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Concurrent inhibition of p300/CBP and FLT3 enhances
cytotoxicity and overcomes resistance in acute myeloid
leukemia

Yujun Chen'?, Yu Zhao'?2, Ming-yue Yao?, Ya-fang Wang?, Ming Ma>*, Cheng-cheng Yu?, Hua-liang Jiang"?®, Wu Wei?, Jie Shen®™,
Xiao-wei Xu’™ and Cheng-ying Xie'**>

FMS-like tyrosine kinase-3 (FLT3), a class 3 receptor tyrosine kinase, can be activated by mutations of internal tandem duplication
(FLT3-ITD) or point mutations in the tyrosine kinase domain (FLT3-TKD), leading to constitutive activation of downstream signaling
cascades, including the JAK/STATS5, PI3K/AKT/mTOR and RAS/MAPK pathways, which promote the progression of leukemic cells.
Despite the initial promise of FLT3 inhibitors, the discouraging outcomes in the treatment of FLT3-ITD-positive acute myeloid
leukemia (AML) promote the pursuit of more potent and enduring therapeutic approaches. The histone acetyltransferase complex
comprising the ETA binding protein P300 and its paralog CREB-binding protein (p300/CBP) is a promising therapeutic target, but
the development of effective p300/CBP inhibitors faces challenges due to inherent resistance and low efficacy, often exacerbated
by the absence of reliable clinical biomarkers for patient stratification. In this study we investigated the role of p300/CBP in FLT3-ITD
AML and evaluated the therapeutic potential of targeting p300/CBP alone or in combination with FLT3 inhibitors. We showed that
high expression of p300 was significantly associated with poor prognosis in AML patients and positively correlated with FLT3
expression. We unveiled that the p300/CBP inhibitors A485 or CCS1477 dose-dependently downregulated FLT3 transcription via
abrogation of histone acetylation in FLT3-ITD AML cells; in contrast, the FLT3 inhibitor quizartinib reduced the level of H3K27Ac.
Concurrent inhibition of p300/CBP and FLT3 enhanced the suppression of FLT3 signaling and H3K27 acetylation, concomitantly
reducing the phosphorylation of STAT5, AKT, ERK and the expression of c-Myc, thereby leading to synergistic antileukemic effects
both in vitro and in vivo. Moreover, we found that p300/CBP-associated transcripts were highly expressed in quizartinib-resistant
AML cells with FLT3-TKD mutation. Targeting p300/CBP with A485 or CCS1477 retained the efficacy of quizartinib, suggesting
marked synergy when combined with p300/CBP inhibitors in quizartinib-resistant AML models, as well as primary FLT3-ITD" AML
samples. These results demonstrate a potential therapeutic strategy of combining p300/CBP and FLT3 inhibitors to treat FLT3-ITD
and FLT3-TKD AML.
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INTRODUCTION

Acute myeloid leukemia (AML) is a highly aggressive hematolo-
gical malignancy characterized by impaired differentiation and
clonal proliferation of myeloid precursor cells [1, 2]. Genomic
investigations have identified recurrent genetic alterations in AML,
including amplifications, deletions, rearrangements, and point
mutations [1]. This disease predominantly affects patients over 60
years old and has a generally poor prognosis [3, 4. In addition, the
standard therapies for AML have remained unchanged for the last
20 years, highlighting the urgent need for novel therapeutics to
improve the long-term outlook of this challenging disease. FMS-
like tyrosine kinase-3 (FLT3), a class 3 receptor tyrosine kinase, can

be activated by mutations of internal tandem duplication (FLT3-
ITD) or point mutations in the tyrosine kinase domain (FLT3-TKD),
leading to constitutive activation of downstream signaling
cascades, including the JAK/STAT5, PI3K/AKT/mTOR and RAS/
MAPK pathways, which promote the progression of leukemic cells
[5, 6]. Over 30% of AML patients carry FLT3 mutations, with ITD
mutations occurring in the juxta-membrane domain in up to 25%
of patients, which contributes to the risk of disease relapse and
poor overall survival (OS) [7-9]. FLT3 inhibitors targeting FLT3-ITD
mutations, FLT3-TKD mutations, or both, have demonstrated
efficacy as monotherapies in clinical trials [10, 11]. Notably,
second-generation FLT3 inhibitors, such as quizartinib, a potent

'School of Life Science and Technology, ShanghaiTech University, Shanghai 201210, China; Shanghai Institute for Advanced Immunochemical Studies, ShanghaiTech University,
Shanghai 201210, China; 3Lingang Laboratory, Shanghai 200031, China; *School of Life Sciences and Biotechnology, Shanghai Jiao Tong University, Shanghai 200240, China;
®Drug Discovery and Development Center, Shanghai Institute of Materia Medica, Chinese Academy of Sciences, Shanghai 201203, China; °Department of Pharmacy, The SATCM
Third Grade Laboratory of Traditional Chinese Medicine Preparations, Shuguang Hospital Affiliated to Shanghai University of Traditional Chinese Medicine, Shanghai 201203,
China and "Department of Hematology, Shanghai Jiao Tong University School of Medicine Affiliated Shanghai General Hospital, Shanghai 200080, China

Correspondence: Jie Shen (shj421@126.com) or Xiao-wei Xu (xuxiaowei1616@126.com) or Cheng-ying Xie (xiecy@Iglab.ac.cn)

These authors contributed equally: Yu-jun Chen, Yu Zhao

Received: 29 August 2024 Accepted: 22 December 2024
Published online: 30 January 2025

SPRINGER NATURE © The Author(s) 2025


http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-025-01479-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-025-01479-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-025-01479-w&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41401-025-01479-w&domain=pdf
mailto:shj421@126.com
mailto:xuxiaowei1616@126.com
mailto:xiecy@lglab.ac.cn
www.nature.com/aps

type Il inhibitor that selectively targets the FLT3-ITD mutation [12],
and gilteritinib, a type | inhibitor that targets FLT3-ITD and TKD
mutations [13], have been demonstrated to improve OS and
increase remission rates in patients with relapsed or refractory (R/
R) FLT3-mutated AML, compared with conventional chemother-
apy [14-18]. With excellent potency, selectivity, and pharmacoki-
netic properties, quizartinib is the preferred frontline drug
candidate for patients with newly diagnosed FLT3-ITD AML
[19, 20]. However, the clinical responses are often limited and
short-lived due to acquired resistance after prolonged exposure,
leading to disease relapse [21-25]. Primary and acquired
resistance to FLT3 inhibitors still presents a formidable challenge,
underscoring the imperative of integrating FLT3 inhibitors with
other therapeutic modalities, both conventional and investiga-
tional, to address this issue effectively [26].

AML is a fatal hematological malignancy characterized by
abnormal transcriptional reprogramming and driven by a multi-
tude of heterogeneous mutations, with the mutation of epigenetic
regulators being a central and recurrent theme. The E1A binding
protein P300 (EP300, also known as p300) and its paralog CREB-
binding protein (CREBBP, also known as CBP) are highly conserved
histone acetyltransferases (HATs) that participate in many
physiological and pathological processes [27, 28]. p300/CBP plays
an essential role in maintaining hematopoiesis through interac-
tions with key transcription factors like GATA1, MYB and AML-1
[29-31]. Rearrangements of p300 or CBP with the MOZ gene in
AML, namely MOZ-p300 and MOZ-CBP, are associated with the
generation of leukemogenic fusion proteins and tumorigenesis
[32]. To date, significant progress has been made in the
development of p300/CBP inhibitors, with a focus on targeting
the bromodomain and HAT domains [33, 34]. Notably, compounds
like A485 [35] and inobrodib (CCS1477) [32, 36] have demon-
strated promising anticancer activities against hematological
malignancies; however, none of these inhibitors have received
FDA approval yet. The primary obstacle lies in drug resistance and
the limited efficacy of eradicating leukemic stem cells, necessitat-
ing synergistic therapeutic approaches. Additionally, suppression
of p300/CBP-mediated global histone acetylation does not
consistently induce an antiproliferative phenotype [35]. Therefore,
investigating potential biomarkers of sensitivity to p300/CBP
inhibitors in clinical settings and enhancing patient selection for
this targeted therapy are crucial.

In the present study, we investigated the role of p300/CBP in
FLT3-ITD AML and aimed to evaluate the therapeutic potential of
targeting p300/CBP alone or in combination with FLT3 inhibitors.
Our findings revealed that high expression of p300 was associated
with poor survival in AML patients and positively correlated with
FLT3. Treatment with p300/CBP inhibitors demonstrated notable
efficacy against FLT3-ITD AML and effectively overcame resistance
to the FLT3 inhibitor quizartinib. When combined with quizartinib,
p300/CBP inhibitors exhibited synergistic effects in both FLT3-ITD
AML xenograft models and AML patient samples by simulta-
neously suppressing H3K27 acetylation, c-Myc and FLT3 pathways.
On the basis of these results, we hypothesized that coinhibition of
p300/CBP and FLT3 may have therapeutic value in FLT3-ITD AML
through targeting both epigenetic mechanisms and receptor
tyrosine kinase signaling.

MATERIALS AND METHODS

Reagents and antibodies

Quizartinib (#HY-13001) was purchased from MedChemExpress
(New Jersey, USA). A485 (#1889279-16-6) and CCS1477 (#2222941-
37-7) were purchased from Bidepharm (Shanghai, China). Primary
antibodies against the following proteins were purchased from
Cell Signaling Technology (Danvers, MA, USA): FLT3 (#3462),
P-FLT3  (Tyr589/591, #60413), STAT5 (#25656), P-STAT5
(Tyr694, #4322), AKT (#4685), P-AKT (Ser473, #4060), ERK1/2
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(#4695), P-ERK1/2 (Thr202/Tyr204, #9101), c-Myc (#18583), Cyclin
D1 (#55506), CDK2 (#18048), P-CDK2 (Thr160, #2561), p27 (#3686),
p300 (#86377), acetyl-histone H3 (Lys27, #8173), histone H3
(#4499), B-Tubulin (9F3, #2128), GAPDH (D16H11, #5174) and fB-
Actin (13E5, #4970). The goat anti-mouse IgG (#3153977) and goat
anti-rabbit IgG (#3135933) secondary antibodies were purchased
from Merck/Millipore (Billerica, MA, USA).

Cell lines and cell culture

The MV-4-11 and RS4;11 cell lines were purchased from the
American Type Culture Collection (ATCC, Manassas, VA, USA). The
MOLM-13, EOL-1, HEL and SET-2 cell lines were purchased from
DSMZ (Braunschweig, Germany). The quizartinib-resistant cell line
MV-4-11/quizartinib was constructed by continuous incubation
with increasing concentrations of quizartinib for several months.
All the cell lines were cultured in RPMI-1640 medium (Gibco, New
York, USA) supplemented with 10% fetal bovine serum (FBS,
Gibco) and 1% penicillin/streptomycin (MeilunBio, Dalian, China)
and maintained at 37 °C in a 5% CO, incubator. The cell lines were
authenticated by Geneing Biotechnologies Inc. (Shanghai, China).

Cell proliferation assay

The experiments were carried out in triplicate in 96-well plates.
After the cells were incubated with gradient dilutions of drugs for
3 or 5 days, cell viability was detected using the MTT assay (Sigma-
Aldrich, St. Louis, MO) or Cell Counting Kit-8 (CCK8, MeilunBio)
[37]. The half-maximal inhibitory concentration (ICs,) values were
calculated using Prism 5 curve-fitting software (GraphPad Soft-
ware, San Diego, CA). The combination index (Cl) was calculated
using CalcuSyn software (Calcusyn, Inc, Paramus, NJ), which
defines CI<1 as synergisticc CI=1 as additive, and CI>1 as
antagonistic.

Cell cycle analysis

The cells were plated in 12-well plates at a density of 1 x 10° cells/well
and treated with the specified concentrations of drugs for 24 h. After
washing with PBS, the cells were permeabilized with 70% cold
ethanol overnight, followed by treatment with RNase A and
propidium iodide (Vazyme Biotech Co, Ltd, Nanjing, China) for
30 min at room temperature. The cell cycle distribution was analyzed
using a FACSCalibur flow cytometer (BD Pharmingen, San Diego,
CA, USA).

Western blotting

After treatment, the cells were harvested with SDS lysis buffer and
subjected to 6%-15% SDS-PAGE. The proteins were transferred
onto polyvinylidene difluoride membranes (Millipore, Bedford,
MA). After blocking with 5% nonfat milk, the membranes were
incubated with primary antibodies at 4 °C overnight, followed by
incubation with secondary antibodies at room temperature for 2 h.
Target protein bands were detected by the enhanced chemilu-
minescence and imaged with Tanon 4600 imaging system (Tanon,
Shanghai, China).

Survival and correlation analyses

Survival analyses of AML patients stratified by EP300 expression,
and correlation analyses of EP300 and FLT3 in the TCGA-acute
myeloid leukemia-like (LAML) cohort were performed via the Gene
Expression Profiling Interactive Analysis (GEPIA) web service
(http://gepia.cancer-pku.cn/index.html).

RNA extraction and quantitative real-time PCR (RT-qPCR)

Total RNA from cells was extracted using RNAiso Plus reagent
(Takara, Tokyo, Japan), followed by reverse transcription using
HiScript Il qRTSuperMix (Takara) according to the manufacturer’s
protocol. RT-qPCR was performed using AceQ qPCR SYBR Green
Master Mix (Takara), and gene expression was detected using
quantitative RT-PCR in a Quant Studio 7 Flex Real-Time PCR system
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(ABI, Waltham, USA). The expression levels of the target genes
were normalized to those of GAPDH and calculated using the AACt
method. The detailed primer sequences are listed in Table S1.

Chromatin immunoprecipitation (ChIP)-gPCR assay

The chromatin immunoprecipitation (ChIP) assay was performed
using a Simple ChIP Plus Enzymatic Chromatin IP Kit (#9005, Cell
Signaling Technology) according to the manufacturer’s instruc-
tions. The cells were crosslinked with formaldehyde and lysed, and
the harvested chromatin was fragmented by sonication. The
fragmented chromatin was subsequently incubated overnight
with antibodies against acetyl-histone H3 (Lys27) or normal rabbit
IgG as a control. Immunoprecipitated DNA was analyzed by RT-
qPCR to detect the enrichment of H3K27Ac at the promoter region
of FLT3. The detailed primer sequences used for ChIP-gPCR are
listed in Table S2.

Small interfering RNA (siRNA) transfection

siRNAs targeting p300 or c-Myc were purchased from Tsingke
(Beijing, China) and then transfected into MV-4-11 and MOLM-13
cells with Lipofectamine RNAIMAX (Invitrogen, Thermo Fisher
Scientific, USA). The sequence of sip300 is 5-GGACUACCCUAU
CAAGUAATT-3". The sequences of sic-Myc are #1 5-GUGCAGCC
GUAUUUCUACUTT-3" and #2 5'-GAACACACAACGUCUUGGATT-3".

Coimmunoprecipitation (Co-IP)

For the Co-IP assay, after treatment, the cells were lysed in NP40
buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl,, 1% Nonidet P40,
5mM EDTA, and complete protease inhibitor mix, Roche) on ice
for 30 min. After centrifugation and quantification, equal amounts
of total proteins were immunoprecipitated with the indicated
antibodies (Santa Cruz, p300, sc-32244; control IgG antibody,
sc-52336) overnight at 4 °C, followed by the addition of 30 uL
protein A/G agarose beads (Thermo Scientific, 20421; only for IP
with unconjugated antibodies) for 4 h. After washing with NP40
buffer, the precipitates were eluted by boiling with 1xSDS lysis
buffer and analyzed by Western blotting. An aliquot of each lysate
was used as an input control.

RNA sequencing (RNA-seq) analysis

After treatment with DMSO or 20 nM quizartinib for 6 h, MV-4-11
cells or MV-4-11/quizartinib cells were collected for RNA sequen-
cing. Total RNA was extracted using RNAiso Plus (Takara) and RNA
sequencing was performed by Shanghai Majorbio Biopharm
Biotechnology Co., Ltd. (Shanghai, China). To identify differentially
expressed genes (DEGs) between two different samples, the
expression level of each transcript was calculated according to the
transcripts per million reads (TPM) method. RSEM was used to
quantify gene abundances. Differential expression analysis was
performed using DESeq2. DEGs with a |log2FC|= 1 and an
FDR < 0.05 were considered target genes. In addition, GO and
KEGG functional enrichment analyses were performed by
GOATOOLS and KOBAS, respectively.

Mouse xenograft models

Animal experiments were conducted in accordance with the
guidelines of the Institutional Animal Care and Use Committee
of the Shanghai Institute of Materia Medica, Chinese Academy of
Sciences and Lingang Laboratory (Shanghai, China). Five- to six-
week-old female athymic BALB/c nude mice were purchased
from Charles River Laboratories (Beijing, China). A total of 1 x 107
cells suspended in 100 uL of saline solution were inoculated
subcutaneously into the right flank. The mice bearing estab-
lished xenografts were randomly assigned to four groups when
the tumor volumes reached ~100 mm?. Each group (n =5) was
treated daily with vehicle, 1 mg/kg quizartinib (oral gavage),
100 mg/kg A485 (intraperitoneally), or a combination of both
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agents. Body weights and tumor sizes were measured every two
days, and tumor volumes were calculated as (length x width?)/2.
After the mice were euthanized at the end of the experiment,
the tumor weights were measured, and the tumor tissues were
harvested and processed for Western blot analysis.

Primary AML patient samples

Each participant provided written informed consent, and the
study was approved by the Ethics Committee of Shanghai Jiao
Tong University School of Medicine Affiliated Shanghai General
Hospital, following the principles of the Declaration of Helsinki
of 1975. Bone marrow mononuclear cells (BMMCs) or peripheral
blood mononuclear cells (PBMCs) were isolated using Ficoll-
Hypaque density gradient centrifugation (Cedarlane Labora-
tories, Canada). Red blood cells were lysed with ACK lysing
buffer (Invitrogen). BMMCs and PBMCs were cultured in RPMI-
1640 medium and Iscove’s Modified Dulbecco’s Medium at a
1:1 ratio, supplemented with 20% FBS and 0.05mM
2-mercaptoethanol.

Statistical analyses

The mean values with standard deviation (SD) or standard error of
mean (SEM) were calculated using Prism 5 (GraphPad Software,
San Diego, CA). Statistical comparisons between the indicated
groups were made using two-tailed Student’s t test, one-way
analysis of variance (ANOVA) and two-way ANOVA with Dunnett’s
multiple comparisons test. P values <0.05 were considered
statistically significant for all experiments.

RESULTS

In vitro sensitivity of FLT3-ITD AML cell lines and primary samples
to p300/CBP inhibitors

Firstly, we explored the role of p300/CBP in AML by analyzing
the mRNA levels of EP300 and CREBBP in patient samples from
TCGA using the GEPIA database. The results revealed that the
expression levels of EP300 and CREBBP (red bar) were greater in
LAML than in other cancer types (Fig. 1a; Supplementary
Fig. S1a). High expression of EP300 correlated with poorer OS
through Kaplan-Meier plotter survival analysis (Fig. 1b). Further-
more, the expression of EP300 and CREBBP in AML patient
samples was significantly upregulated compared with that in
paired normal samples (Fig. 1c; Supplementary Fig. S1b).
Considering the role of FLT3 in AML, we evaluated the response
of six representative AML cell lines with different genotypes at
the FLT3 locus to the treatment with p300/CBP inhibitors A485
or CCS1477. The results showed that p300/CBP inhibitors, similar
to FLT3 inhibitors, exhibited lower ICsy values in two FLT3-ITD
AML cell lines (MV-4-11 and MOLM-13) and a FLT3-activated cell
line (EOL-1) than in the FLT3-WT (RS4;11) and FLT3 null cell lines
(HEL and SET-2) (Fig. 1d, e; Supplementary Fig. S1c). Accordingly,
A485 induced cell cycle arrest at the Go/G; phase in the FLT3-ITD
MV-4-11 cell line, but not in the FLT3-WT RS4;11 cell line or in
the FLT3-null HEL cell line (Supplementary Fig. S1d, e). Further
investigation revealed that FLT3-activated AML cell lines
exhibited consistently high expression levels of FLT3 and p300
compared with those in FLT3 WT or null cells (Fig. 1f).

To extend this finding, we utilized the GEPIA database and
observed a positive correlation between the expression of
EP300 and that of FLT3 in LAML patients (Fig. 1g, R=0.71,
P <0.001). Next, we investigated the expression of p300 and
FLT3 in four patient-derived AML samples harboring FLT3-ITD
mutation obtained at the time of diagnosis without prior
treatment (patient information is provided in Table S3). Primary
AML blasts exhibited consistently high expression levels of FLT3
and p300 compared to that in healthy donors (Fig. 1h).
However, these AML patient samples unexpectedly exhibited
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Fig. 1 In vitro sensitivity of FLT3-ITD AML cell lines and primary samples to p300/CBP inhibitors. a Analysis of the E1A binding protein
P300 (EP300) expression profile in various tumor samples and paired normal tissue samples via the GEPIA database. TPM, transcripts per
million. b Kaplan-Meier plotter analysis of the correlation between EP300 expression and overall survival in AML patients (HR, hazard ratio;
P <0.01). € EP300 mRNA levels in AML patient samples and normal tissue samples by analyzing data from the TCGA and GTEx datasets in the
GEPIA database. *P < 0.05. d Dose-response curves of AML cell lines (MOLM-13, MV-4-11, EOL-1, RS4;11, HEL and SET-2) after treatment with
A485, CCS1477 and quizartinib for 72 h. e A heatmap displaying the log-transformed ICs, values of A485, CCS1477 and quizartinib across
various AML cell lines from three independent replicates. The color spectrum ranged from dark blue, indicating the greatest sensitivity, to dark
red, indicating the least sensitivity. f Western blot analysis was used to assess the protein expression of FLT3 and p300 in different AML cell
lines, with GAPDH serving as a control. g Scatter plots were obtained from the GEPIA database to show the correlation between EP300 and
FLT3 mRNA levels in AML, with R representing the Spearman correlation coefficient. h FLT3 and p300 protein expression in mononuclear cells
isolated from four primary FLT3-ITD" AML patient samples and four healthy donors. i Heatmaps of AML cell lines (MOLM-13 and MV-4-11) and
primary FLT3-ITD" AML patient samples after treatment with primary concentrations of 100 nM and 1000 nM quizartinib, respectively, in a
twofold dilution manner for 5 days. j Mononuclear cells isolated from four primary FLT3-ITD"™ AML patient samples and four healthy donors
were treated with 125 nM A485, CCS1477 or quizartinib for 5 days, followed by cell counting kit-8 (CCK8) analysis for cell viability detection.
The data are shown as means * standard deviation (SD) from three independent experiments.
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lower sensitivity to the FLT3 inhibitor quizartinib compared to
FLT3-ITD AML cell lines (Fig. 1i). While p300/CBP inhibitors
exhibited significant cytotoxicity in these primary FLT3-ITD*
AML patient cells, they demonstrated minimal effects on PBMCs
derived from healthy donors (Fig. 1j). Taken together, these
results suggest that elevated p300 expression predicts poor
prognosis in AML patients and that targeting p300/CBP is
predominantly effective against AML cells with FLT3-ITD
mutation.

p300/CBP regulates FLT3 transcription through histone acetylation
in FLT3-ITD AML cells
Given the positive relationship between FLT3 and p300 expres-
sion, as well as the comparable sensitivities of their inhibitors
toward AML cell lines, we conducted further analyses to ascertain
whether the transcriptional activator p300 could directly regulate
FLT3 transcription. After treatment with A485 or CCS1477 in MV-4-
11 cells, the protein levels of FLT3 and its phosphorylated form
decreased concomitantly in a dose- and time-dependent manner,
along with the reduction of c-Myc and H3K27Ac, which are known
targets of p300/CBP (Fig. 2a—c). RT-qPCR confirmed that A485 or
CCS1477 treatment significantly inhibited the gene transcription
of both FLT3 and MYC in MV-4-11 cells (Fig. 2d). Previous reports
have shown that CCS1477 treatment induces loss of the p300
signal, accompanied by the downregulation of H3K27Ac density at
target gene loci [32]. In addition, ChIP-seq analysis of data from
the GEO database (GSE211051) [38] demonstrated that MOLM-13
cells treated with A485 exhibited a distinct reduction in H3K27Ac
enrichment at the gene promoters of FLT3 and MYC (Fig. 2e).
Consistent with the ChIP-seq results, compared with the control,
A485 and CCS1477 induced a notable decrease in H3K27Ac
recruitment to the promoter of FLT3 in MV-4-11 cells (Fig. 2f).
These results suggest that the transcriptional downregulation of
FLT3 induced by p300/CBP inhibitors treatment is associated with
the abrogation of H3K27Ac abundance at the FLT3 gene locus.
Moreover, transient silencing of p300 by siRNA in MV-4-11 and
MOLM-13 cells significantly suppressed the protein levels of FLT3,
H3K27Ac and c-Myc (Fig. 2g; Supplementary Fig. S2a). To elucidate
the potential role of p300 in manipulating sensitivity to FLT3
inhibitors, we evaluated the efficacy of quizartinib in p300-
knockdown MV-4-11 and MOLM-13 cells. Our results revealed that
the cytotoxicity of quizartinib was substantially enhanced upon
p300 depletion, resulting in an average twofold decrease in the
ICso value compared with that in siRNA control-treated cells
(Fig. 2h, i). Taken together, these findings support the hypothesis
that p300/CBP directly regulates FLT3 transcription by facilitating
H3K27Ac recruitment to its promoter region, thereby accounting
for the sensitivity of AML cells to p300/CBP inhibitors.

The combination of p300/CBP inhibitors and quizartinib exhibits
synergistic antileukemic activity through enhanced inhibition of
FLT3 signaling and H3K27Ac

The relationship between FLT3-ITD and the epigenetic regulatory
machinery has been increasingly elucidated in recent studies
[39, 40]. A previous study demonstrated that knockdown of FLT3-
ITD significantly reduced the enrichment of p300 and H3K27Ac at
the promoter region of CHK1, suggesting that FLT3-ITD may
recruit acetylation coactivators to promote target gene transcrip-
tion [41]. Our results revealed that treatment with the FLT3-ITD
inhibitor quizartinib resulted in a time-dependent attenuation of
overall H3K27 acetylation, along with a reduction in downstream
signaling of FLT3, including P-STAT5 and P-ERK in MV-4-11 and
MOLM-13 cells (Fig. 3a; Supplementary Fig. S2b). Given that c-Myc
has been reported to bind the coactivator p300 and promote
gene transcription by regulating H3K27 modification [42, 43], the
decline in H3K27Ac level observed with quizartinib treatment may
be linked to the inhibition of c-Myc expression. Similarly, c-Myc
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strongly bound to p300 in both MV-4-11 and MOLM-13 cells,
which was notably decreased following quizartinib treatment
(Fig. 3b; Supplementary Fig. S2c). Furthermore, knockdown of
¢-Myc using siRNAs or inhibition of c-Myc via the small-molecule
inhibitor MYCi975 significantly attenuated H3K27 acetylation
(Fig. 3¢, d; Supplementary Fig. S2d). These data imply that c-Myc
forms a transcriptionally active complex with p300/CBP by
promoting the acetylation of H3K27.

Although p300/CBP inhibitors have demonstrated selective
activity against AML patients with FLT3-ITD mutation, their efficacy
as monotherapy is limited, necessitating further investigation into
the concurrent inhibition of p300/CBP and FLT3. Cotreatment with
quizartinib and p300/CBP inhibitors resulted in a mutual suppres-
sion of FLT3 signaling and H3K27Ac, leading to greater reductions
in the phosphorylation levels of STAT5, AKT, and ERK, as well as
the expression of c-Myc (Fig. 3e; Supplementary Fig. S2e). Next, we
further examined the potential cytotoxic synergism between
p300/CBP inhibitors and quizartinib in the FLT3-activated cell lines,
MOLM-13, MV-4-11 and EOL-1. As expected, the cell viability
results demonstrated that the combination of A485 and
quizartinib had synergistic antiproliferative effects on the FLT3-
ITD cell lines MOLM-13 and MV-4-11, as well as on the FLT3-WT-
activated cell line EOL-1, with Cl values below 1 (Fig. 3f, g). Similar
outcomes were observed with the combination of CCS1477 and
quizartinib (Fig. 3f, g). Consistent with these findings, flow
cytometry analysis revealed that the p300/CBP inhibitors A485
or CCS1477, similar to quizartinib, induced cell cycle Go/G; phase
arrest in MV-4-11 cells, which was enhanced when combined with
quizartinib (Fig. 3h; Supplementary Fig. S3a, b). Cotreatment led to
a synergistic reduction in the expression of G; phase-related
proteins, such as CDK2 and Cyclin D1, accompanied by the
upregulation of p27, a crucial regulator that prevents cell entry
into the S phase and controls cell proliferation [44] (Fig. 3i;
Supplementary Fig. S3c). Moreover, the KEGG and GO pathway
enrichment analyses of the ChIP-seq data from the GEO database
(GSE211051) also revealed significant enrichment of the cell cycle,
homologous combination and DNA replication upon treatment
with A485 (Supplementary Fig. S3d, e).

Having observed synergistic effects in vitro, we proceeded to
evaluate the combined antitumor efficacy of A485 and quizartinib
in vivo in MV-4-11 xenograft models. Daily administration of
100 mg/kg A485 or 1 mg/kg quizartinib individually moderately
impeded tumor growth, whereas their combination led to a
greater reduction in tumor volumes and tumor weights (Fig. 3j-I).
Moreover, the treatment was well tolerated throughout the
experiment, as indicated by no significant body weight loss or
mortality across all groups (Fig. 3m). In agreement with the in vitro
results, coadministration of A485 and quizartinib enhanced the
inhibition of H3K27Ac, c-Myc and FLT3 signaling, as evidenced by
the reduced phosphorylation of STAT5 and ERK in tumor tissues
(Fig. 3n; Supplementary Fig. S3f). Overall, p300/CBP inhibitors in
combination with FLT3 inhibitors synergistically suppress p300/
CBP targets and FLT3 signaling, resulting in augmented antitumor
effects against FLT3-ITD AML both in vitro and in vivo.

The p300/CBP-related gene transcription profile is associated with
quizartinib resistance

Patients frequently develop resistance and commonly experience
clinical relapse following extended monotherapy with FLT3
inhibitors. To investigate the possible role of p300/CBP in
conferring resistance to quizartinib, we utilized an MV-4-11/
quizartinib cell line with a FLT3-ITD/F691L mutation, which was
previously established and exhibited resistance to quizartinib
[45, 46]. The sensitivity of MV-4-11/quizartinib cells to quizartinib
was approximately 200-fold lower than that of parental MV-4-11
cells (Table S4). We characterized the transcriptome alterations
in MV-4-11 and MV-4-11/quizartinib cells following treatment
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with quizartinib or DMSO for 6 h by RNA-seq analysis (Fig. 4a;
Supplementary Fig. S4a). In parental MV-4-11 cells, a total of
1414 transcripts were significantly downregulated by quizartinib.
Gene set enrichment analysis (GSEA) revealed that the MYC-
target gene set was downregulated in quizartinib-treated MV-4-
11 cells. In contrast, quizartinib did not cause such significant
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MV-4-11

MOLM-13 MOLM-13

transcriptomic changes in MV-4-11/quizartinib cells. Moreover, a
total of 1936 differentially expressed genes (DEGs, P_adjust <
0.05, fold change > 2 or fold change < 0.5) were identified in
MV-4-11/quizartinib cells compared with MV-4-11 cells, among
which 770 were upregulated and 1166 were downregulated
(Fig. 4a; Supplementary Fig. S4b). KEGG enrichment analysis
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Fig. 2 p300/CBP regulates FLT3 transcription through histone acetylation in FLT3-ITD AML cells. a Western blot analysis of MV-4-11 cells
treated with the indicated doses of A485 or CCS1477 for 24 h. b Western blot analysis of MV-4-11 cells treated with 1 pM A485 or CCS1477 for
the indicated durations. ¢ Quantification of FLT3 protein expression relative to that of GAPDH in MV-4-11 cells treated with A485 and CCS1477
as described in a and b. d RT-gPCR assay for FLT3 and MYC mRNA levels in MV-4-11 cells after treatment with 3 pM A485 or CCS1477 for 24 h.
e Exemplar H3K27 acetylation (H3K27Ac) peaks at the FLT3 and MYC loci in MOLM-13 cells treated with 3 pM A485 for 2 h, sourced from
published ChIP-seq data in the GEO database (GSE211051). f ChIP-gPCR was used to analyze the enrichment of H3K27Ac at the FLT3 promoter
region in MV-4-11 cells after treatment with A485 (3 pM) or CCS1477 (5 pM) for 12 h. g Western blot analysis of p300, FLT3, c-Myc and H3K27Ac
in sip300- or siNC-transfected MV-4-11 and MOLM-13 cells. h Heatmaps showing the proliferative inhibition of quizartinib in MV-4-11 and
MOLM-13 cells transfected with sip300 or siNC from three independent experiments. i MV-4-11 and MOLM-13 cells transfected with siNC or
sip300 were exposed to increasing concentrations of quizartinib for 72 h. MTT assays were performed to determine cell viability, and ICs,

values were calculated using Prism 5. The data are presented as means +SD from three independent experiments. *P < 0.05, **P < 0.01,
***¥P < 0.001 determined by Student’s t test.
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Fig. 3 The combination of p300/CBP inhibitors and quizartinib exhibits synergistic antileukemic activity through enhanced inhibition of
FLT3 signaling and H3K27Ac. a Western blot analyses assessed the levels of H3K27Ac, c-Myc, P-STAT5 and P-ERK in the MV-4-11 and MOLM-
13 cell lines treated with 1 nM quizartinib for 12 or 24 h. b Lysates of MV-4-11 and MOLM-13 cells treated with or without 1 nM quizartinib for
12 h were immunoprecipitated with antibodies against p300 or the IgG control. The binding of endogenous c-Myc with p300 was examined
by Western blotting. ¢, d MV-4-11 and MOLM-13 cells were transfected with siRNAs targeting c-Myc for 48 h or exposed to MYCi975 (5, 10 pM)
for 24 h. H3K27Ac levels were analyzed by Western blotting and quantified by ImageJ. e FLT3 signaling pathways in MV-4-11 cells treated with
quizartinib (1 nM), A485 (1 pM)/CCS1477 (3 pM), or their combination for 24 h were determined by Western blotting. f Heatmaps showing the
proliferative inhibition of A485 or CCS1477 combined with quizartinib in FLT3-activated AML. AML cells were treated with primary
concentrations of 1000 nM A485/CCS1477, as well as the indicated concentrations of quizartinib, in a twofold dilution manner for 72 h,
followed by the assessment of cell viability using the MTT assay. g The combination index (Cl) values of the combinations of p300/CBP
inhibitors and quizartinib were calculated. h The cell cycle phase distributions of cells treated with quizartinib, A485, or CCS1477, either alone
or in combination for 24 h were determined by flow cytometry. Cumulative percentages of cells in the Go/G; phase are shown. The data are
presented as means + SD from three independent experiments. i Western blot analysis was conducted to assess the expression of cell cycle-
related proteins in MV-4-11 cells treated with quizartinib (1 nM), A485/CCS1477 (500 nM), either alone or in combination for 24 h. Nude mice
were engrafted with MV-4-11 cells, and mice (n=5/group) were treated with vehicle, A485 (100 mg/kg), quizartinib (1 mg/kg), or their
combination for 14 days. Tumor volumes j, tumor photos k, tumor weights I, and mouse weights m were measured at specific time points
during the treatment period. The data are shown as means + standard error of mean (SEM). **P < 0.01, ***P < 0.001 versus the vehicle; P < 0.05,

#p < 0.01, ¥ P < 0.001 versus either single agent alone. n The tumor tissues were subjected to Western blotting.
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revealed that these DEGs were enriched in several pathways,
including the cell cycle, MAPK signaling, mTOR signaling and
DNA replication (Fig. 4b). GO enrichment analysis indicated that
one of the significantly enriched gene sets was related to
transcription regulator activity (Fig. 4c). When subjected to KEGG
analysis, these genes were associated with TGF-f3, cell cycle, Wnt
and Notch signaling pathways (Supplementary Fig. S4c). Gene
cluster analysis further revealed that all these transcripts were
upregulated in MV-4-11/quizartinib cells, including KAT2B, a
homologous gene of EP300, and CEBPB, a known transcriptional
cofactor of EP300 (Fig. 4d). Consistent with the RNA-seq results,
compared with parental cells, quizartinib-resistant cells exhib-
ited notable increases of KAT2B and CEBPB mRNA levels, along
with enhanced expression of EP300, FLT3, and MYC, as
determined by RT-gPCR analysis (Fig. 4e). The elevated levels
of c-Myc, p300, FLT3 and H3K27Ac in MV-4-11/quizartinib cells
were also confirmed by Western blot analysis (Fig. 4f; Supple-
mentary Fig. S4d). These data suggest that p300/CBP and its
related transcripts may be associated with resistance to
quizartinib in FLT3-ITD AML cells.

We further validated the role of p300/CBP in mediating
resistance to FLT3 inhibitors. In the quizartinib-resistant cell line,
quizartinib exhibited limited inhibition of FLT3 signaling,
H3K27Ac, and c-Myc, contrasting with its effects on parental
cells (Fig. 4g; Supplementary Fig. S4e). In addition, knockdown of
p300 in MV-4-11/quizartinib cells led to a marked reduction in
FLT3, H3K27Ac and c-Myc levels (Fig. 4h; Supplementary Fig. S4f),
which in turn sensitized MV-4-11/quizartinib cells to quizartinib
treatment (Fig. 4i). Overall, these findings suggest that p300/CBP
and its cofactors are highly expressed in MV-4-11/quizartinib
cells, potentially contributing to FLT3 inhibitor resistance by
regulating FLT3 and c-Myc expression.

The combination of p300/CBP inhibitors and quizartinib
overcomes acquired resistance to FLT3 inhibitors both in vitro and
in vivo

To explore whether targeting p300/CBP could overcome resis-
tance to quizartinib, we evaluated the activity of the p300/CBP
inhibitors A485 and CCS1477, along with the chemotherapeutic
drug paclitaxel as a reference. We found that these agents
exhibited similar efficacy in MV-4-11-resistant cell lines compared
to parental cells (Fig. 5a; Supplementary Fig. S5a, b). Furthermore,
A485 caused Gyo/G; phase arrest in both cell lines, whereas
quizartinib exerted marked effects only on MV-4-11 parental cells
not on resistant cells (Supplementary Fig. S5¢c, d). In addition,
A485, unlike quizartinib, significantly inhibited FLT3 signaling,
H3K27Ac, and c-Myc in MV-4-11/quizartinib cells, akin to its effect
on MV-4-11 parental cells (Fig. 5b; Supplementary Fig. S5e).
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We then investigated whether concurrent inhibition of p300/
CBP and FLT3 could enhance therapeutic efficacy in FLT3
inhibitor-resistant models. Cell proliferation assay revealed
synergistic effects of A485 or CCS1477 in combination with
quizartinib on MV-4-11/quizartinib cells, as evidenced by Cl values
less than 1 (Fig. 5c). Additionally, we examined the impact of
combined treatment with A485/CCS1477 and quizartinib on the
cell cycle. Flow cytometry analysis of MV-4-11/quizartinib cells
revealed a marked increase in the percentage of cells at the Go/G;
phase in the combination group compared with that in the
monotreated groups (Fig. 5d-f). Consistently, there was a notable
decrease in the expression of G1 phase-related proteins (Fig. 5g;
Supplementary Fig. S5f), as well as reductions in FLT3 signaling
and H3K27Ac (Fig. 5h; Supplementary Fig. S5g) in the
cotreatment group.

We subsequently established MV-4-11/quizartinib xenograft
models to further evaluate the efficacy of combined treatment
with A485 and quizartinib in vivo. As expected, monotherapy with
quizartinib showed limited efficacy in MV-4-11/quizartinib xeno-
graft models; however, when combined with A485, there was a
significant enhancement in antitumor efficacy (Fig. 5i, j; Supple-
mentary Fig. S5h). Importantly, no significant body weight loss
was observed in any of the treatment groups, indicating a
favorable safety profile (Fig. 5k). Additionally, the coadministration
of A485 and quizartinib enhanced the inhibition of H3K27Ac and
c-Myc expression, as well as FLT3 downstream signaling, including
STAT5 and ERK phosphorylation, in tumor tissues from MV-4-11/
quizartinib xenografts (Fig. 5I; Supplementary Fig. S5i). Taken
together, these results suggest that p300/CBP inhibitors preserve
efficacy in FLT3 inhibitor-resistant AML models harboring TKD
mutations and demonstrate a synergistic effect when combined
with a FLT3 inhibitor.

The combination of p300/CBP inhibitors and quizartinib has
synergistic effects on primary FLT3-ITD" AML samples

To further evaluate the possible clinical benefit of the combination
strategy, we examined the efficacy of cotreating primary AML cells
from patients with varying FLT3-ITD allelic ratios with p300/CBP
inhibitors and quizartinib (patient information is provided in
Table S3). Consistent with our aforementioned findings, all the
primary AML samples exhibited a noteworthy reduction in the
number of viable cells with the combination treatment compared
with either monotherapy (Fig. 6a). Additionally, treatment of
PBMCs isolated from healthy donors with the same doses of drugs
revealed no significant effect on cell viability, indicating minimal
nonspecific toxicity in healthy individuals (Fig. 6b). Notably, the
cytotoxic effects of p300/CBP inhibitors on the FLT3-ITD™ AML
patient samples were comparable to those observed in the AML
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cell lines MV-4-11 and MOLM-13, whereas quizartinib exhibited
relatively weaker activity in the AML patient samples (Fig. 6c).
Furthermore, the combination of p300/CBP inhibitors and
quizartinib had synergistic effects on these FLT3-ITD" AML
samples, as evidenced by markedly low Cl values ranging from
0.30 to 0.52 (Fig. 6¢). Consistent with these results, quizartinib had
a limited inhibitory effect on P-STATS5, P-ERK, H3K27Ac and c-Myc

SPRINGER NATURE

in FLT3-ITD" primary samples, whereas these signaling effectors
were significantly suppressed when combined with either A485 or
CCS1477 treatment (Fig. 6d; Supplementary Fig. S6a, b). Overall,
these data obtained from primary FLT3-ITD" AML patient samples
further substantiate that the combination of p300/CBP inhibitors
and FLT3 inhibitors concomitantly suppresses both FLT3 signaling
and H3K27Ac, demonstrating synergistic antileukemia effects and
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Fig. 4 Differential expression profiles of genes associated with p300/CBP in MV-4-11 and MV-4-11/quizartinib cells. a Schematic diagram
of the integrated transcription genome profiling of MV-4-11 parental (P) cells and MV-4-11/quizartinib (R) cells treated with DMSO or
quizartinib (20 nM) for 6 h. GSEA of MYC targets in MV-4-11 DMSO- versus quizartinib-treated cells, and volcano plots of DEGs in resistant cells
versus parental cells are shown. b KEGG enrichment analysis between MV-4-11/quizartinib cells and MV-4-11 cells using RNA-seq data. ¢ GO
analysis of molecular function, cellular component and biological process terms comparing MV-4-11/quizartinib and MV-4-11 cells revealed
that transcription regulator activity was one of the top-ranking categories. d Gene cluster analysis of genes related to transcription regulator
activity via GO analysis. @ mRNA levels of CEBPB, KAT2B, EP300, FLT3, and MYC in MV-4-11/quizartinib cells compared to parental MV-4-11 cells
were detected by RT-gPCR. f Western blots were performed to assess the expression of c-Myc, p300, FLT3 and H3K27Ac in MV-4-11 and MV-4-
11/quizartinib cells. g The FLT3 signaling pathway in parental and resistant cells treated with increasing concentrations of quizartinib for 24 h
was detected by Western blotting. h Western blots were conducted to evaluate p300, FLT3, c-Myc and H3K27Ac protein expression in MV-4-
11/quizartinib cells transfected with either siNC or sip300. i Cell viability of siNC- or sip300-transfected MV-4-11/quizartinib cells following
quizartinib (200 nM) treatment for 72 h was assessed by the MTT assay. The data are presented as means +SD from three independent

experiments. *P < 0.05, ***P < 0.001.

<

highlighting considerable promise for the clinical application of
such combination therapies.

DISCUSSION

FLT3-ITD mutation is a common driver mutation associated with a
high leukemic burden and poor prognosis in AML patients.
Despite the potent and selective activities of FLT3 inhibitors,
resistance frequently emerges following prolonged exposure,
often accompanied by secondary mutations in FLT3-ITD or TKD,
presenting a significant challenge [47]. p300/CBP regulates gene
transcription by modulating histone acetylation, predominantly
affecting substrates crucial for hematopoietic maintenance and
development [48, 49]. The overexpression of p300/CBP is
associated with cancer progression and poor prognosis, and
p300/CBP inhibitors have shown significant promise in suppres-
sing hematopoietic malignancies [49]. However, the role of p300/
CBP remains inadequately studied in FLT3-ITD AML, especially in
the context of R/R FLT3-ITD AML. In this study, we demonstrated
that p300/CBP inhibitors predominantly inhibited the proliferation
of FLT3-ITD AML cells, effectively overcame resistance to FLT3
inhibitors in both cell lines and primary AML patients, and
augmented sensitivity to FLT3 inhibitors in both in vitro and
in vivo models (Fig. 7).

As previously demonstrated, p300 plays an important role in
AML progression and drug resistance [40, 50]. Analysis of the
GEPIA database indicated that high expression of p300 was
associated with unfavorable OS in patients and was positively
correlated with FLT3 in AML patients. Consistent with these
findings, we also found that both FLT3-ITD AML cell lines and
primary AML blasts exhibited elevated expression levels of FLT3
and p300. The p300/CBP complex serves as a histone acetyl-
transferase that primarily catalyzes H3K27 acetylation [51] while
also possessing the ability to acetylate nonhistone substrates.
Additionally, it engages in multiple interactions with transcription
factors, chromatin remodeling complexes, and the basal transcrip-
tional machinery [52]. In this study, we further revealed that p300
directly regulated FLT3 transcription through facilitating H3K27Ac
recruitment at its gene locus. Consequently, p300/CBP inhibitors
such as A485 and CCS1477 predominantly induced cell cycle
arrest and exhibited enhanced cytotoxicity against AML cell lines
harboring the FLT3-ITD mutation compared with those with WT or
null FLT3. Moreover, p300/CBP inhibitors showed comparable
efficacy in primary FLT3-ITD" AML patient samples, while
demonstrating minimal effect towards normal PBMCs from
healthy donors. These findings indicate that the overexpression
of p300 may predict poor OS in FLT3-ITD AML, highlighting its
targeted therapy as a potentially curative option.

Numerous ongoing studies are currently evaluating the efficacy
of combining diverse agents that target key signaling pathways
through distinct mechanisms [53]. Both previous studies [54] and
our current studies have shown that FLT3 inhibitors effectively
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suppress FLT3 activation and the phosphorylation of downstream
effectors, such as STAT5, AKT, and ERK. In addition, it has been
reported that FLT3-ITD increases CHK1 transcription by recruiting
P300 and increasing H3K27Ac abundance at the CHK1 promoter
in AML [41], indicating a transcriptional coactivator role of FLT3-
ITD and its potential association with p300. c-Myc has been
reported to directly bind and recruit p300 to the promoter regions
of target genes, inducing transcription by H3K27Ac enhancement
[42, 43]. Consistently, we confirmed in our study that in FLT3-ITD
AML cells, c-Myc formed a complex with p300 and inhibition of
c-Myc attenuated the overall level of H3K27 acetylation. Thus, the
FLT3 inhibitor quizartinib was observed to significantly reduce
H3K27Ac level, accompanied by downregulation of c-Myc in
sensitive FLT3-ITD AML cell lines. Reciprocally, our results
demonstrated that p300 promoted FLT3 transcription through
histone acetylation and inhibition of p300/CBP suppressed FLT3
expression and downstream pathways, leading to selective
efficacy in FLT3-ITD AML. Consequently, simultaneous inhibition
of FLT3 and p300/CBP led to enhanced suppression of both
FLT3 signaling and H3K27 acetylation, resulting in intensified Go/
G; phase cell cycle arrest, thereby demonstrating synergistic
effects in AML cell lines and xenograft models. Management of
FLT3-mutated AML typically involves standard treatment guide-
lines combining chemotherapy and FLT3 inhibitors, followed by
allogeneic hematopoietic cell transplantation to improve the
likelihood of promising outcomes [11]. Our study suggests that
targeting both epigenetic and receptor tyrosine kinase signaling
could serve as an alternative therapeutic strategy for treating
FLT3-ITD AML. Further investigation into the underlying mechan-
ism for their synergism is warranted.

FLT3 inhibitors have demonstrated less-than-expected effec-
tiveness in R/R AML due to the emergence of resistance, including
selective next-generation FLT3 inhibitors [11, 55]. The survival
rates of elderly AML patients, particularly those aged 60 and
above, remain unsatisfactory. A high allelic ratio (> 0.5) of FLT3-ITD
is a driver mutation associated with a high leukemic burden,
leading to poor prognosis and significantly affecting the manage-
ment of AML patients [56]. In our study, quizartinib monotreat-
ment exhibited limited efficacy both in resistant FLT3-ITD AML
cells carrying the F691L mutation and in FLT3-ITD" AML patient
samples, particularly in older individuals with high allelic ratios,
unlike its significant effectiveness in FLT3-ITD AML cell lines. In
these models with resistance to quizartinib, p300/CBP inhibitors
exhibited sustained potency and enhanced efficacy when
combined with FLT3 inhibitors. Research has identified c-Myc, a
key oncogenic transcription factor regulated by p300/CBP-
mediated high-density of H3K27Ac at super enhancer regions,
as being associated with AML progression and drug resistance
[571. Indeed, the p300/CBP inhibitors A485 and CCS1477 robustly
decreased H3K27Ac and c-Myc expression in both quizartinib-
resistant FLT3-ITD AML cell lines with TKD mutations and primary
AML patient samples. Furthermore, the combination of p300/CBP
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Fig. 5 The combination of p300/CBP inhibitors and quizartinib overcomes acquired resistance to FLT3 inhibitors both in vitro and
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assay. b Western blots were performed on MV-4-11 parental and resistant cells treated with increasing concentrations of A485 for 24 h.
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#P<0.01, ¥ P < 0.001 versus either single agent alone. | Related protein expression in tumor tissues was detected by Western blotting.
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Fig.6 The combination of p300/CBP inhibitors and quizartinib has synergistic effects on primary FLT3-ITD* AML samples. Cell viability of
four primary FLT3-ITD* AML samples a or peripheral blood mononuclear cells from five healthy donors b was assessed after exposure to
62.5nM A485/CCS1477, quizartinib alone, or in combination for 5 days. The data are shown as means+SD from three independent
experiments. *P < 0.05, **P < 0.01, ns indicates not significant, as determined by Student’s t test. ¢ Primary FLT3-ITD" patient samples (#1, #2,
#3) were treated with the indicated doses of A485/CCS1477, quizartinib, or their combination for 5 days, followed by cell viability assessment
using the CCK8 assay and calculation of Cl values. The data are shown as means + SEM from at least three biological replicates. d Western blots
were performed on primary FLT3-ITD" patient samples (#1, #2) treated with 1 uM quizartinib, A485/CCS1477, either alone or in combination
for 24 h. FLT3 signaling, c-Myc and H3K27Ac were detected with GAPDH used as a loading control.

inhibitors and quizartinib enhanced the inhibition of downstream
pathways including FLT3/STAT5/ERK signaling, c-Myc and
H3K27Ac. These encouraging findings of the significant synergism
between p300/CBP inhibitors and FLT3 inhibitors establish a solid
foundation for future clinical development. Subsequent research
will incorporate FLT3-mutated R/R patient samples and patient-
derived xenograft (PDX) models, including those with ITD/TKD
mutations, to evaluate this combination strategy and explore

Acta Pharmacologica Sinica (2025) 46:1390 - 1403

additional potential drug combinations aimed at overcoming drug
resistance.

In conclusion, our study demonstrates that p300/CBP inhibitors
exhibit specific efficacy in FLT3-ITD AML, maintaining efficacy even
in cases resistant to FLT3 inhibitors with FLT3-ITD/TKD mutations
or primary AML samples with high ITD allelic ratios. The
combination of p300/CBP inhibitors and the FLT3 inhibitor
quizartinib leads to the mutual suppression of H3K27Ac and
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Fig. 7 Schematic illustration of the synergistic effects of cotarget-
ing p300/CBP and FLT3 in AML. In AML carrying the FLT3 mutation,
p300/CBP regulates the transcription of FLT3 and MYC by modulat-
ing H3K27Ac at the gene loci. Coinhibition of p300/CBP and
FLT3 synergistically suppresses FLT3 signaling and H3K27Ac, leading
to cell death and overcoming resistance both in xenograft models
and in primary AML patient samples.

FLT3 signaling, resulting in synergistic antitumor effects in in vitro
and in vivo models of FLT3-ITD AML. Taken together, our findings
shed light on the potential of concurrently targeting both
epigenetic factors and receptor tyrosine kinase signaling as a
promising therapeutic approach for treating FLT3-ITD AML,
particularly in R/R patients.
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