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KEY WORDS Abstract  Kinase inhibitors targeting FLT3-ITD, such as Gilteritinib, have emerged as promising tar-
geted therapies. However, recent clinical trials have shown disappointing overall survival (OS) outcomes

FLT3-ITD; . . . . . . . .

Gilteritinib: in acute myeloid leukemia (AML) patients, primarily due to disease recurrence following treatment. We

D " . uncovered a potential mechanism underlying Gilteritinib resistance. Gilteritinib treatment induced repro-
rug resistance;

¢-KIT: gramming of lactic acid metabolism in AML cells, leading to increased H3K27 lactylation that contin-
Targeted protein uously amplified c-KIT expression and signaling in AML cells. This mechanism enriched leukemia
degradation; stem cells (LSCs), driving drug resistance and disease relapse. Notably, c-KIT kinase inhibitors failed
Lactate metabolism to effectively counteract the progression of relapsed and refractory AML, as c-KIT overexpression results
reprogramming; in amplification of its signaling. To address this issue, a dual degrader targeting both FLT3-ITD and c-
PDX KIT was identified. Beyond exhibiting stronger efficacy than Gilteritinib in inhibiting AML cell prolifer-

ation, this PROTAC also demonstrates a significant ability to induce cell differentiation. In cell line-
derived xenograft (CDX) models, the degrader significantly suppressed FLT3-ITD* AML recurrence
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and prolonged the survival of experimental mice. Furthermore, in PDX model established using AML
cells from Gilteritinib-resistant patients, the degrader showed significantly superior therapeutic efficacy
compared to the combination treatment of Gilteritinib and Imatinib. As a candidate drug molecule, this
degrader exhibits promising potential for clinical translation.

© 2026 The Author(s). Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Acute myeloid leukemia (AML) is an extremely aggressive and
diverse hematological cancer. Its incidence is remarkably high,
especially among the elderly'. The root cause of AML lies in the
disrupted differentiation of normal hematopoietic stem cells
(HSCs). This disruption is triggered by the abnormal growth and
spread of immature myeloid cells inside the bone marrow?. When
AML starts, it’s often accompanied by changes in chromosome
arrangements and gene mutations®. Among these genetic changes,
mutations in the fms-related receptor tyrosine kinase 3 (FLT3) gene
are the most common triggers in AML. These mutations are found
in over 30% of all AML patients*. FLT3 mutations mainly include
internal tandem duplication (ITD) either in or near the juxta-
membrane region, as well as point mutations in its tyrosine kinase
domain (TKD)’. FLT3-ITD causes the continuous activation of
signals that prevent cell death, support cell survival, and encourage
cell growth in myeloid leukemic cells. Because of these effects at
the molecular level, FLT3-ITD has become a very promising target
for creating drugs to treat AML in the clinic®.

Gilteritinib, a novel-generation FLT3-ITD inhibitor, exhibits
remarkable inhibitory potency and selectivity. It has recently
received US Food and Drug Administration (FDA) approval for the
treatment of FLT3-ITD-positive AML’. Emerging evidence suggests
that while Gilteritinib, as well as other FLT3-ITD inhibitors, can
swiftly eliminate leukemic cells in the peripheral blood. However, the
minimal residual AML cells persist in the bone marrow, which may
potentially trigger a relapse®'%. Initially, most patients demonstrate a
favorable response to these drugs and achieve rapid complete he-
matological remission. Nevertheless, drug resistance invariably
emerges, leading to AML recurrence within a few months'>. In recent
years, several promising FLT3 inhibitors have been approved by the
FDA or are undergoing clinical trials'*"'®. However, clinical out-
comes demonstrate that they still fail to prevent AML recurrence' "%,
These results indicate that simply enhancing drug selectivity and
inhibitory activity toward FLT3 kinase is insufficient to overcome
AML relapse following FLT3-targeted therapy. More critically, the
mechanisms underlying acquired resistance to FLT3i-treatment
remain largely undefined'®>*. This gap in mechanistic understand-
ing has hindered the development of innovative targeted intervention
strategies. In this study, we conduct an integrated multi-omics anal-
ysis using clinical patient samples and AML cell lines to elucidate the
mechanisms underlying Gilteritinib resistance. Based on these
findings, we aim to develop innovative and alternative targeted
intervention strategies and discover the drug candidate for the
treatment of FLT3-ITD-positive AML.

2. Results

As mentioned in the introduction, multiple clinical investigations
have demonstrated that the majority of patients treated with

Gilteritinib (Fig. 1A) experience rapid relapse of AML'™.
Consequently, elucidating the mechanism of Gilteritinib resistance
has emerged as a critical scientific challenge in clinical trans-
lational research. To explore the underlying mechanism of AML
resistance and relapse, we intially treated two FLT3-ITD-positive
AML cell lines, MOLM-13 and MV-4-11, with Gilteritinib
in vitro. As presented in Fig. 1B, Gilteritinib treatment effectively
suppressed the downstream signaling of FLT3-ITD. It significantly
decreased the phosphorylation levels of FLT3-ITD, STATS,
STAT3, and AKT in dose-dependent manners. To be noticed, it
was revealed that Gilteritinib failed to inhibit the ERK signaling
pathway. Instead, with an increase in dosage, the treatment acti-
vated the ERK signaling pathway in the surviving AML cells
(Fig. 1B). This is consistent with many previous findings from
clinical studies>*?¢. Fortunately, we obtained paired samples from
an AML patient who relapsed after Gilteritinib treatment (both
pre-treatment and post-relapse) and conducted transcriptomic
analyses. Comparing the Gilteritinib group with the control group,
a Gene Set Enrichment Analysis (GSEA) analysis was performed
to study on the pathways that significantly affected the ERK
signaling. It was indicated that, compared to the control group,
cells treated with Gilteritinib could significantly influence stem
cells differentiation, growth factor binding, and Ras signaling
(Fig. 1C). Next, we further performed a venn analysis on the
differentially expressed genes related to these pathways. Notably,
it was identified a common significantly differentially expressed
gene, c-KIT (Fig. 1D). Additionally, it was observed a distinct
upregulation of ¢-KIT at the transcriptional level (Fig. 1E). Recent
preclinical and clinical studies have highlighted that ¢-KIT is not
only identified as a promising biomarker of LSCs in AML but also
plays a crucial role in regulating LSCs self-renewal®’'. Valida-
tion by quantitative real-time polymerase chain reaction (qQPCR)
and Western blotting demonstrated that Gilteritinib treatment
significantly increased both the expression and phosphorylation
levels of c-KIT in FLT3-ITD" AML cell lines (Fig. 1F and G).
Additionally, primary blood samples were collected from healthy
individuals and FLT3-ITD" AML patients. And c-KIT transcrip-
tional levels were analyzed. As shown in Fig. 1H, c¢-KIT expres-
sion was significantly higher in the blood samples of AML
patients compared to healthy controls. Notably, the c-KIT tran-
scription levels were highest in patients who relapsed after Gil-
teritinib treatment, which is consistent with our previous in vitro
results. Detailed clinical information of these Gilteritinib-resistant
patients is provided in Supporting Information Table S1. Overall,
these results indicate that treating AML cells with Gilteritinib can
probably enrich and activate LSCs by upregulating c-KIT
expression as well as ERK phosphorylation, potentially contrib-
uting to treatment failure and AML relapse.

Meanwhile, to delve deeper into the impacts of Gilteritinib
treatment on AML cells, metabolomics studies were simulta-
neously conducted (Supporting Information Fig. S1). According
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Figure 1  Gilteritinib treatment elevates the transcriptional level of c-KIT in AML cells. (A) Chemical structure of Gilteritinib. (B) Immunoblot
assay of p-FLT3, p-STATS, p-AKT, and p-ERK protein levels in MOLM-13 and MV-4-11 cells treated with a concentration gradient of Gilteritinib
for 12 h. (C) GSEA enrichment plot of stem cell differentiation, growth factor binding, and Ras signaling pathway using RNA-seq data generated
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to untargeted metabolomics results, several fatty acids were found
to be uptaken differentially in Gilteritinib-treatment group, com-
parison with the vehicle group (Fig. 2A)***. Notably, we paid
particular attention to a significant increase in lactic acid uptake
after Gilteritinib treatment. This result was also confirmed by
quantitative testing of cellular lactic acid (Fig. 2B and Fig. S1A).
The transcriptomic data were then investigated to analyze the
differentially expressed genes associated with lactic acid transport
and utilization. To our surprise, following Gilteritinib treatment,
the transcriptional levels of monocarboxylate transporter 3
(MCT3)*** and lactyl-CoA synthetase short-chain family mem-
ber 2 (ACSS2)**3” were uncovered to be significantly elevated
(Fig. 2C and Fig. S1B). Subsequently, the expression of ACSS2
and MCT3 were validated in two FLT3-ITD* AML cell lines,
MV-4-11 and MOLM-13 cells, using qPCR and Western blotting.
The results confirmed that MCT3 and ACSS2 were both tran-
scriptionally upregulated remarkably, after treated with Gilter-
itinib (Fig. 2D and E, and Fig. S1C and S1D). Next, the cellular
levels of lactyl-CoA were quantitatively evaluated in both AML
cell lines. Compared to the control group, AML cells in the
Gilteritinib-treated group showed a distinct cellular accumulation
of lactyl-CoA (Fig. 2F).

To investigate the impact of lactates on AML cells, we sup-
plemented the culture medium of AML cells with different con-
centrations of lactate. Firstly, it was found that the presence of
lactates could significantly promote the proliferation of two FLT3-
ITD" AML cell lines (Fig. 2G and Fig. S1E). Meanwhile, the
results of the soft-agar colony formation assay demonstrated that
lactates could significantly increase the number of malignant
colonies of AML cells (Fig. 2H and Fig. S1F). Moreover, CCK8
assay results further revealed that lactate supplementation mark-
edly attenuated the cytotoxicity of Gilteritinib in AML cells
(Fig. 2I), indicating that exogenous lactate confers resistance to
Gilteritinib treatment. In conclusion, Gilteritinib treatment could
trigger metabolic reprogramming in AML cells, prominently
enhancing the uptake of lactates. High cellular level of lactates
promoted proliferation of AML cells. This may represent the
primary mechanism driving acquired resistance in AML cells.

Recent multiple important studies have focused on the critical
regulatory role of lactyl-CoA in the epigenetic modification of
proteins, governing their stability and activity38. Notably, the level
of histone lactylation can modify chromatin morphology, subse-
quently influencing mRNA transcription®**'. We hypothesized
that the intracellular accumulation of lactyl-CoA could increase
the lactylation level of histone at specific sites to activate the c-
KIT, ACSS2, MCT3 gene promoter region. To authenticate this,
Western blotting experiments were firstly employed to evaluate
the lactylation levels at various sites of histones (Fig. 3A, Sup-
porting Information Fig. S2A and S2B). As anticipated, Gilter-
itinib treatment significantly increased the lactylation levels of H3
at previously reported sites (Fig. 3A, and Fig. S2A) **. Next,
chromatin immunoprecipitation (ChIP) experiments were per-
formed to identify the specific lactylation sites of H3 that would
be located in the c-KIT promoter region (Fig. 3B, and Fig. S2C).

The CHIP-qPCR results revealed that only the H3K27la could be
significantly enriched in the c-KIT promoter region (Fig. 3B, and
Supporting Information Fig. S3A). Meanwhile, lactate nutritional
intervention experiments were conducted to evaluate their impact
on the aforementioned genes and their downstream signaling
pathways. The results demonstrated the following: first, lactate
significantly upregulated the level of H3K27 lactylation modifi-
cation, activated the transcriptional and protein expression of
ACSS2, MCT3, and c-KIT, and notably increased the phosphor-
ylation levels of c¢-KIT and ERK, all of which exhibited a sig-
nificant time-dependent pattern (Fig. 3C and D). Additionally, the
intracellular synthesis of lactyl-CoA was markedly enhanced
(Fig. 3E). More notably, further ChIP-qPCR experimental results
revealed that H3K27la could also be enriched in the promoter
regions of ACSS2 and MCT3 (Fig. 3F, G and Fig. S3B and S3C).
These findings suggest that Gilteritinib-mediated lactate metabolic
reprogramming-induced H3K27la modification could activate the
promoter regions of c-KIT, ACSS2, and MCT3, transcriptionally
upregulate the expression of these genes, and thereby promote the
transduction of c-KIT downstream LCSs signaling, as well as the
uptake of lactate and the synthesis of lactyl-CoA.

To further clarify the molecular mechanism underlying
Gilteritinib-induced c-KIT transcription upregulation, AML cell
lines with either ACSS2 knockdown or overexpression were
generated. The results of JPCR and Western blotting indicated
that, compared to the vector group, ACSS2 knockdown led to a
decrease in c-KIT expression and the phosphorylation levels of c-
KIT and ERK (Fig. 4A and C). In contrast, ACSS2 overexpression
significantly elevated the levels of c-KIT, p-c-Kit, and p-ERK
(Fig. 4B and D). Moreover, more intervention experiments were
conducted for further mechanical validation. The results indicated
that knocking down ACSS2, or inhibiting ACSS2 with MTB-
9655, or inhibiting EP300 (the histone lactoyltransferases) with
C646 all blocked the Gilteritinib-mediated upregulation of Ac-
H3K27, c-KIT, p-c-KIT, and p-ERK levels in both AML cell
lines (Fig. 4E). These findings provided further evidence to proof
our hypothesis. Additionally, we also explored that whether acti-
vation of c-KIT down-stream signaling could activate transcripnal
expression of ACSS2 and MCT3 (Fig. 4F—I). The c-KIT-alterated
AML cells lines were then establised. Moreover, the further
experimental results demonstrated that c-KIT overexpression
could significantly enhanced lactate uptake and promoted lactyl-
CoA accumulation in AML cells (Supporting Information
Fig. S4). In summary, a plausible mechanism has been uncov-
ered (Fig. 4)). Gilteritinib-induced stress triggered lactate meta-
bolic reprogramming in AML cells, obliged them to preferentially
uptake lactic acid and produced higher intracellular amount of
lactyl-CoA. This, in turn, elevated the level of H3K27la, leading
to the activation of chromatin in the c¢-KIT promoter region and
amplified c-KIT expression. Moreover, it was further verified that
H3K27]la modification can transcriptionally activate both ACSS2
and MCT3 simultaneously. This epigenetic change enhances the
uptake and utilization of lactate by AML cells, and through a
positive feedback loop mechanism, further amplifies the

from incipient sample, and relapsing sample of the AML patients. (D) Venn diagram shows the communication of genes contained in the three
signaling pathways. (E) Expression of ¢-KIT using RNA-seq data generated from incipient sample, and relapsing sample of the AML patients. (F)
Evaluation of ¢c-KIT mRNA levels in AML cells treated with 25 nmol/L of Gilteritinib for 24 h, using qRT-PCR. (G) Evaluation of p-c-KIT, p-
ERK protein levels in AML cells treated with 25 nmol/L of Gilteritinib for different times, using Western blot. (H) Evaluation of ¢-KIT mRNA
levels in AML patients using qRT-PCR. Quantitative data were summarized from three independent replicate experiments and expressed as

mean + SD, **P < 0.01, ***P < 0.001 (Student’ r-test).
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Figure 2  Gilteritinib treatment increases the uptake and utilization of lactic acid in AML cells. (A) Heatmap using untargeted metabolomics
data generated from MV-4-11 cells treated with and without Gilteritinib. (B) The content of lactate using triple quadrupole mass spectrometer
tested in the AML cells treated with and without Gilteritinib. (C) Expression of ACSS2, and MCT3 using RNA-seq data generated from incipient
sample, and relapsing sample of the AML patients. (D) Evaluation of ACSS2, and MCT3 mRNA levels in AML cells treated with 25 nmol/L of
Gilteritinib for 24 h, using qRT-PCR. (E) Evaluation of ACSS2, and MCT3 protein levels in AML cells treated with 25 nmol/L of Gilteritinib for
24 h, using Western blot. (F) The content of lactyl-CoA using triple quadrupole mass spectrometer tested in the AML cells treated with and
without Gilteritinib. (G) Cell growth curve of AML cells treated with 0.5 mmol/L lactate. (H) Determination of colony-forming units (CFU) of
MOLM-13 and MV-4-11 cells treated with lactate. (I) Detection by CCK-8 shows the effect of lactate on AML cell proliferation. Quantitative data
were summarized from three independent replicate experiments and expressed as mean £ SD, *P < 0.05, **P < 0.01, ***P < 0.001 (Student’ -
test).

transcription of c-KIT and the activation of its downstream Based on the results of the proposed mechanism, it was
signaling. It consequentially led to the enrichment of LSCs in postulated that continuous inhibition of FLT3-ITD in AML cells
AML cells, contributing to drug resistance and relapse of AML might gradually cause the accumulation of c-KIT. This accumu-

cells after Gilterinitb targeted therapy. lation leads to a substantial enrichment of leukemia stem cells
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Figure 3  Screening of histone lactylation sites. (A) Evaluation of H3K27la protein levels in AML cells treated with 25 nmol/L of Gilteritinib

for 24 h, using Western blot. (B) The binding of H3K27la protein on the c-KIT gene promoter in AML cells treated with and without Gilteritinib
determined by ChIP-qgPCR assays. (C) Evaluation of ¢c-KIT, ACSS2, and MCT3 mRNA levels in AML cells treated with 0.5 mmol/L lactate for
24 h, using qRT-PCR. (D) Evaluation of p-c-KIT, p-ERK, ACSS2, MCT3, and H3K27la protein levels in AML cells treated with 0.5 mmol/L
lactate for time gradient, using Western blot. (E) The content of lactyl-CoA using triple quadrupole mass spectrometer tested in the AML cells
treated with and without lactate. (F) The binding of H3K27la protein on the ACSS2 gene promoter in AML cells treated with and without
Gilteritinib determined by ChIP-qPCR assays. (G) The binding of H3K27la protein on the MCT3 gene promoter in AML cells treated with and
without Gilteritinib determined by ChIP-qPCR assays. Quantitative data were summarized from three independent replicate experiments and

expressed as mean + SD, “P < 0.05, 7P < 0.01 (Student’ #-test).

(LSCs), subsequently resulting in rapid AML relapse. This further
logically explains why current promising FLT3 kinase inhibitors
inevitably lead to AML relapse: they fail to completely suppress
the continuously amplified c-KIT signaling following epigenetic
reprogramming. In fact, clinical researchers have observed the
phenomenon we identified: treatment with FLT3 inhibitors and
other drugs can lead to c-KIT upregulation, transforming AML
into a relapsed and refractory form. Consequently, clinical studies
attempting combination therapy with FLT3 and c-KIT inhibitors
have failed to obtain FDA approval, due to the lack of a significant

reduction in relapse rates and significantly increased bone marrow
toxicity****. Our study appears to reveal a potential mechanism:
¢-KIT kinase inhibitors are unable to fully alleviate relapsed and
refractory AML.

Recently, increasingly mature targeted protein degradation
(TPD) technologies, particularly proteolysis-targeting chimeras
(PROTACs), offer potential inspiration for addressing this
issue*>*®. We propose that using a PROTAC molecule capable of
selectively and potently degrading both FLT3-ITD and c-KIT in
AML cells—without affecting these proteins in other normal
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hematopoietic stem cells—could completely disrupt the c-KIT-
associated regulatory positive-feedback loop and overcome the
challenges of gilteritinib-mediated AML resistance and relapse.

To this end, Dovitinib was selected as the ligand for the proteins of
interest (POIs) in developing potent degraders (Supporting Infor-
mation Fig. S5A). This choice was due to its strong binding affinities
for both FLT3-ITD and c-KIT. Docking simulations of Dovitinib
with the kinase domains of FLT3-ITD and c¢-KIT indicated that the
piperazine group extended outward from the protein pockets of both,
suggesting it as the most suitable site for PROTAC structural modi-
fication (Fig. S5B)*". It has been reported that increasing the rigidity
of linkers can regulate and constrain the conformations of molecules,
which may facilitate the more efficient and selective formation of
ternary complexes*®*°. Through the principle of PROTAC technol-
ogy (Fig. S5C), we designed and synthesized compounds A1—A10
(Supporting Information Table S2), whose linkers exhibit higher ri-
gidity than previous reported compounds. Encouragingly, most of
these compounds demonstrated enhanced FLT3-ITD degradation
efficacy and antiproliferative activity. Among them, compound A3
showed the most potent FLT3-ITD and c-KIT degradation capability,
with excellent ICsy values in MV-4-11 and MOLMI13 cells
(ICs9 = 1.262 £ 0.14 and 0.1238 = 0.003 nmol/L, respectively).

Multiple studies have indicated that thalidomide-based
PROTAC molecules exhibit poor pharmacokinetic properties,
primarily attributed to their high topological polar surface area
(TPSA) and susceptibility to hydrolysis**°. It was hypothesized
that incorporating thalidomide analogues would be beneficial for
enhancing the membrane permeability and oral bioavailability of
PROTACs. Therefore, we synthesized compounds B1—B11
(Table S2 and Fig. S5D) featuring optimized linkers and novel
cereblon (CRBN) ligand structures. To our delight, Western
blotting  experiments  revealed that compound B11
(DCsp < 1 nmol/L in MOLM-13 cell lines) exerted potent effects
on target degradation ((Fig. 5A and B). Additionally, we evaluated
the antiproliferative activity of B11 in comparison to its parent
scaffold Dovitinib. The results showed that Dovitinib exhibited
markedly weaker inhibitory effects on AML cell proliferation,
indicating insufficient potency for targeted therapeutic use. In
contrast, B11 demonstrated significantly enhanced cytotoxicity,
highlighting the pharmacological advantages conferred by the
PROTAC-based degradation strategy (Supporting Information
Fig. S6).

To further evaluate the drugability of B11, firstly, the pre-
liminary in vitro studies on drug metabolism and pharmacoki-
netics were conducted. It was found that B11 exhibited excellent
metabolic stability in both mouse and human liver microsomes
(LMs, Supporting Information Table S3). Meanwhile, the ab-
sorption of drug molecules by intestinal epithelial cells depends
on their solubility in intestinal fluid®'. By using FeSSIF buffer to
simulate the intestinal fluids, it was found that B11 had good
aqueous solubility (Supporting Information Table S4). These re-
sults indicated that B11 might have adequate oral bioavailability.
Therefore, preliminary pharmacokinetic (PK) studies were con-
ducted in mice. Following intravenous administration at 5 mg/kg,

B11 exhibited an AUC of 6430.75 ng h/mL and a Cy, of
3432.89 ng/mL. After oral dosing at 25 mg/kg, the AUC reached
9432.92 ng h/mL with a C,,,,x of 2890.71 ng/mL, corresponding to
an oral bioavailability of approximately 30%. These findings
suggest that B11 achieves efficient absorption and systemic
exposure following oral administration, supporting its potential for
further oral formulation development (Supporting Information
Fig. S7). In addition, to investigate whether B11 has hematotox-
icity, a 28-day drug-related factors (DRF) experiment was con-
ducted. The results of the blood routine test demonstrated that
continuous administration of B11 did not significantly cause bone
marrow toxicity in the experimental animals (Supporting Infor-
mation Fig. S8A). More importantly, in vitro tests using bone
marrow samples from healthy individuals were conducted, and the
results elucidated that B11 at a concentration of 1000 nmol/L did
not significantly induce cell death in bone marrow cells (Fig. S8B
and S8C). In conclusion, the above experimental results fully
indicated that B11 can be selected as the drug candidate for further
pharmacodynamic evaluations.

Western blot experiments revealed that B11 treatment could
rapidly degrade POIs at low drug concentrations in both dose-
and time-dependent manners (Fig. SC—E). To further validate
whether the drug molecule mediated POI degradation via a
PROTACs mechanism, several intervention experiments were
carried out in vitro. Specifically, pre-treatment with the protea-
some inhibitor MG132 or the CRBN inhibitor MLLN4924 (MLN)
notably inhibited POI degradation. This implies that B11-induced
POI protein degradation hinged on the both activated proteasome
and CRBN. Pre-incubating AML cells with POI and CRBN li-
gands also significantly suppressed POI degradation, suggesting
that B1l-induced proteins degradation also depended on the
formation of the classic ternary complexes involving POlIs,
CRBN and PROTAC molecule (Fig. 5F). Cycloheximide (CHX)
intervention experiments showed that the combination of B11 and
CHX markedly shortened the half-life of the target proteins,
providing direct evidence that B11-induced POI degradation is
reliant on the ubiquitin-proteasome system (Fig. 5G). Subse-
quently, immunoprecipitation (ip) and Western blot results indi-
cated that the ubiquitination levels of FLT3-ITD and c-KIT
proteins were significantly elevated after drug treatment
(Fig. SH). To further evaluate the selectivity of B11-induced POI
degradation, both kinase panel profiling and quantitative prote-
omics analyses were performed (Fig. 5I and Supporting Infor-
mation Fig. S9A). The results indicated that FLT3 and c-KIT
were the most prominently degraded proteins upon B11 treat-
ment. Additionally, distinct degradation of PDGFRf, another
well-known target of Dovitinib, was also detected and subse-
quently confirmed by Western blot analysis (Fig. S9B).
Although PDGFR( was not the primary focus of this study, its
degradation may be advantageous in AML, as reported in
previous studies®>>*. In conclusion, in vitro evaluations demon-
strated that the PROTACs molecule B11 effectively mediated the
selective and potent degradation of FLT3-ITD and c-KIT via the
ubiquitin—proteosome pathway.

Blot. (E) Evaluation of p-c-KIT, p-ERK, and H3K27la protein levels in AML cells treated with different treatment conditions for 24 h, using
Western blot. (F) Evaluation of ACSS2 and MCT3 mRNA levels in si-c-KIT AML cells, using qRT-PCR. (G) Evaluation of ACSS2 and MCT3
mRNA levels in c-KIT-OE AML cells, using qRT-PCR. (H) Evaluation of ACSS2, and MCT3 protein levels in si-c-KIT AML cells, using Western
blot. (I) Evaluation of ACSS2, and MCT3 protein levels in c-KIT-OE AML cells, using Western blot. (J) Summary of the mechanism diagram.
Quantitative data were summarized from three independent replicate experiments and expressed as mean + SD, "P < 0.05, “P < 0.01,

stk

P < 0.001 (Student’ r-test).
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Figure 5 Compound B11 selectively induced FLT3-ITD and c-KIT degradation through the ubiquitin—proteasome system. (A) Results of
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After successfully identifying the degrader molecule B11, the
pharmacodynamic evaluations in AML cells of this candidate
were conducted. Firstly, cell proliferation assay results suggested
that B11 exerted excellent cytotoxic effects on FLT3-ITD" AML
and Ba/F3-FLT3-ITD cell lines, with effects even stronger than
Gilteritinib (Fig. 6A and Supporting Information Fig. S10). Cell
cycle analysis further revealed that B11 significantly arrested the
cell cycle at the G1/S phase (Fig. 6B and Supporting Information
Fig. S11A). Meanwhile, both Gilteritinib and B11 treatment could
dose-dependently induce apoptosis in AML cells (Fig. 6C and
Fig. S11B). Western blot analysis was performed to assess
apoptosis biomarker expression. The results indicated that treat-
ment with both B11 and Gilteritinib significantly upregulated the
expression of cleaved-PARP and cleaved-Caspase 3. Conversely, it
was also found that both of the molecules treatment decreased the
levels of anti-apoptotic proteins BCL-2 and MCL-1 in a
concentration-dependent manner (Fig. 6D). Notably, compared to
the Gilteritinib group, B11 administration could not only
completely inhibit the phosphorylation of FLT3-ITD, STATS3,
STATS, and AKT, but also distinctly attenuate the phosphorylation
levels of c-KIT and ERK (Fig. 6E). These results were consistent
with the previous mechanistic findings and verified the effective-
ness of the proposed targeted intervention strategy. Next, we
comprehensively evaluated the effects of B11 and Gilteritinib on
the clearance of leukemia stem cells (LSCs). Soft agar colony
formation assays also demonstrated that B11 could significantly
suppress the self-renewal ability of LSCs (Fig. 6F and Supporting
Information Fig. S12). Differently, Giemsa staining experiments
illuminated that, compared to the vehicle and Gilteritinib groups,
B11 treatment could effectively induce a distinct differentiative
phenotype in both AML cell lines, as indicated by nuclear seg-
mentation (Fig. 6G). CD11b is a promising biomarker of AML
cells differentiation. Consistently, compared to the vehicle and
Gilteritinib groups, B11 incubating could remarkably increase the
expression of CD11b in two AML cell lines (Fig. 6H and Sup-
porting Information Fig. S13A). We also collected primary blood
samples from relapsed AML patients, including those who
relapsed after Gilteritinib treatment. Excitingly, in vitro treatment
with B11 could induce significant differentiation in these primary
AML cells (Fig. 61 and Fig. S13B).

Armed with these promising in vitro results, the in vivo models
were established to evaluate the anti-AML efficacy of B11. To
begin with, in the subcutaneous MV-4-11 xenograft model, it was
demonstrated that treatment with Gilteritinib and B11 signifi-
cantly inhibited AML cell proliferation (Supporting Information
Fig. S14A-S14D) and effectively alleviated splenomegaly
(Fig. S14E). The experimental animals were sacrificed, and the
tumor tissue was collected for Western blot analysis. The results
confirmed that B11 could significantly degrade FLT3-ITD and c-
KIT in vivo (Fig. S14F). Notably, B11-mediated degradation of
both proteins occurred rapidly (significant protein degradation was
observed within 6 h) and persisted for an extended period (POIs
expression resumed in 72 h after drug withdrawal) (Fig. 7A).

Furthermore, we developed a tail-vein xenograft model using
luciferase-labeled MV-4-11 cell lines (Fig. 7B). Seven days post-
injection, in vivo imaging confirmed the successful establishment
of the AML model. Gilteritinib and B11 were administered on
Day 7. On Day 28, in-vivo imaging illustrated that the mice in
both the Gilteritinib and B11 groups achieved hematological
complete remission (CR, Fig. S14G). After treatment discontin-
uation, the survival of the experimental mice was monitored. In
the Gilteritinib group, all test animals relapsed and died around
Day 48. In contrast, only a few mice in the B11 group experienced
AML relapse, with the majority showing a significantly extended
lifespan (Fig. 7C and Fig. S14G). Additionally, the weight of the
mice was not affected by the drug (Fig. S14H), and the spleno-
megaly in the treatment groups were significantly alleviated
(Fig. S14I). Notably, unlike the Gilteritinib-treated group, treat-
ment with B11 significantly induced the expression of the AML
differentiation marker CD11b (Fig. 7D and Supporting Informa-
tion Fig. S15A). Flow cytometric analyzing the peripheral blood,
spleen, and bone marrow of the experimental animals demon-
strated that the B11-treated mice possessing the lowest population
of CD45" cells, indicating these mice maintained hematological
complete response (CR) for the longest period (Fig. 7E and
Fig. S15B). Moreover, a patient-derived xenograft (PDX) exper-
iment was conducted using primary AML cells from Gilteritinib-
resistant patients (Fig. 7F). The results revealed that, compared to
the control group, both the Gilteritinib monotherapy group and the
Gilteritinib plus Imatinib combination therapy group, the B11
administration demonstrated excellent therapeutic effects and
nearly doubled the overall survival of the experimental mice
(Fig. 7G). Additionally, B11 treatment alleviated splenomegaly
(Supporting Information Fig. S16) and notably induced the dif-
ferentiation of LSCs in the bone marrow and spleen of the mice
(Fig. 7H and I and Supporting Information Fig. S17A and S17B).
Collectively, treatment of B11 could effectively suppress the
proliferation and stemness of FLT3-ITD ¥ AML in vivo and
subsequently extend the overall survival of experimental animals.
This compound holds great promise as a potential candidate and
offers a novel solution for the targeted treatment of FLT3-ITD™
AML (see Fig. 8).

3. Discussion

FLT3-ITD has emerged as a highly promising therapeutic target
for acute myeloid leukemia (AML)>. In the past few decades,
biopharmaceutical companies have exerted substantial efforts to
develop selective and potent FLT3-ITD kinase inhibitors for
clinical use. So far, five such inhibitors have been approved by the
FDA®®. Although these drugs can swiftly eliminate AML cells in
the peripheral blood, they fail to completely eliminate minimal
residual disease (MRD) in the bone marrow® 2. Clinical treat-
ments with FLT3 inhibitors, like Gilteritinib, invariably lead to
drug resistance and disease relapse'>. Consequently, exploring the
mechanisms underlying drug resistance and disease relapse related

20 nmol/L. compound B11 for 6 h, MV-4-11 cells were pretreated with DMSO, MG132 (1 pmol/L), MLN4924 (1 pmol/L), pomalidomide
(1 pmol/L), and dovitinib (1 pmol/L) for 2 h. The FLT3-ITD and c-KIT protein was determined by performing the Western blotting assay. (G)
Immunoblot assay of FLT3-ITD and c-KIT protein levels in MV-4-11 cells under cycloheximide (CHX) and compound B11 exposure. (H) MV-4-
11 cells were treated with 20 nmol/L compound B11 for 4 h. Subsequently, the cells were treated with 2 pmol/L. MG132 for 2 h. FLT3-ITD and c-
KIT protein was coimmunoprecipitated using an anti-FLT3 antibody and anti-c-KIT antibody. The levels of ubiquitinated protein were assessed
through immunoblotting with an anti-ubiquitin antibody. (I) Compound B11 significantly degraded the FLT3-ITD and c-KIT protein using
Proteomics data generated from MV-4-11 cells treated with and without compound B11.
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to Gilteritinib and other FLT3 inhibitors, along with devising
innovative targeted solutions, has become a crucial topic in clin-
ical research. Clinical results have demonstrated that simply
enhancing the inhibitory potency and selectivity toward FLT3
kinase is insufficient to overcome AML relapse. In-depth inves-
tigation and elucidation of the molecular mechanisms underlying
the transformation of AML into relapsed and refractory disease
following FLT3i-treatment are essential to guide the development
of alternative targeted intervention strategies and discovery of
novel drug candidate.

In this study, we have explored and identified a novel drug
resistance mechanism in FLT3" AML cells. Through in-
vestigations using clinical samples and AML cell lines, we first
confirmed that treatment with Gilteritinib could transcriptionally
activate c¢-KIT expression. This serves as the primary mechanism
driving the enrichment of ¢-KIT" leukemia stem cells (LSCs),
thereby inducing drug resistance and recurrence in AML. To
investigate the potential mechanisms underlying the transcrip-
tional upregulation of c-KIT, we conducted a metabolomics
analysis of these resistant AML cells. The results revealed that
Gilteritinib treatment significantly induced lactate metabolic
reprogramming in surviving AML cells. Concurrently, tran-
scriptomic data demonstrated distinct upregulation of MCT3 and
ACSS?2 in these cells, potentiating uptake and utilization lactates
in AML cells. We speculate that the mechanism by which Gil-
teritinib induces an increase in lactate levels mainly comes from
two aspects: on the one hand, the endogenous glycolysis pathway
in cells, which has been shown in the literature to play an
important role in various resistance mechanisms >>; on the other
hand, Gilteritinib upregulates MCT3 expression, promoting the
active uptake of exogenous lactate by cells, thereby enhancing
AML cells’ dependence on lactate metabolism.

MCTS3 (monocarboxylate transporter 3), a member of the MCT
family, primarily mediates transmembrane transport of mono-
carboxylic acids such as lactate and pyruvate®*>>. It is highly
expressed in retinal pigment epithelial cells, where it facilitates
lactate efflux to maintain retinal energy homeostasis. Notably,
previous studies have identified MCT1, MCT2, or MCT4 as
highly expressed in drug-resistant cells, contributing to lactate and
monocarboxylate transport in the context of cellular metabolic
reprogramming”’®, However, the role of MCT3 in drug resis-
tance mechanisms of AML cells remains poorly understood. In
this study, we found that MCT1, MCT2, and MCT4 expression
remained stable in Gilteritinib-resistant AML cells, whereas
MCTS3 was significantly upregulated. To our knowledge, this is the
first report demonstrating a critical role for MCT3 in acquired
resistance driven by metabolic reprogramming in AML. Corre-
spondingly, we observed a significant accumulation of lactyl-CoA

in the cells. Further lactic acid supplement experiments were
further verify these processes. Previous studies have shown that
protein lactylation plays a crucial role in regulating protein
functions. Notably, histone lactylation at specific lysine residues
can potentially alter the chromatin structure at the promoter re-
gions of target genes, thereby promoting gene transcription®®*!.
However, no studies have yet explored the impact of histone
lactylation at specific Lysine residues on the transcription of the c-
KIT gene. Through ChIP experiments, we identified that the
upregulated H3K27la, for the first time, mediated by Gilteritinib
treatment stress, could enrich the promoter regions of the c-KIT
gene and promote its transcription.

Next, we further uncovered that the positive feedback loop
regulatory mechanism contributes to drug resistance and relapse
of AML following Gilteritinib treatment. It induced lactate
metabolic reprogramming in AML cells. And the resulting
H3K27la epigenetic modification could upregulate c-KIT expres-
sion and activate its downstream LSCs signaling, thereby
conferring drug resistance to AML cells. Concurrently, the
epigenetic modification at H3K27la also transcriptionally acti-
vated the expression of MCT3 and ACSS2, which further
enhanced the uptake and utilization of lactate by drug-resistant
cells. This formed a positive feedback regulatory mechanism that
further amplifies c-KIT expression.

The results of the aforementioned mechanism study also
explained why clinical treatment with c-KIT kinase inhibitors fails
to significantly suppress drug resistance and relapse in AML.
Sustained upregulation of c-KIT protein led to the infinite
amplification of its downstream LCSs signaling, such amplifica-
tion exceeds the inhibitory capacity of c-KIT inhibitors. Qui-
zartinib is the promising FLT3/c-KIT dual inhibitor. Previous
research findings have shown that AML patients treated with
Quizartinib still progressed to relapsed and refractory AML. Other
¢-KIT inhibitors also fail to mitigate AML recurrence*>**. These
results are consistent with our findings. These implied that c-KIT
kinase inhibitors would not fully block the continuously amplified
downstream signaling of c-KIT.

To end this, we identified a highly potent and selective FLT3-
ITD/c-KIT degrader using the PROTACs technology in order to
more effectively disrupt the FLT3-ITD/MCT3/ACSS2/c-KIT
positive feedback loop. Compared to Gilteritinib, this degrader
could not only notably induce cell death in FLT3-ITD © AML
cells both in vitro and in vivo but also trigger distinct cell differ-
entiation in drug-resistant LSCs. In CDX and PDX models,
compared with the mice in the Gilteritinib treatment and combi-
nation treatment with Gilteritinib and Imatinib groups, degrader
treatment significantly induced the differentiation of drug-resistant
AML cells, minimized relapse rates, and notably improved the

were used to treat MOLM-13 and MV-4-11 cells for 24 h, and cell cycle changes were detected by flow cytometry. The proportion of cells in each
phase of the cell cycle was calculated by GraphPad Prism 9 based on three independent repeated experiments. (C) Effect of compound B11 and
Gilteritinib on the apoptosis of FLT3-ITD AML cells. Quantitative analysis of the percentage of apoptotic tumor cells in flow cytometry scatter
plot of apoptosis for MOLM-13 and MV-4-11 cells treated with compound B11 and Gilteritinib for 48 h, respectively. (D) MOLM-13 and MV-4-
11 cells were treated with different concentrations of compound B11 and Gilteritinib for 48 h, cleaved-Caspase-3, cleaved-PARP, MCL-1 and Bcl-
2 were detected by Western blot. (E) Immunoblot assay of p-FLT3, p-STATS, p-AKT, and p-ERK protein levels in MOLM-13 and MV-4-11 cells
treated with a concentration gradient of compound B11 for 12 h. (F) Colony-forming units (CFU) assays for MOLM-13 and MV-4-11 cells
administered compound B11 and Gilteritinib, respectively. (G) Giemsa staining for MOLM-13 and MV-4-11 cells administered compound B11
and Gilteritinib, respectively. (H) Flow-cytometric analysis of differentiated AML cells with or without compound B11 and Gilteritinib,
respectively. CD11b™ cells were considered differentiated AML cells. (I) Flow-cytometric analysis of differentiated cells of AML patients with or
without compound B11. Quantitative data were summarized from three independent replicate experiments and expressed as mean £ SD,

*P < 0.05, #P < 0.01, ***P < 0.001 (Student’ -test).
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Figure 7 Compound B11 inhibits the proliferation and metastasis of AML cells in vivo. (A) PD experiments: Mice with subcutaneous AML

tumors were treated with B11 (20 mg/kg/day) once the tumors reached a certain size. When the tumor size stabilized, the treatment was stopped.
Mice were sacrificed at different time points, and the tumors were collected and ground. Western blotting detected the expression level of
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overall survival of experimental animals. The PROTAC molecule
B11 has been identified as a candidate drug and is currently un-
dergoing preclinical studies.

Interestingly, when using proteomics to evaluate the selectivity
of B11 for protein degradation, we serendipitously discovered that
B11 also potently degrades PDGFRf. Previous studies have
demonstrated that genetic rearrangements, fusions, and over-
expression of PDGFRf are closely associated with the initiation,
progression, and relapse of acute myeloid leukemia (AML). For
instance, TEL-PDGFRB and STRN3-PDGFRB gene fusions have
been identified as major drivers of AML malignant progression,
where the constitutive activation of PDGFRg kinase domain and
downstream signaling pathways promotes AML cell proliferation
and chemoresistance®”®®. Additionally, accumulating evidence
indicates that high PDGFR@ expression correlates with poor
prognosis and chemoresistance in AML patients. Knockdown of
PDGFRg can inhibit AML cell proliferation, induce apoptosis,
and thus hold promise for the treatment of relapsed/refractory
AMLS"92, Furthermore, several studies have highlighted the sig-
nificant potential of PDGFR@ inhibitors in AML therapy. Litera-
ture reports have shown that crenolanib®? s imatinib64, sunitinibss,
and CT53518% can significantly slow leukemia progression by
suppressing the kinase activity of PDGFR@. Collectively, these
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Novel targeted intervention strategy using FLT3-ITD/c-KIT degrader.

prior findings suggest that targeting PDGFRS may benefit AML
patients, representing a promising strategy for targeted therapy
development.

Despite the promising results of PDGFR@ inhibitors in pre-
clinical studies and small-scale clinical trials, no drugs targeting
the inhibition or degradation of PDGFRf have been approved for
AML treatment to date. Future research should focus on con-
ducting large-scale clinical trials to evaluate the efficacy and
safety of PDGFR{ inhibition in AML patients with PDGFRS
rearrangements as well as those with relapsed/refractory AMLS’.

4. Experimental
4.1.  General

All reagents and solvents were purchased from Shanghai Bide
Pharmatech Ltd., Co. and MedChemExpress, unless otherwise
specified, and used without further purification. Flash column
chromatography employed silica gel (100-200 mesh). All com-
pounds were demonstrated to be homogeneous by analytical
TLC on precoated silica gel TLC plates (purchased from
Qingdao Haiyang Chemical Ltd., Co. 60 F245 on glass, layer
thickness 250 pm), and chromatograms were visualized by

FLT3-ITD and c-KIT in tumor samples of mice at different times (n = 14). (B-E) MV-4-11 cells were injected into the tail vein of NOG mice.
The mice were randomly divided into three groups (n = 12) at 7 days after the injection. Compound B11 (20 mg/kg/day) or Gilteritinib (20 mg/
kg/day) was administrated per day for 21 days. On Day 28, dosing is stopped and the mice are observed for death. Diagram (B), Day 28 (the first
day of recording survival) stop medication and record survival (C), the number of CD11b" cells was detected by flow cytometry statistical
analysis (D), the number of CD45™ cells was detected by flow cytometry statistical analysis (E) are shown. Data are presented as means &= SEM;
##kP < (0.001, Student’s #-test. (F-1) In vivo assessment for the effect of compound B11, Gilteritinib, and Gilteritinib-Imatinib combination on
tumor growth in a NOG mouse bearing human AML xenograft tumor. Diagram (F), the survival time of mice (G), the number of CD11b positive
cells was detected by flow cytometry statistical analysis (H), the number of CD45 positive cells was detected by flow cytometry statistical analysis
(I) are shown. Data are presented as means = SEM; **P < 0.01, ***P < 0.001, (Student’ #-test).
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phosphomolybdic acid staining. Melting points were determined
on a micromelting point apparatus. NMR spectra were recorded in
CDCl; or DMSO-dg, unless otherwise stated, on Bruker ('H at 400
or 600 MHz, '*C at 100 or 150 MHz) NMR spectrometers, and
chemical shifts are reported in units of ¢ relative to internal TMS.
Multiplicities are indicated as br (broadened), s (singlet),
d (doublet), t (triplet), q (quartet), and m (multiplet), and coupling
constants (J ) are reported in hertz (Hz). Low and high-resolution
mass spectra were performed in The State Key Laboratory of
Medicinal Chemical Biology, College of Pharmacy, Nankai Uni-
versity, Nankai University. Mass spectral data are reported in the
form of m/z (intensity relative to base = 100). Synthesis and
characterization of all tested compounds are illustrated in the
supporting files. Purities of the tested compounds were determined
by HPLC analysis using Agela Technologies HPLC using an
Agela Technologies MP C18 column (5 pm, 4.6 mm x 50 mm
column and methanol/water) and were >95%. Animal tests are all
followed ARRIVE guidelines.

4.2.  Pharmacokinetics (PK) study

Sprague—Dawley male rats (6-8 weeks old, 220-350 g) were
purchased from Academy of Military Medical Sciences (Beijing,
China). PK studies were collaborated with Hunan Hengxing
Medical Technology Co., Ltd. For a single dose PK study of
compound C3, 6 rats were divided into different groups: (A) iv of
compound C3 (5 mg/kg), (B) po of compound C3 (25 mg/kg).
The drug was dissolved in the 5% DMSO+10% 2-
hydroxypropyl-8-cyclodextrin +85% water at pH: 5-6. For PK
study, 200 pL blood was collected from different rats at 5, 15, 30,
45 min, 1, 2, 4, 6, 8 and 24 h after treatment. Blood samples were
treated with heparin to prevent coagulation. Blood samples were
centrifuged for 10 min at 13,000 rpm in a desktop centrifuge to
collect plasma. 50 plL. plasma samples were combined with
200 pL internal standard (buspirone 100 ng/mL) in MeOH/H,0O
(1:1, v/v), and centrifuged at 15,000 rpm for 10 min at 4 °C. The
supernatant (100 pL) was collected and mixed with 5 parts of
50% MeOH/water. Plasma drug concentration was determined
by LC—MS/MS.

4.3.  Kinetic solubility assay

The kinetic solubility assay was collaborated with the Beijing Ice
Bioscience Inc. Prepare test compounds in DMSO at 30 mmol/L.
Add 10 pL/vial stock solution into flat bottom glass vials in
duplicate in a 96-well rack, followed by adding 990 pL/vial of
the assay buffer into the solubility sample plate. Put a PTFE
encapsulated stainless steel stick stirrer into each vial, then seal
vials using a molded PTDE/SIL silicone plug. Transfer the sol-
ubility sample plate to the Thermomixer Comfort plate shaker,
1100 rpm, 25 °C for 2 h. Remove the stir sticks using a big
magnet after 2 h’ incubation. Transfer the solubility plate sample
into the filter plate using Vacuum Manifold. Transfer 10 pL the
filtered samples and 10 pLL. DMSO into 980 pL methanol, further
diluted 10-fold in methanol:water (1:1) as filtered samples for
LC-MS/MS analysis. Dilute 30 mmol/L test compound stock
solutions to 300 umol/L in DMSO. Transfer 10 uLL 300 pmol/L
DMSO samples and 10 pL assay buffer into 980 pL methanol,
further diluted 10-fold in methanol: water (1:1) as standard
samples for LC-MS/MS analysis. Calculate the solubility using
Microsoft Excel.

4.4. LC-MS/MS

The samples were dissolved in methanol (solvent A), filtered
through a 0.2 pum membrane (Merck Millipore), and analyzed
using a homemade C18 reversed-phase column (30 °C) on a
UPLC system. Separation was achieved with a linear gradient
from 5% to 35% methanol (containing 2 mmol/L ammonium
lactate) over 15 min at 0.2 mL/min. For LC-MS/MS detection,
5 pL aliquots were injected into an online system equipped with
an electrospray ionization (ESI) source and tandem mass spec-
trometer. Lactyl-CoA was eluted with 1 mL of 25 mmol/L
ammonium lactate in methanol.

4.5.  Human liver microsomal stability

The experiments were collaborated with PreceDo Pharmaceuticals
Co., Ltd. Hefei, China. The human microsomes were commer-
cially available (BioIlVT, X008005). Microsome stability was
evaluated by incubating test compound (1 pmol/L final concen-
tration) with 1 mg/mL hepatic microsomes at 37 °C. The reaction
was initiated by adding NADPH (1 mmol/L final concentration).
The mixtures were vortexed gently at 37 °C. At each time point of
0, 5, 15, 30 and 60 min, an aliquot was removed from each tube.
Terfenadine/tolbutamide in ACN/MeOH (1:1, v/v) was added to
quench and precipitate the microsomal incubations. Samples were
capped and vigorously vortexed and then centrifuged at 4 °C. An
aliquot of each supernatant was transferred for LC-MS/MS
analysis. The MS detection was performed using a QTRAP
6500+ Low Mass instrument. Each compound was analyzed
by reverse phase HPLC using an XBridge BEH C18 2.5 um
2.1 mm x 50 mm.

4.6.  Molecular modeling

Molecular docking was performed with the crystal structure of
FLT3 (PDB ID: 6JQR), c-KIT (PDB ID: 8PQ9) as an input. The
three-dimensional structure of molecular was obtained, and its
energy was minimized by Chem 3D 22.00. Polar hydrogens and
protein preparation were added to proteins with the AutoDock
Tools program, and docking studies were performed using
AutoDock Vina 1.05.36. Figures were generated using Pymol 3.0
(Educational open source).

4.7.  Cell lines and cell culture

Human leukemia cell lines MV-4-11 (ATCC CRL-9591) and
MOLM-13 were, respectively, cultured in IMDM or DMEM
supplemented with 10% fetal bovine serum (FBS, Biological
Industries, 04-001-1A/B), 100 units/mL penicillin G, and
0.1 mg/mL streptomycin (life science, P1400) at 37 °C in the
presence of 5% CO,.

4.8.  Cell cytotoxicity assay

CCK-8 assays were used to assess the drug sensitivity of different
leukemia cell lines. The cells were seeded in 96-well plates
(8.0 x 103 cells per well) for human leukemia cell lines MV-4-11
and MOLM-13 in a final volume of 80 pL. Then, 20 pL of
compounds was added at different concentrations. After 72 h of
drug incubation, 10 pL of CCK-8 (Vazyme, A311-01) solution
was added to each well and incubation was continued for another
3—4 h. Optical density (OD) of formazan concentration was read
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at 450 nm with THERMO FISHER Multiskan FC. The concen-
trations required to inhibit growth by 50% (ICsp) were calculated
with GraphPad Prism7 as previously described.

4.9.  Western blot analysis

MV-4-11 and MOLM-13 (5 x 10° per well) were seeded in six-well
culture plates, treated with the compound at indicated concentra-
tions for appropriate time or indicated time for appropriate con-
centrations and lysed in RIPA lysis buffer supplemented with
protease inhibitors cocktail/PMSF and dephosphorylase inhibitor
NaF. The protein concentration was measured with the BCA Pro-
tein Assay kit (Beyotime Biotechnology, PO012). Equal amounts of
proteins were electrophoresed by SDS-PAGE (8%—15%) under
denaturing conditions and transferred onto the PDVF membranes
(Millipore Corporation, IPVH00010). Membranes were blocked in
5% nonfat milk (BD Difco, 232100) and then incubated with pri-
mary antibodies. After being washed, the membranes were incu-
bated with secondary antibodies and detected by a Luminescent
Image Analyzer LSA 4000 (GE, Fairfield, CO). Antibodies used in
this study were as follows: anti-FLT3 (Proteintech, 21049-1-AP),
anti-G-actin (Proteintech, 66009-1-Ig), anti-Phospho-FLT3 (Cell
Signaling Technology, 3466S), anti-STAT5 (Cell Signaling Tech-
nology, 25656S), anti-Phospho-STATS (Cell Signaling Technology,
4322S), anti-Caspase-3 (Cell Signaling Technology, 9662S), anti-
cleaved Caspase-3 (Cell Signaling Technology, 9661S), anti-Mcl-
1 (Cell Signaling Technology, 94296S), anti-Bcl-2 (Cell Signaling
Technology, 15071S), anti-PARP (Santa Cruz Biotechnology, sc-
53643), anti-cleaved PARP (Santa Cruz Biotechnology, sc-8007),
anti-Phospho-AKT (Santa Cruz Biotechnology, sc-377556), anti-
AKT (Santa Cruz Biotechnology, sc-5298), anti-Phospho-ERK
(Santa Cruz Biotechnology, sc-136521), anti-ERK (Santa Cruz
Biotechnology, sc-271269), anti-STAT3 (Proteintech, 10253-2-AP),
anti-Phospho-STAT3 (Cell Signaling Technology, 9145), anti-c-KIT
(zenbio, 347321), anti-Phospho-c-KIT (zenbio, 370316), anti-
PDGFR{ (Proteintech, 32335-1-AP), anti-MCT1 (Santa Cruz
Biotechnology, sc-36550), anti-MCT2  (zenbio,  680408),
anti-MCT3 (Affinity, DF13644), anti-MCT4 (Santa Cruz Biotech-
nology, sc-376465), anti-ACSS2 (Santa Cruz Biotechnology,
5¢-398559), anti-ubiquitin (Proteintech, 10201-2-AP), anti-Histone-
H3 (Proteintech, 17168-1-AP), anti-H3K9la (PTM BIO,
PTM-1419RM), anti-H3K18la (PTM BIO, PTM-1415RM), anti-
H3K23la (PTM BIO, PTM-1413RM), anti-H3K27la (PTM BIO,
PTM-1428), anti-Histone-H4 (zenbio, 344323), anti-H4K5la (PTM
BIO, PTM-1407RM), anti-H4K16la (PTM BIO, PTM-1417RM).

4.10.  Apoptosis assay

MV-4-11 and MOLM-13 (5 x 10° per well) were plated into six-
well culture plates and treated without or with the compound at
the indicated concentration for 48 h. The treated cells were then
collected and washed twice with cold PBS. Cell apoptosis was
detected using an Annexin V-FITC/PI Apoptosis Detection kit
(Beyotime, C1063) by a BD flow cytometer.

4.11.  Immunoprecipitation assay

MV-4-11 cells were pretreated with compound B11 for 4 h and
then treated with 2 umol/L MG132 for 2 h. The cells were
extracted in RIPA buffer. The lysates were centrifuged at
12,000x g for 15 min and incubated at 4 °C for 16 h with 5 pg of
FLT3 antibody (Proteintech, 21049-1-AP) and c-KIT antibody

(Santa Cruz Biotechnology, sc-393910), respectively. Then, 50 pL
of protein A/G agarose (Santa Cruz Biotechnology, sc-2003) was
added and incubated at 4 °C for 8 h. Protein A/G agarose was then
recovered by centrifugation at 1000x g, washed six times with
wash buffer (n 50 mmol/L Tris—HCI (pH 8.0), 150 mmol/L NacCl,
0.1% (v/v) NP-40), resuspended in 50 pL of 2 x SDS loading
buffer, boiled at 99 °C for 10 min, and centrifuged at 12,000x g for
10 min. The supernatant was then analyzed by SDS-PAGE, fol-
lowed by Western blotting using an anti-ubiquitin antibody.

4.12.  RNA extraction and gRT-PCR

MV-4-11 and MOLM-13 cells were cultured in six-well plates
(5 x 10° per well) for 24 h, followed by treatment with compound
Gilteritinib for 24 h. The residue cells were harvested with Trizol
reagent (Invitrogen, Frederick, MD, USA). First-strand cDNA was
generated using the HiScript II Reverse Transcriptase (Vazyme,
R223-01). qRT-PCR was performed in the Lightcycler 96 Real-
Time PCR System (Roche) using AceQ qPCR SYBR Green
Master Mix (Vazyme, Q111).

The mRNA expression of ¢c-KIT, MCT3, ACSS2 and @-actin
was determined by qRT-PCR. Primers used for qRT-PCR:

c-KIT,

forward 5'-CACCGAAGGAGGCACTTACACA-3/,

reverse 5'- TGCCATTCACGAGCCTGTCGTA-3’

MCT1,

forward 5'-TTGTTGGTGGCTGCTTGTCAGG-3/,

reverse 5'-TCATGGTCAGAGCTGGATTCAAG-3'

MCT2,

forward 5'- TGCTGGCTGTTATGTACGCAGG-3/,

reverse 5'- GCCAACACCATTCCAAGACAGC-3'

MCTS3,

forward 5'-TGCAGTTCGAGGTGCTCATGGC-3,

reverse 5-GTTCTTCAACACATCCACCAGGC-3’

MCTH4,

forward 5'-GCCATCTTTGCTGGTGGTTACC-3,

reverse 5-TGGTCCAGAAAGGACAGCCATC-3'.

ACSS2,

forward 5-GGTGACCAAGTTCTACACAGCAC-3/,

reverse 5-GTTCACCCACTGTGCCTAACAC-3’

B-Actin,

forward 5'-CACCATTGGCAATGAGCGGTTC-3,

reverse 5'-AGGTCTTTGCGGATGTCCACGT-3

4.13.  RNA sequencing

The RNA sequencing was performed by OEbiotech (Shanghai,
China). Briefly, the collected cells were processed for RNA isola-
tion using TRIzol reagent (Invitrogen) according to manufacturer’s
protocol. To the constructed RNA library, remove the rRNA using
the TruSeq Stranded Total RNA with Ribo-Zero Gold kit, and
reverse transcription was performed for cDNA. The purified DNA
was amplified by PCR. followed by qualified inspection with
Agilent Bioanalyzer 2100 system (Agilent Technologies, USA),
and then Illumina sequencer was used for sequencing. The differ-
entially expressed mRNA were further analyzed based on [Fold
Change| > 1.5 and P value < 0.05. The Database for Annotation,
Visualization and Integrated Discovery (DAVID, https://david.
nciferf.gov/) was used to perform Gene Ontology (GO) functional
and KEGG pathway enrichment analyses, considered P < 0.05 as
statistically significant. RNA-seq data are shown in Supporting
Information
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4.14.  Untargeted metabolomics

Thank Repugene Technology (Hangzhou, China) for performing
the experiment and analysis of untargeted metabolomics. We will
perform an untargeted metabolomic analysis of MOLM-13 cells
treated with and without 25 nmol/L Gilteritinib. Cell collection:
Centrifuge at 300xg, 4 °C for 5 min, discard the supernatant
medium, collect in a 2 ml EP tube, then wash cells twice with
1 x PBS. After each wash, obtain cell pellets by centrifugation
(300xg, 4 °C for 5 min). Place at —80 °C for 15 min to fully
deactivate enzymes. If not extracted immediately, it can be stored
in a —80 °C freezer; Cell lysis and metabolite extraction: Add
200 pL of 80% methanol solution (containing a mixture of in-
ternal standards), use an ultrasonic cell disruptor to lyse cells, then
add 800 pL of 80% methanol solution (containing a mixture of
internal standards), vortex for 1 min; Centrifuge at 14,000xg,
4 °C for 10 min, transfer the supernatant to a new 2 mL centrifuge
tube; PQC preparation: Mix an equal amount of supernatant from
each sample in step (3) to create a PQC sample; After vacuum
freeze-drying, resuspend in 100 pL of 10% methanol/90% water
solution, vortex for 30 s, sonicate for 1 min, centrifuge at
14,000x g, 4 °C for 10 min, transfer the supernatant to a sample
vial for mass spectrometry analysis.

4.15.  Lactyl-CoA analysis

After drug treatment of MV-4-11 and MOLM-13 in 5 x 10> per
well, they were collected and washed with PBS that had been
cooled in advance, 2000 rpm, 5 min, and centrifugation. After
resuspension of cells using pre-chilled 80% methanol (methanol/
water, 4:1), sonication. After ultrasonic, centrifuge at 13,000 rpm
for 10 min, and centrifuge to take the supernatant. The supernatant
was filtrated through a 0.22 pmol/L filter and then detected by
LC-MS/MS.

4.16.  Lactic acid content assay

About 1 x 10* AML cells were collected and measured by the
lactic acid production using the Lactic Acid Content (LA) Assay
Kit according to the manufacturer’s instructions.

4.17.  ChIP-qPCR

Select a 15 cm cell culture dish, MV-4-11 with a growth density of
80%, and MOLM-13 cells for experiments, add 37% formalde-
hyde to the ultra-clean bench to make its final concentration of 1%
and mix well to ensure that the cells can be fully in contact with
formaldehyde. After fixation at room temperature for 10 min,
1 mL of pre-prepared 2 mol/L glycine was added, and the fixation
was terminated and discarded. After washing the cells twice with
PBS, add 10 mL of ChIP SDS buffer. Centrifuge at room tem-
perature at 1200 rpm for 6 min, discard the supernatant, resuspend
the cells with 1 mL of immunoprecipitation (IP) buffer, and
perform ultrasound to interrupt the chromatin in the cells. The
fragment size needs to be around 500 bp after ultrasound.
Centrifuge the ultrasonic sample at 12,000 rpm for 5 min. The
supernatant was then transferred to a 1.5 mL EP tube, 1/50 of the
experimental input group was pipetted and placed at 4 °C, and the
remaining fraction was divided into 2 groups, one was added with
1 pg of the corresponding experimental antibody as the IP group,
and the other was added with 1 pg of IgG antibody as the IgG
group. Incubate overnight at 4 °C on a runner. On the second day,

40 pL of Protein A/G immunoprecipitation magnetic beads were
added to each of the two groups for 4 h, and the crosslinking
buffer was added to the solution crosslinking buffer at 65 °C
overnight for product purification, and then the samples were
diluted separately and used as a template for RT-qPCR
experiments.

¢-KIT Promoter sequence,

Primer 1, forward 5'-ATTGTGAGGGCTTTCCTGTG-3',

reverse 5'-CCAGAGAATCCGAACACTCC-3’

primer 2, forward 5'-GCTGAAGGTGCTGAGAAGGT-3/,

reverse 5'-CAGGGTGAAGAGGGAAGTGT-3'

ACSS2 Promoter sequence,

Primer 1, forward 5'-CACCCTCTCCCTTGTCACAC-3/,

reverse 5'-CTGTCCTTGCCAACCTCGAT-3/

primer 2, forward 5-GAGCTGGTGAAGGTGCTGAT-3’

reverse 5'-CAGGTGAAGAGGGAAGTGTC-3

MCT3 Promoter sequence,

Primer 1, forward 5'-CCAACACATGCCCTCTCTGT-3/,

reverse 5'-CTTATTTGGGGGACAGGGCA-3'

primer 2, forward 5'-GTGCTGAAGGTGCTGAGAAG-3/,

reverse 5'-AGGGTGAAGAGGGAAGTGTG-3'

4.18.  Flow cytometric analysis

The antibodies targeting following proteins were purchased from
Biolegend: FITC anti-human CD11b Antibody (#301329). MV-4-
11 and MOLM-13 (5 x 10° per well) were plated into 6-well
culture plates and treated without or with compound at indicated
concentration for 96 h. The treated cells were then collected and
washed twice with cold PBS. The cells were resuspended in
100 pL. PBS. The cells can be pre-incubated with 5 pLL of Human
TruStain FcX™ (BioLegend, 422301) per 100 pL of cell sus-
pension for 5-10 min at room temperature. Then, add 5 pL an-
tibodies and incubate on ice for 15-20 min in the dark. Wash cells
twice with 2 mL of PBS by centrifugation at 350x g for 5 min.
Analyzed using a BD flow cytometer. Data analysis was per-
formed using FlowJo software.

4.19. Giemsa staining

Wright-Giemsa staining kit was from Beyotime (#C0131). Briefly,
the cytospin slides were prepared. Wright-Giemsa staining was
carried out, following standard instructions.

4.20.  Colony formation

Colony formation was assessed using a soft agar assay. Cells were
suspended in IMDM, DMEM containing 0.6% agarose and 20%
fetal bovine serum and plated on top of a solidified layer of
IMDM, and DMEM containing 1.2% agarose and 20% fetal
bovine serum without or with compound. The cells were plated at
a density of 1000 cells/well in 60 mm plates and cultured at 37 °C
in the presence of 5% CO,. After 20-30 days of growth, colonies
of >50 cells were scored.

4.21.  siRNA transfection

Cells were transfected with siRNAs using Lipofectamine®
RNAIMAX transfection reagent (Thermo Fisher Scientific, Invi-
trogen, 13778075) following the manufacturer’s protocol and
analyzed 72 h later. siRNA knockdown efficiencies were validated
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by western blotting. The sequences of the siRNAs used were as
follows:
si-c-KIT-1: 5'-ACTTCATCTAACGAGATTAAA-3/;
si-c-KIT-2: 5'-GCGACGAGATTAGGCTGTTAT-3;
Vector: pLenti-U6-CBH-TurboGFP-P2A-Puro-ncshRNA
si-ACSS2-1: 5'-GCTTCTGTTCTGGGTCTGAAT-3;
$i-ACSS2-2: 5-CGGTTCTGCTACTTTCCCATT-3'; Vector:
pLKO.1-copGFP-PURO.

4.22.  Lentivirus infection

Overexpression of genes was performed by lentivirus transduction.
pCDH-EF1-MCS-CMV-copGFP-T2A-Puro overexpression vector
constructs were from Synbio Technologies (Suzhou, China). The
codon optimized nucleotide sequences were chemically synthe-
sized. For ACSS2 overexpression experiments, we used such vector.
The sequences of primers were listed in Supporting Information
Table S5. Lentiviral vector constructs were transfected with pack-
aging and envelope plasmids to 293 FT cells. Viral supernatant was
harvested at 72 h after transfection, filtered through a 0.45 pm filter,
and then added to the cultured cells in the media supplemented with
1 mg/mL PEI MW40000 (Yeasen, 40816ES03) according to the
instruction manual. Twenty-four hours after infection, the virus-
containing media were removed and replaced with fresh media.
The transfected cells were selected by FACS or puromycin at
0.2 mg/mL for stable cell line establishment.

4.23.  Animal study

All animal experiments were performed in accordance with the
guidelines of the Institutional Animal Care and Use Committee
(IACUC) and approved by the Laboratory Animal Ethics Com-
mittee of Nankai University (No. 2024-SYDDLL-000078). All
efforts were made to minimize animal suffering and reduce the
number of animals used.

For the mouse subcutaneous xenograft model using a leukemia
cell line, MV-4-11 cells (5 x 10° cells/mouse) were inoculated
into the subcutaneous of Balb/c nude mice. Compound B11 group
(20 mg/kg/day, n = 12), Gilteritinib group (20 mg/kg/day,
n = 12), and control group (n = 12) were orally administered for
16 days.

For mouse orthotopic transplantation models using leukemia
cell lines, MV-4-11 cells (5 x 10° cells/mouse) were inoculated into
the tail vein of NOG mice, which were pretreated with cyclo-
phosphamide (150 mg/kg) for 2 days before injection for immu-
nosuppression. The mice were divided into three groups (n = 12) at
7 days after the injection. Compound B11 (20 mg/kg/day) or Gil-
teritinib (20 mg/kg/day) was orally administrated for 21 days. On
the 28th day, treatment was terminated and the mice (n = 6) are
observed for death. Finally, bone marrow (BM) cells were
collected. The percentage of human CD45-positive viable cells
among the BM cells was measured by BD flow cytometry after
staining with an anti-human CD45 antibody (Invitrogen, 11-0459-
42). Human CD45-positive cells were defined as residual leukemia
in the BM of femurs. 300The remaining mice (n = 6) in each group
were utilized for the analysis of survival period.

4.24.  Pharmacodynamic (PD) study
The experiment selected 14 BALB/c nude mice to establish an

MV-4-11 subcutaneous tumor model, simulating the AML tumor
growth environment. The mice were divided into two groups: 2 as

the control group without treatment, and the remaining 12 as the
experimental group, which received daily B11 (20 mg/kg/day).
After the tumor size stabilized, treatment was stopped, and at 6,
12, up to 96 h post-withdrawal, 2 mice from the experimental
group were sacrificed at each time point, and tumor tissues were
collected and stored at —80 °C. Subsequently, the tumor tissues
were ground, proteins extracted, and the expression of FLT3-ITD
and c-KIT proteins was assessed.

4.25.  Generation and analysis of patient-derived xenografts

(PDX) model

PDX experiments were approved by Ethics Committee of
Shenzhen University General Hospital (No. KYLL-20230802A).

CD347 cells from FLT3-ITD" AML patients were enriched
and then were transplanted (5 x 10° cells per mouse) into
sub-lethally irradiated NOG female mice (T001475, GemPharma
tech, Jiangsu, China) via the tail vein. Experimental animals
were randomly divided into three groups (n = 12 each), namely
the Vehicle group, the Compound B11 group (20 mg/kg/day) and
the Gilteritinib group (20 mg/kg/day). On the 20th day, spleens
and bone marrows were harvested from mice (n = 6) in each
group to detect CD11b" by flow cytometry. The remaining
(n = 6) in each group were subjected to survival analysis.

4.26.  Statistical analysis

All statistical analyses were conducted using GraphPad Prism 9.0
software. Statistically significant differences were determined by
Student’s t-test, and P values less than 0.05 were considered sta-
tistically significant in all cases.
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