-6R) 
signaling [67,68]. In our results, we observed a transient reduction in 
circulating lymphocytes, while monocyte levels recovered by days 6 and 
14 after treatment with the combination of CAY10603 and dinaciclib in 
C57BL/6 mice. Importantly, this combination did not cause severe 
neutropenia, thrombocytopenia, or basopenia, and all hematologic pa
rameters stayed within or close to the normal reference range. Our 
findings, therefore, suggest that the CAY10603 and dinaciclib combi
nation therapy did not significantly impact steady-state hematopoiesis.

Yan et al. showed that standard chemotherapy enriches TP53-mutant 
sub-clones and that single-agent vorinostat prevents this outgrowth by 
inducing apoptosis in both AMLTP53mut and AMLTP53wt cells [69]. Our 
work corroborates the value of HDAC blockade but extends it in three 
key respects: (i) CAY10603 inhibits class-I/II HDACs two-to three-fold 
more potently than vorinostat, producing deeper suppression of MYC- 
and E2F-driven transcription; (ii) the addition of the multi-target CDK 
inhibitor dinaciclib neutralizes the HDACi-induced up-regulation of 
CDK2 and accelerates loss of short-lived survival proteins such as MCL-1, 
yielding synergistic cytotoxicity and a survival benefit in an orthotopic 
xenograft; and (iii) our data demonstrate that this dual 
epigenetic-transcriptional hit is TP53-agnostic, suggesting broader 
applicability than the single-agent strategy explored by Yan et al. [69].

Taken together, our data identify CAY10603 as a bona-fide pan- 
HDAC inhibitor that, when paired with low-nanomolar dinaciclib, re
programs MYC/E2F transcription, restores p21, and drives caspase- 
dependent apoptosis, not only in TP53-wild-type AML but also in 
TP53-mutant and TP53-null subtypes, effectively erasing their thera
peutic resistance and providing a single TP53-agnostic therapeutic 
approach.
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