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A B S T R A C T   

Acute myeloid leukemia (AML) is a prevalent form of leukemia in adults. As its survival rate is low, there is an 
urgent need for new therapeutic options. In AML, FMS-like tyrosine kinase 3 (FLT3) mutations are common and 
have negative outcomes. However, current FLT3-targeting agents, Midostaurin and Gilteritinib, face two sig-
nificant issues, specifically the emergence of acquired resistance and drug-related adverse events leading to 
treatment failure. Rearranged during transfection (RET), meanwhile, is a proto-oncogene linked to various types of 
cancer, but its role in AML has been limited. A previous study showed that activation of RET kinase enhances 
FLT3 protein stability, leading to the promotion of AML cell proliferation. However, no drugs are currently 
available that target both FLT3 and RET. This study introduces PLM-101, a new therapeutic option derived from 
the traditional Chinese medicine indigo naturalis with potent in vitro and in vivo anti-leukemic activities. PLM-101 
potently inhibits FLT3 kinase and induces its autophagic degradation via RET inhibition, providing a superior 
mechanism to that of FLT3 single-targeting agents. Single- and repeated-dose toxicity tests conducted in the 
present study showed no significant drug-related adverse effects. This study is the first to present a new FLT3/ 
RET dual-targeting inhibitor, PLM-101, that shows potent anti-leukemic activity and fewer adverse effects. PLM- 
101, therefore, should be considered for use as a potential therapeutic agent for AML.   

1. Introduction 

Acute myeloid leukemia (AML) is a hematopoietic malignancy 
characterized by abnormal differentiation and proliferation of myeloid 
lineage cells. AML is the most prevalent type of leukemia in adults, ac-
counting for nearly 30% of all adult leukemia cases [1–3]. Due to the low 
5-year survival rate of AML patients, estimated at only 30%, there is an 
urgent need to develop effective treatment options for this hematopoi-
etic disease [4,5]. In recent years, significant progress has been made in 
understanding the genetic alterations that underlie AML [6–8]. These 

advances have opened up new opportunities for the development of 
therapeutic options for AML [9,10]. 

FMS-like tyrosine kinase 3 (FLT3) is one of the most frequently 
mutated genes in AML, and its various mutations are associated with 
poor overall survival and disease-free survival [11–13]. FLT3 mutations 
occur in approximately 30% of all AML cases, which include internal 
tandem duplication mutations (FLT3-ITD mutation; approximately 25% 
of all AML cases) in the juxtamembrane or tyrosine kinase 1 domain, and 
point mutations in the tyrosine kinase 2 domain (FLT3-TKD mutation; 
approximately 8% of all AML cases) [6,14]. Due to the high frequency of 
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FLT3 mutations in AML, targeted therapies mainly for FLT3 are under 
development [15–17]. Although two FLT3-targeting agents, Mid-
ostaurin and Gilteritinib, have been approved by the U.S. Food and Drug 
Administration (FDA) for patients with relapsed/refractory FLT3-mu-
tated AML [18,19], they have faced two critical setbacks. The first is the 
emergence of secondary mutations in the FLT3 gene, such as D835Y or 
F691L, leading to acquired resistance against the targeted therapy [20, 
21]. The second is the occurrence of drug-related adverse events, 
including hepatotoxicity, hematologic toxicity (febrile neutropenia, 
anemia, and thrombocytopenia), and cardiac toxicity (prolonged QT 
intervals), which can cause treatment failure [22–24]. These two critical 
issues require urgent attention. 

Rearranged during transfection (RET), meanwhile, is one of the proto- 
oncogenes encoding a receptor tyrosine kinase that is associated with 
the proliferation and survival of various types of cancer [25–28]. 
Although the function of RET fusion and rearrangement is well estab-
lished in non-small cell lung cancer (NSCLC) and papillary thyroid 
cancer (PTC), its role in AML has been limited [29]. Recently, several 
studies have shown that RET expression correlates with poor prognosis 
in AML patients [30,31]. Furthermore, RET activation promotes prolif-
eration of AML cells through direct or indirect mechanisms, such as 
stabilization of FLT3 protein [31]. Hence, investigating the role of RET 
and its potential application as a pharmacological intervention in AML is 
becoming increasingly important. 

Autophagy recently has been found to play an important role in the 
post-translational degradation of FLT3 [32–35]. Larrue et al. demon-
strated that Bortezomib, a proteasome pathway inhibitor, can activate 
autophagy and subsequently lead to degradation of FLT3 in AML cells 
[34]. Moreover, the highly activated RET in AML cells can activate 
mammalian target of rapamycin complex 1 (mTORC1), resulting in the 
inactivation of Unc-51-like autophagy activating kinase 1 (ULK1), 
leading to the inhibition of autophagic degradation of FLT3 [31]. 
Indeed, combination of FLT3 inhibitor Crenolanib with an RET inhibitor 
such as Vandetanib or Danusertib, significantly reduces the cell viability 
of FLT3-ITD-mutated AML cell lines via induction of autophagic degra-
dation of FLT3 [31]. Thus, RET-targeting may be a valuable therapeutic 
strategy for FLT3-mutant AML with RET activation. However, there are 
currently no FLT3/RET dual-targeting drugs, and only a limited number 
of RET-targeting drugs have been approved for clinical use [36]. 

In this study, we propose PLM-101, a synthetic derivative of indir-
ubin from the traditional Chinese medicine (TCM) indigo naturalis, as a 
promising anti-leukemic therapeutic option. This compound demon-
strated strong inhibitory activity against acquired-resistant mutations 
such as D835Y and F691L. Its pharmacological mechanism is the inhi-
bition of FLT3 and its downstream signaling pathways, including the 
phosphoinositide 3-kinase (PI3K)/AKT and Ras/extracellular signal- 
regulated kinase (ERK) pathways. Additionally, PLM-101 induces 
autophagic degradation of FLT3 by targeting RET, thus providing an 
additional mechanism to the stronger anti-leukemic activity of FLT3/ 
RET dual-targeting inhibitors relative to that of FLT3 single-targeting 
inhibitors. In toxicity tests, no significant drug-related adverse effects 
against the liver or blood were observed. This study presents a novel 
FLT3/RET dual-targeting inhibitor, PLM-101, that exhibits potent anti- 
leukemic activity with less adverse effects. PLM-101, therefore, should 
be considered as a potential therapeutic option for acute myeloid leu-
kemia harboring both RET and FLT3 mutations. 

2. Materials and methods 

2.1. Cell lines 

Human AML cell lines MV4–11, MOLM-13, and MOLM-14 were 
donated by professor Yong-Chul Kim (Gwangju Institute of Science and 
Technology, Gwangju, South Korea). The U-937 and HL-60 AML cell 
lines were obtained from the Korean Cell Line Bank (Seoul, South 
Korea). MV4–11, MOLM-13, MOLM-14, and U-937 cells were 

maintained in RPMI 1640 medium supplemented with 10% fetal bovine 
serum (FBS, #16000–044, Thermo Fisher Scientific, Waltham, MA, 
USA) and 1% penicillin/streptomycin solution (#SV30010, Hyclone, 
Logan, UT, USA), while the HL-60 AML cell line was maintained in 
Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with 10% 
FBS and 1% penicillin/streptomycin solution. All cell lines were 
cultured in a humidified incubator at 37 ℃ with 5% CO2. 

2.2. Chemicals and antibodies 

The PLM-101 compound was donated from PeleMed (Seoul, South 
Korea). Gilteritinib (#HY-12432) was purchased from MedChemExpress 
(Monmouth Junction, NJ, USA). Bafilomycin A1 (#B1793), Chloroquine 
phosphate (#PHR1258), Metoclopramide hydrochloride (#M0763), 
Famotidine (#PHR1055) and β-actin antibody (#A2228) were supplied 
from Sigma-Aldrich (St. Louis, MO, USA). All compounds used for in 
vitro study were dissolved in dimethyl sulfoxide (DMSO) and stored at −
20 ℃ until use. Primary antibodies against FLT3 (#3462 S), phopho- 
FLT3 tyr589/591 (#3464 S), RET (#3220 S), PARP/cleaved-PARP 
(#9532 S), Caspase-3 (#9662 S), cleaved-Caspase-3 (#9664 S), Cyclin 
D1 (#2978 S), SQSTM1/p62 (#5114 S), LC3B (#2775 S), AKT (#9272 
S), phospho-AKT ser473 (#9271 S), p70S6K (#9202 S), phospho- 
p70S6K thr389 (#9234 S), mitogen-activated protein kinase kinase 
(MEK)1/2 (#8727 S), phospho-MEK1/2 ser217/221 (#9154 S), extra-
cellular signal-regulated kinase (ERK)1/2 (#9102 S), phospho-ERK1/2 
thr202/tyr204 (#9101 S), phospho-mTOR ser2448 (#2971), and 
phospho-ULK1 ser555 (#5869) were purchased from Cell Signaling 
Technology (Danvers, MA, USA). Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) antibody (#CB1001) was obtained from Merck 
Millipore (Burlington, MA, USA). Antibodies against Cyclin B1 (#sc- 
245), Cyclin E (#sc-377100), p21 (#sc-6246), and p53 (#sc-6243) were 
purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Horse-
radish peroxidase (HRP)-linked secondary antibodies against anti-rabbit 
IgG (#7074 S) and anti-mouse IgG (#7076 S) were purchased from Cell 
Signaling Technology (Danvers, MA, USA). Antibodies used for flow 
cytometry included APC/Cy7 anti-human CD45 (#304014, BioLegend, 
San Diego, CA, USA) and APC anti-human RET (#IC718A, R&D Systems, 
Minneapolis, MN, USA). IVISbrite D-luciferin potassium salt (#122799, 
PerKinElmer, Waltham, MA, USA) was used to determine in vivo 
luminescence. 

2.3. In vitro kinase activity assay 

The inhibitory activities of various kinases were measured using the 
HTRF KinEASE-TK kit (Cisbio, Codolet, France) as described in previous 
studies [37,38]. Briefly, 1 ng of kinase enzyme was reacted with 100 μM 
ATP, 0.1 μM kinase substrate, and serially diluted inhibitor in a kinase 
reaction buffer (50 mM HEPES, pH 7.0, 0.1 mM orthovanadate, 5 mM 
MgCl2 1 mM DTT, 0.01% BSA, 0.02% NaN3). The time-resolved fluo-
rescence energy transfer (TR-FRET) signal was measured by Victor 
multi-label reader (PerkinElmer). The IC50 values were calculated using 
GraphPad Prism 7.0 (GraphPad Software Inc, San Diego, CA, USA). 

2.4. Ba/F3 proliferation assay 

Each of the FLT3-mutant overexpressing Ba/F3 cells were seeded in 
96-well plates (3 ×103 cells/well) and treated with serially diluted PLM- 
101 or Gilteritinib. After 72 h incubation, cell viability was measured 
using CellTiter-Glo (#G7573, Promega, Madison, WI, USA). The GI50 
values were calculated using GraphPad Prism 7.0. 

2.5. WST-8 assay: cell viability assay 

AML cells were seeded in 96-well plates (5 ×103 cells/well) and were 
treated with PLM-101 or Gilteritinib. After 72 h incubation, 10 μL WST-8 
solution (#CM-VA1000, Precaregene, Anyang, South Korea) were added 
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and incubated for additional 4 h in the dark. The absorbance at 450 nm 
was measured using a multi-mode microplate reader (SpectraMax iD3, 
Molecular Devices, San Jose, CA, USA) to calculate the number of viable 
cells. The IC50 value were analyzed using GraphPad Prism 7.0. 

2.6. Apoptosis and cell cycle analysis by flow cytometry 

AML cells were seeded in 6-well plates (5 ×105 cells) and treated 
with PLM-101 or Gilteritinib. After 24 h drug treatment, AML cells were 
washed with cold PBS and re-suspended in 70% ethanol in PBS, and 
incubated at − 20 ℃ for 24 h for fixation. After fixation, cells were 
stained in the staining buffer containing 0.2% propidium iodide solution 
(#P4864, Sigma-Aldrich), 0.1% RNase A solution (#12091–039, Invi-
trogen, Waltham, CA, USA), and 0.1% triton-X100 (#T8532, Sigma- 
Aldrich) for 30 min at room temperature in the dark. The DNA con-
tents of the AML cells were analyzed by flow cytometry (Novocyte, 
Agilent, Santa Clara, CA, USA) according to the manufacturer’s protocol. 

2.7. Western blot analysis 

After treatments, cells were lysed in a lysis buffer containing 10 mM 
Tris-Cl, 1% Triton X-100, 100 mM sodium chloride, 10% glycerol, 1 mM 
EDTA, 30 mM sodium pyrophosphate, 5 mM glycerol-2-phophate, 1 mM 
sodium fluoride, 1 mM sodium orthovanadate, 1% phosphatase inhibi-
tor cocktail 2 (#P5726, Sigma-Aldrich), 1% phosphatase inhibitor 
cocktail 3 (#P0044, Sigma-Aldrich), and 0.02 tablet/mL protease in-
hibitor cocktail (#11697498001, Roche, Basel, Switzerland). The pro-
tein concentrations of the supernatants were quantified by bradford 
assay. Protein samples were separated on SDS-polyacrylamide gels and 
transferred to 0.45 µm nitrocellulose membranes (#10600002, Cytiva, 
Marlborough, MA, USA). The membranes were blocked with 5% skim 
milk in PBST (phosphate-buffered saline with 0.1% tween 20) and 
incubated with primary antibodies overnight at 4 ℃. After overnight 
incubation, the membranes were washed and incubated with secondary 
antibodies at room temperature. Membranes were developed using a 
chemiluminescent HRP substrate (#WBKLS0500, Merck Millipore) and 
were detected by LAS-3000 mini (Fujifilm, Tokyo, Japan). All immu-
noblotting results were repeated independently for a minimum of three 
times, and the densitometry data for each result can be found in Fig. S5. 

2.8. mRNA isolation and real-time polymerase chain reaction (PCR) 

Total RNA was isolated using Trizol reagent (#15596018, Invi-
trogen), chloroform, and absolute ethanol according to the manufac-
turer’s protocol. cDNA was synthesized from 1 μg total RNA using the 
Maxime RT PreMix kit (#25081, IntronBio, Seongnam, South Korea) 
and quantitative PCR was performed with SYBR green supermix 
(#1708884, Bio-Rad laboratories, Hercules, CA, USA) using the CFX 
Connect Real-Time PCR System (Bio-Rad laboratories). The specific 
primer sequences are as follows: human FLT3 forward primer 5′- 
TGGACCTTCTCTCGAAAATCATTT-3′, human FLT3 reverse primer 5′- 
GCATCATCATTTTCTGCATGGA-3′, human RET forward primer 5′- 
GAGAAGCTCAGTGTCCGC-3′, human RET reverse primer 5′- 
GGAGGTGTTGAAGAAGGAGAAG-3′, human GAPDH forward primer 5′- 
CTCTGCTCCTCCTGTTCGAC-3′, human GAPDH reverse primer 5′- 
ACCAAATCCGTTGACTCCGA-3′. 

2.9. Small interfering RNA (siRNA) transfection 

Specific knockdown of FLT3 and RET was achieved using siRNAs 
with Lipofectamine 2000 transfection reagents (#11668027, Thermo 
Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s 
instructions. Predesigned siRET pools (No. 5979–1,2,3) and negative 
control siRNA (#SN-1001) were supplied from Bioneer (Daejeon, South 
Korea). 

2.10. Autophagosome detection 

Autophagosome were detected using CYTO-ID Autophagy Detection 
Kit (#ENZ-KIT175–0200, Enzo Life Science, Farmingdale, NY, USA) 
according to the manufacturer’s protocol. Briefly, after treating cells 
with PLM-101 or RET specific knockdown, the amount of autophago-
somes in cells was detected by flow cytometry (Novocyte, Agilent). 0.5 
μM rapamycin was used as a positive control according to the protocol. 

2.11. Pharmacokinetics study 

To determine the pharmacokinetic profile of PLM-101, 7–9 week-old 
male ICR mice were intravenously (IV) or orally (PO) administered with 
PLM-101. Blood was collected (approximately 0.03 mL per time point) 
from the saphenous vein into pre-chilled commercial EDTA-K2 tubes. 
Blood samples were processed for plasma sampling by centrifugation at 
3,200 g at 4 ℃ for 10 min. The plasma was collected and transferred into 
a 96-well plate for LC-MS/MS analysis. To measure plasma concentra-
tions of repeated doses of PLM-101, C57BL/6 J mice were orally 
administered with PLM-101 once daily for two weeks. On days 7 and 14, 
mice were sacrificed and blood samples were collected by cardiac 
puncture. All procedures were approved by the Institutional Animal 
Care and Use Committee of Seoul National University (Approval #SNU- 
220918–2) and mice were obtained from Raonbio (Seoul, South Korea). 

2.12. flank xenograft mouse model 

MV4–11 or MOLM-14 cells (1 ×107) were suspended in 100 μL of 
PBS and subcutaneously injected into the flanks of 6-week-old male 
BALB/c-nu mice. When the tumor became palpable (100 ~ 150 mm3), 
the mice were randomized into the experiment groups. PLM-101 and 
vehicle were administered by oral gavage (PO) once a day for the 
indicated days. Tumor volume and body weight were measured every 
three days. Tumor volume was calculated using a caliper as the 
following formula: length x (width2) x 0.5. For immunoblotting and 
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) 
assay, mice were administered with PLM-101 for 5 days after the tumor 
volume reached 500 mm3, and then sacrificed for tumor tissue sampling. 
All procedures were approved by the Institutional Animal Care and Use 
Committee of Seoul National University (Approval #SNU-220621–6). 
Mice were obtained from JA BIO (Suwon, South Korea) and housed in a 
specific-pathogen-free facility at the Seoul National University Institute 
of Laboratory Animal Resources. 

2.13. Orthotopic xenograft mouse model 

To generate MV4–11-luc or MOLM-14-luc cells, lentiviral particles 
containing the CMV-Luciferase (firefly) gene (#LVP009, AMSBIO, 
Cambridge, MA, USA) were transduced into MV4–11 or MOLM-14 cells, 
respectively. MV4–11-luc or MOLM-14-luc cells (1 ×106) were sus-
pended in 100 μL of PBS and injected via the tail-vein into 6-week-old 
male NOD/ShiLtJ-Prkdcem1AMCIl2rgem1AMC (NSGA) mice. Four days 
after cell injection, the mice were randomly assigned to experiment 
groups and drug administration was initiated. PLM-101 or vehicle was 
administered by oral gavage (PO) once a day for the indicated days. 
Bioluminescence intensity was detected every week using IVIS Spectrum 
In Vivo Imaging System (PerkinElmer). Before bioluminescence detec-
tion, 150 mg/kg D-Luciferin Potassium Salt (#122799, PerkinElmer) 
were intraperitoneally injected into the mice 10 min prior. To collect 
metastasized AML cells in each organ, the organ tissues were dissociated 
using the gentleMACS dissociator (Miltenyi Biotec, Bergisch Gladbach, 
Germany). The total immune cell population was obtained from ground 
tissue using a 33% percoll solution according to the reference protocol 
[39]. The collected immune cells were stained with APC/Cy7 
anti-human CD45, APC anti-human RET, and FITC-labeled autophago-
some detection kit. The stained cells were analyzed by flow cytometry 
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Fig. 1. The discovery of a compound that has anti-leukemic effects and targets FLT3 and RET kinase. (A) The structure of the PLM-101, derivative of indirubin. The 
boxed part is the converted part of the substituent. (B) Anti-leukemic activity of PLM-101 against FLT3-ITD-mutant AML cell lines using the WST-8 assay. (C) Anti- 
leukemic activity of PLM-101 against FLT3-negative AML cell lines using the WST-8 assay. In Fig. B and C, PLM-101 was treated for 72 h at the indicated con-
centration. (D, E) Inhibition of FLT3 activity (phospho-Y589/Y519 of FLT3) by PLM-101. In Fig. D and E, PLM-101 was treated for 3 h at the indicated concentration. 
All data represent the mean ± SD. Statistical significance of the differences in Fig. B and C was determined by one-way ANOVA followed by the Tukey’s test. * ** , 
P < 0.001 significant as compared with control group. 
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(Novocyte, Agilent). All procedures were approved by the Institutional 
Animal Care and Use Committee of Seoul National University (Approval 
#SNU-211022–5). 

2.14. Immunohistochemistry (IHC): TUNEL assay 

Tumor tissues from xenografts were fixed in 4% paraformaldehyde 
and embedded in paraffin. Paraffin-embedded tumor tissue slides were 
immunostained using the TUNEL assay kit (#S7100, Merck Millipore). 
The images were captured using Fluorescence Microscope (Olympus 
IX70, Olympus, Tokyo, Japan). 

2.15. Single dose and repeated dose toxicity 

7–9 week-old male ICR mice were given daily oral doses of PLM-101, 
and general symptoms such as death were monitored for two weeks. 
After the administration period ended, biochemical indices in blood 
samples and histopathological tests were conducted. 

2.16. Inhibition of PLM-101 absorption by co-administration with 
Metoclopramide and Famotidine 

C57BL/6 J mice were fasted for 12 h. Metoclopramide and Famoti-
dine were used to induce increased gastric emptying rate and gastric pH, 
respectively. 10 mg/kg Metoclopramide and 10 mg/kg Famotidine were 
injected by intraperitoneally 30 min before the oral administration of 
PLM-101. 2 h after PLM-101 administration, mice were sacrificed and 
blood samples were collected by cardiac puncture to measure the drug 
concentration in the plasma. All procedures were approved by the 
Institutional Animal Care and Use Committee of Seoul National Uni-
versity (Approval #SNU-220621–5) and mice were obtained from 
Raonbio (Seoul, South Korea). 

2.17. in vitro solubility assay 

21.8 mg of the PLM101-HCl salt was weighed into each 20 mL glass 
vial. 10 mL of each solubility medium was added. The amount of HCl salt 
used is equivalent to 20 mg in anhydrous free form. The obtained so-
lution was stirred at 37 ℃ at 400 rpm for 2 h and 24 h, and centrifuged at 
37 ℃ at 14,000 rpm for 5 min. The supernatant was analyzed for sol-
ubility and the pH by high performance liquid chromatography (HPLC) 
and pH meter, respectively. 

2.18. Cytochrome p450 (CYP) inhibition 

The inhibition effects of PLM-101 on each CYP enzyme activity was 
measured using human liver microsomes at a concentration of 0.25 mg/ 
mL. A substrate drug cocktail consisting of five drugs (50 µM phenacetin, 
10 µM diclofenac, 100 µM S-mephenytoin, 5 µM dextromethorphan, and 
2.5 µM midazolam), and 0.1 M phosphate buffer at pH 7.4 was added to 
the microsomes, and the mixture was incubated for 5 min. Then, a 
NADPH generation system solution was added, and the reaction was 
allowed to proceed at 37 ℃ for 15 min. The supernatant of the reacted 
mixture was analyzed using LC-MS/MS. 

2.19. Plasma protein binding assay 

5 μM PLM-101 was reacted with plasma in a shaking incubator (37 
℃, 4 h). After the reaction, plasma samples were collected, and cold 
acetonitrile-containing internal standard was added to terminate the 
reaction. 100 μL supernatant was analyzed by LC-MS/MS. To calculate 
the ratio of drug bound to plasma protein, we used the following for-
mula: Free form (%) = (buffer chamber / plasma chamber) x 100; Bound 
form (%) = 100 - Free form (%). 

2.20. Statistical analysis 

The statistical analyses were performed using GraphPad Prism 7.0. 
Unpaired two-tailed Student t-test or one-way ANOVA followed by the 
Tukey’s test were used to analyze the significance between groups. P 
values less than 0.05 were considered as significant difference. P value 
style was used as NEJM; *p ≤ 0.05, * *p < 0.01, * **p < 0.001. 

3. Results 

3.1. Identification of anti-leukemic compound targeting FLT3 and RET 

PLM-101 (Fig. 1A) has been identified as an FLT3 inhibitor during 
screening of diverse indirubin derivatives [40]. In order to verify 
whether PLM-101, one of the indirubin derivatives, can target both FLT3 
and RET kinase activities, in vitro kinase activity and Ba/F3 proliferation 
assays were performed in the current study. Currently, only Gilteritinib 
has been approved by the U.S. FDA as a selective FLT3 inhibitor for 
relapsed/refractory FLT3-ITD-mutated AML patients [24]. Therefore, 
Gilteritinib was used for comparison. PLM-101 showed strong inhibitory 
activities against mutant FLT3 kinase and RET kinase with IC50 of 0.565 
nM and 0.849 nM, respectively. Additionally, it inhibited the prolifer-
ation of Ba/F3 cells expressing FLT3-ITD-mutant kinases at the nano-
molar (nM) concentration levels (Table 1). Specifically, it was found that 
the inhibition of RET kinase activity by PLM-101 was significantly su-
perior to that of Gilteritinib, based on IC50 of 0.849 nM and 3.57 nM, 
respectively (Table 1). Moreover, PLM-101 exhibited robust inhibitory 
activity against the D835Y and F691L secondary mutants, suggesting its 
potential effectiveness against mutations that cause acquired resistance 
to FLT3 inhibitors (Table 1). The FLT3-ITD mutation is responsible for 
approximately 25% of all AML cases and is associated with poor overall 
survival [6]. Thus, we confirmed the anti-proliferation activities of 
PLM-101 against FLT3-ITD-positive AML cell lines (MV4–11, MOLM-14, 
and MOLM-13). PLM-101 exhibited more potent anti-leukemic activity 
that did Gilteritinib (Figs. 1B, S1A, Table 2). However, neither PLM-101 
nor Gilteritinib showed anti-proliferation effects in FLT3-negative AML 
cell lines (U-937 and HL-60, Figs. 1C, S1B, Table 2). The decreased 
phosphorylation Y589/Y519 in FLT3 kinase confirmed that FLT3 kinase 
activity can be effectively suppressed in FLT3-ITD-positive AML cell 
lines by treatment with PLM-101 (Fig. 1D, E). These results suggested 

Table 1 
In vitro kinase activity assay and BaF3 proliferation assay for different FLT3 and 
RET kinase forms.  

FLT3 inhibitor PLM-101 Gilteritinib 

FLT3 
Kinase 
Activity 
(IC50, nM) 

FLT3-ITD 0.565 0.576 

BaF3-FLT3 
(GI50, nM) 

FLT3-ITD 0.7 1.6 
FLT3-ITD-D835Y 0.7 1.5 
FLT3-ITD-F691L 10.5 22.5 

RET 
Kinase 
Activity 
(IC50, nM) 

RET 0.849 3.57 
RET-M918T 0.838 4.85  

Table 2 
The IC50 values of figure B and C.  

Cell line IC50 (nM) (95% CI)  

PLM-101 Gilteritinib 
MV4–11 3.26 (2.99–3.76) 8.28 (7.11–9.49) 
MOLM-13 10.47 (ND) 25.82 (ND) 
MOLM-14 9.64 (9.23–10.08) 17.54 (15.57–19.29) 
HL-60 - - 
U-937 - -  
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Fig. 2. The induction of apoptosis and cell cycle arrest by PLM-101. (A, C) The measurement of intracellular DNA levels through propidium iodide staining following 
PLM-101 treatment using flow cytometry. (B, D) The Calculation of the percentage in various stages of the cell cycle. (E, F, G) The alterations in markers of apoptosis 
(cleaved-PARP, cleaved-caspase-3) and cell cycle (cyclin D1, E, B1, p53, p21) cause by PLM-101 treatment. In all figures, PLM-101 was treated for 24 h at the 
indicated concentration. All data represent the mean ± SD. Statistical significance of the differences in Fig. B and D was determined by one-way ANOVA followed by 
the Tukey’s test. * , P < 0.05, * *, P < 0.01, * ** , P < 0.001 significant as compared with control group. 
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that PLM-101, a novel dual-targeting inhibitor of FLT3 and RET kinase, 
has potent anti-leukemic activity. 

3.2. Apoptosis induction and cell cycle arrest by PLM-101 

To evaluate the effects of PLM-101 on apoptosis and cell cycle arrest 
in FLT3-ITD-positive AML cell lines, intracellular DNA contents were 
analyzed by flow cytometry 24 h after drug treatment. Similar to the cell 
viability results, strong apoptosis and cell cycle arrest effects of PLM-101 
were confirmed in FLT3-ITD-positive AML cell lines (Fig. 2A-2D). After 
24 h exposure to PLM-101, the cleaved forms of PARP and caspase-3, 
which are representative markers of apoptosis, were observed 
(Fig. 2E, F). Furthermore, decreased levels of Cyclin D1, Cyclin E, and 
Cyclin B1 along with increased levels of p53 and p21, indicative of cell 
cycle arrest induction, were observed (Fig. 2E, F). However, no such 
changes occurred in the FLT3-negative AML cell line, HL-60 (Fig. 2 G). 
The apoptosis and cell cycle arrest effects of the positive control agent, 
Gilteritinib, in FLT3-ITD-positive AML cell lines were similarly 
confirmed (Fig. S1C-F). 

3.3. Anti-leukemic activity of PLM-101 via inhibition of PI3K and Ras/ 
ERK signaling pathways 

A previous study established the pivotal role of FLT3 in the growth 
and proliferation of AML cells by activation of PI3K/AKT and Ras/ERK 
signaling pathways [41]. FLT3 inhibitors such as Gilteritinib have been 
found to inhibit the activities of downstream components of the PI3K 
and Ras signaling pathways [42,43]. To verify the mechanism 

underlying the anti-leukemic activity of PLM-101, we examined the 
activities of the PI3K and Ras signaling pathways. Similar to other FLT3 
inhibitors, PLM-101 suppressed the phosphorylation of AKT (phos-
pho-S473) and p70S6K (phospho-T389) in the PI3K signaling pathway, 
as well as the phosphorylation of MEK (phospho-S217/S221) and ERK 
(phospho-T202/Y204) in the Ras signaling pathway (Fig. 3A, B). How-
ever, no inhibitory activity was observed in the FLT3-negative AML cell 
line, HL-60 (Fig. 3C). Thus, we concluded that PLM-101 exerts 
anti-leukemic activity by inhibiting the signal transduction of the 
FLT3-ITD mutant protein, similarly to other FLT3 inhibitors. 

3.4. PLM-101 inhibition of RET kinase affects the stability of FLT3-ITD 
protein via the autophagy pathway 

Recent studies have highlighted the crucial role of RET in AML [30, 
31]. RET-mediated autophagy suppression has been suggested as a po-
tential target for AML treatment [31]. In the present study then, prior to 
evaluating the effect of RET-targeting in AML cells, the expression level 
of RET protein was assessed in AML cell lines. Among the tested AML cell 
lines, RET was expressed only in MOLM-14 cells (Figs. 4A, S2A, B). 
Treatment of PLM-101 to RET-positive MOLM-14 led to degradation of 
RET and FLT3 proteins with an increase in autophagy markers, specif-
ically a decrease in p62 and an increase in LC3B-2/LC3B-1 ratio and 
LC3B-2 proteins. However, the activation of the autophagy markers was 
not observed in RET-negative MV4–11 and HL-60 cells treated with 
PLM-101 (Figs. 4B, C, D, S2C, D). The PLM-101-induced degradation of 
RET and FLT3 was reversed by co-treatment with autophagy inhibitor, 
Bafilomycin or Chloroquine (Fig. 4E, F). In RET-positive MOLM-14, 

Fig. 3. The anti-leukemic effects of PLM-101 achieved through the suppression of PI3K and Ras signaling pathway. (A, B) Inhibition of PI3K pathway (phospho-S473 
AKT and phospho-T389 p70S6K) and Ras pathway (phospho-S217/S221 MEK and phospho-T202/Y204 ERK) by PLM-101 in FLT3-ITD-mutant AML cell lines. (C) 
Inhibition of PI3K pathway and Ras pathway by PLM-101 in FLT3-negative AML cell line. In all figures, PLM-101 was treated for 3 h at the indicated concentration. 
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Fig. 4. The inhibition of RET has an impact on the stability of FLT3-ITD protein through the regulation of autophagy. (A) The basal expression level of FLT3 and RET 
protein. (B) The impact of PLM-101 on the levels of RET, FLT3 protein, as well as the induction of autophagy markers in RET-positive AML cell line (MOLM-14). The 
LC3B protein was detected under 10 nM Bafilomycin treatment. (C, D) The impact of PLM-101 on the levels of FLT3 protein, as well as the changes of autophagy 
markers in RET negative AML cell line (MV4–11 and HL-60). The LC3B protein was detected under 10 nM Bafilomycin treatment. (E, F) Restoration of RET and FLT3 
protein degradation by co-treatment with Bafilomycin or Chloroquine. Bafilomycin and Chloroquine concentration used are 10 nM or 10 μM, respectively. In figure 
B-F, PLM-101 was treated for 24 h at the indicated concentration. (G) Changes in autophagy and FLT3 sub-activation pathways by RET knockdown. RET specific 
knockdown was performed for 36 and 48 h. (H) Confirmation of autophagosome accumulation by PLM-101 treatment using CYTO-ID autophagy detection kit. 
Experiment was performed under 10 μM Chloroquine. According to the protocol, rapamycin 0.5 μM was used as a positive control (I) Confirmation of autophagosome 
accumulation by RET knockdown using CYTO-ID autophagy detection kit. Experiment was performed under 10 μM Chloroquine. (J) Schematic illustration of RET/ 
FLT3 dual target mechanism. All data represent the mean ± SD. Statistical significance of the differences in Fig. H was determined by one-way ANOVA followed by 
the Tukey’s test. Statistical significance of the differences in Fig. I was determined by unpaired two-tailed Student t-test. * , P < 0.05, * *, P < 0.01, * ** , P < 0.001. 

Fig. 5. The examination of pharmacokinetic profile of PLM-101 in mice. (A) Changes in plasma concentration of drugs over time after single administration. The 
mice used were 7–9 week-old male ICR mice. N = 3. All data represent the mean ± SD. 
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knockdown of RET by siRNA also led to an increase in autophagy 
markers, including decreases in p62 and phospho-S2448 mTOR, and 
increases in LC3B-2/LC3B-1 ratio and phospho-S555 ULK1 (Fig. 4 G). 
Additionally, a decrease in the activation of FLT3 sub-pathways, 
including the PI3K and Ras signaling pathways, was observed 
(Fig. 4G). However, a decrease in phospho-S555-ULK1 also was 
observed by PLM-101 treatment, which likely was due to the drug’s 
multi-kinase inhibitory effects (Fig. S2E). Furthermore, both PLM-101 
treatment and knockdown of RET led to an increase in autophagy, 
resulting in the accumulation of autophagosomes (Fig. 4H, I). Collec-
tively, these results demonstrate that RET-targeting by PLM-101 acti-
vates the autophagy degradation pathway, leading to degradation of 
both RET and FLT3, and additional inhibition of FLT3 sub-pathway 
activation (Fig. 4 J). 

3.5. Pharmacokinetic profile of PLM-101 in mice 

Currently, there are two U.S. FDA-approved drugs, Midostaurin and 
Gilteritinib, for treatment of relapsed/refractory FLT3-mutated AML 
patients in oral dosage form. Therefore, to evaluate the feasibility of 
PLM-101 as an oral formulation, its in vivo pharmacokinetic properties 
were determined. The time-course of the plasma concentration of PLM- 
101 after intravenous (IV) and Oral (PO) administration is depicted in  
Fig. 5A. Although the oral bioavailability of PLM-101 is approximately 
17.6%, which is relatively lower than that of Gilteritinib [44], it was still 
deemed useful as an oral formulation. Additional pharmacokinetic 
properties are presented in Table 3. 

3.6. Anti-leukemic effect of PLM-101 on in vivo flank xenograft model 

To evaluate the preclinical anti-leukemic activity of PLM-101, AML 
cells were implanted into the flank of BALB/C nude mice, and PLM-101 
was orally administered once per day (Fig. 6 A). The results of flank 
xenograft experiments using two types of AML cell lines demonstrated a 
promising anti-cancer efficacy of PLM-101 (Figs. 6B, D, S3A), with no 
observed change in body weight during the administration period 
(Fig. 6C, E). To confirm whether the mechanism identified in the cell- 
based experiments would also appear in the animal models, AML cells 
were transplanted into the flank of BALB/C nude mice, and PLM-101 
was orally administered for 5 days, after which tumor tissues were 
collected. The tumor tissues treated with PLM-101 showed similar out-
comes to the cell experiments, with suppression of the FLT3 downstream 
pathways and an increase in markers of apoptosis, including elevated 
levels of the cleaved forms of caspase-3 and PARP, as well as an 
increased TUNEL-stained area (Fig. 6F, G). Moreover, in the tumor tis-
sues from a MOLM-14 flank xenograft model, protein degradation of 
RET and FLT3, and activation of autophagy markers (decrease in p62 
and increase in LC3B-2/LC3B-1 ratio) were detected, similarly to the in 
vitro experiments (Fig. 6H, I). 

3.7. Anti-leukemic effect of PLM-101 on in vivo orthotopic xenograft 
model 

The placement of tumors in their original anatomical location 
(orthotopic implantation) offers a more accurate representation of their 
behavior and of anti-cancer drug activity [45,46]. To evaluate the 
anti-leukemic activity of PLM-101 in an orthotopic model, 
luciferase-overexpressing AML cells were injected into the tail vein of 
NSGA mice (Fig. 7A). Oral administration of PLM-101 showed a sig-
nificant decrease in leukemia growth as quantified by in vivo fluores-
cence in the mice, and significantly improved their survival rate. The 
median survival for the control group was 18 days, whereas for the 
groups treated with 3, 10, and 20 mg/kg of PLM-101, it was 23, 35 days 
and undefined, respectively (Fig. 7B-7E). Various studies employing 
AML orthotopic xenograft experimentation have confirmed that AML 
cells can spread and grow in the bone marrow, spleen, and liver [47,48]. 
Correspondingly, we detected MV4–11-luc cells in bone marrow, spleen, 
and liver (Fig. S3B). Next, to verify that the autophagy mechanism was 
also induced in the orthotopic xenograft model, MOLM-14-luc cells were 
injected into the tail vein and treated with PLM-101 for 14 days. The 
distribution of AML cells in the bone marrow, spleen, and liver was 
measured using flow cytometry, as illustrated in Fig. 7H. Preclinical 
models of AML cells expressing RET also showed a significant decrease 
in in vivo fluorescence. Additionally, a reduction in the expression of RET 
and an accumulation of autophagosomes were observed in the bone 
marrow and liver of the mice (Fig. 7I-K). Overall, the results of both the 
flank and orthotopic xenograft models demonstrated the anti-leukemic 
efficacy of PLM-101 and its effected RET-mediated autophagic 
degradation. 

3.8. Safety assessment of PLM-101 

Treatment failure resulting from adverse events associated with FLT3 
inhibitors, such as liver toxicity and hematologic toxicity, has high-
lighted the need to develop FLT3-targeting drugs of reduced toxicity 
[22–24]. In the current study, to determine the potential side effects and 
toxicity of PLM-101, both in vitro and in vivo experiments were per-
formed. Among the mice, even with a single dose of 2000 mg/kg, which 
is 100 times higher than the effective dose in xenograft models (Table 4), 
no death occurred. Furthermore, no significant adverse effects related to 
hepatotoxicity or hematologic toxicity were observed, even after 
repeated daily administration of doses at 40, 80, and 160 mg/kg for 2 
weeks, which were higher than the effective dose in the xenograft 
models (Table 5, Table 6). Nonetheless, a decline in normal monocytes 
was observed (Table 5), which was likely due to the impact of FLT3 on 
the proliferation and differentiation of monocytes [11]. Based on the 
results, it was verified that the no observed adverse effect level (NOAEL) 
of PLM-101 was over 160 mg/kg/day. More detailed information 
relating to Tables 5 and 6 can be found in Tables S3 and S4, respectively. 
The plasma protein binding of PLM-101 was 97.61% for mouse proteins 
and 99.01% for human proteins (Table S2). The inhibition of different 
CYP enzymes by PLM-101 was found to be relatively low, except for CYP 
1A2 (Table S1), indicating the relatively low drug interaction of 
PLM-101. Overall, it was verified that PLM-101, with its minimal 
toxicity at effective therapeutic doses, could be a safe anti-cancer agent. 

3.9. pH-dependent solubility and saturated absorption of PLM-101 in 
gastrointestinal tract 

PLM-101 exhibited a maximum solubility of 2.0 mg/mL in water 
only under the gastric acid condition (pH 1.2), whereas it was almost 
insoluble in water at pH above 7.0 (Table 7). Furthermore, its solubility 
was tested using a buffer that simulates the following gastric and in-
testinal fluids: simulated gastric fluid (SGF), fed-state simulated intes-
tinal fluid (FeSSIF), and fasted-state simulated intestinal fluid (FaSSIF). 
PLM-101 showed a maximum solubility of approximately 2.0 mg/mL in 

Table 3 
Summary of various pharmacokinetic properties.  

Parameter IV, 10 mg/kg Parameter PO, 20 mg/kg 

C0 (ng/mL) 4483 ± 426 Bioavailability (%) 17.6 
T1/2 (h) 3.60 ± 0.797 Cmax (ng/mL) 299 ± 87.5 
Vdss (L/kg) 5.41 ± 1.08 Tmax (h) 2.00 
CL (mL/min/kg) 32.7 ± 1.37 T1/2 (h) 5.44 ± 2.87 
Tlast (h) 24.0 ± ND Tlast (h) 24.0 ± ND 
AUC0-last (ng⋅h/mL) 5071 ± 231 AUC0-last (ng⋅h/mL) 1788 ± 471 
AUC0-inf (ng⋅h/mL) 5099 ± 205 AUC0-inf (ng⋅h/mL) 1919 ± 566 
MRT0-last (h) 2.60 ± 0.292 MRT0-last (h) 6.15 ± 0.548 
MRT0-inf (h) 2.75 ± 0.429 MRT0-inf (h) 7.92 ± 1.80 
AUCExtra (%) 0.550 ± 0.540 AUCExtra (%) 6.27 ± 6.06 
AUMCExtra (%) 5.52 ± 4.81 AUMCExtra (%) 24.4 ± 21.8 

All data represent the mean ± SD. ND: not determined. 
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Fig. 6. The evaluation of anti-leukemic efficacy using in vivo flank xenograft model. (A) Schematic illustration of in vivo flank xenograft model. The mice used were 
6-week-old male BALB/c-nu mice. After the tumor had grown to a volume of 100–150 mm3, PLM-101 was administered orally on a daily basis. Tumor volume and 
body weight were measured twice a week. (B) Efficacy of PLM-101 in MV4–11 flank xenograft model. N = 6. (C) Changes in body weight in MV4–11 flank xenograft 
model. N = 6. (D) Efficacy of PLM-101 in MOLM-14 flank xenograft model. N = 6. (E) Changes in body weight in MOLM-14 flank xenograft model. N = 6. (F) 
Changes in apoptosis markers and FLT3 sub-activation pathway, (G) TUNEL stained area were detected in MV4–11 flank xenograft tumor tissue. 20 mg/kg PLM-101 
were administered for 5 days. N = 3. (H) Changes in FLT3 sub-activation pathway, and (I) autophagy markers, RET, and FLT3 protein expression using western 
blotting in MOLM-14 flank xenograft tumor tissue. 80 mg/kg PLM-101 were administered for 5 days. N = 6. All data represent the mean ± SD. Statistical significance 
of the differences in all figures was determined by one-way ANOVA followed by the Tukey’s test. * ** , P < 0.001. 
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Fig. 7. The evaluation of anti-leukemic efficacy using in vivo orthotopic xenograft model. (A) Schematic illustration of in vivo orthotopic xenograft model. The mice 
were used 6-week-old male NSGA (NOD/ShiLtJ-Prkdcem1AMCIl2rgem1AMC) mice. 4 days after tail vein injection of AML cells, PLM-101 was administered orally on a 
daily basis. Bioluminescence was detected once a week and body weight were measured twice a week. 150 mg/kg luciferin were treated 10 min before biolumi-
nescence detection. (B) The picture of bioluminescence, (C) total body luminescence (photons/sec), (D) body weights, (E) survival rate in MV4–11-luc orthotopic 
xenograft model. N = 7. The experiment was terminated on day 43. The median survival values were control: 18 days, 3 mg/kg: 23 days, 10 mg/kg: 35 days, 20 mg/ 
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kg: undefined. (F) The picture of bioluminescence, (G) total body luminescence (photons/sec) in MOLM-14-luc orthotopic xenograft model. N = 7. The experiment 
was terminated on day 14. (H) Schematic illustration of immune cell population collection from liver, bone marrow, and spleen. In flow cytometry analysis. Main 
immune cell population were gated by FSC-A/SSC-A. Single cell population were gated by FSC-A/FSC-H. Human AML cell (MOLM-14-luc) were gated by human 
CD45-positive population. Human RET expression was detected in hCD45-positive population. Autophagosome was detected in hRET/hCD45 double-positive 
population. (I) Infiltrated hCD45-positive cells, hRET MFI and autophagosome MFI in bone marrow, (J) in liver, (K) in spleen from MOLM-14-luc orthotopic 
xenograft model. All data represent the mean ± SD. Statistical significance of the differences in all figures was determined by one-way ANOVA followed by the 
Tukey’s test. * , P < 0.05, * *, P < 0.01, * ** , P < 0.001. 

Fig. 7. (continued). 
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SGF at pH 2.0, but did not dissolve in either FeSSIF at pH 5.0 or FaSSIF at 
pH 6.5 (Table 7), demonstrating that its solubility is highly sensitive to 
pH. To determine whether the low toxicity of PLM-101 was due to 
limited absorption caused by changes in solubility or limited maximum 
solubility, the plasma drug concentration was monitored post- 
administration in mice for 7 or 14 days. Even after high-dose adminis-
tration, there was no significant change in the plasma drug concentra-
tion, and neither was there any significant alteration in the plasma drug 

concentration between the 7-day and 14-day administrations, at any 
dose (Fig. 8 A). When pretreated with Metoclopramide and Famotidine 
to induce increased gastric emptying and gastric pH, a trend towards 
reduced drug absorption was observed (P value=0.091) (Fig. 8B). 
Hence, it seems possible that the low toxicity of PLM-101 may be due to 
saturated and limited absorption at high doses, as it is soluble and 
absorbed only in the stomach (Fig. 8 C). 

4. Discussion 

The significance of FLT3 mutations in AML has been highlighted in 
recent studies. The mutant form of FLT3 promotes the growth of AML 
cells through the hyperactivity of its kinase pathway [11–14]. Break-
throughs have been made in the development of drugs targeting FLT3, 
two FLT3-targeting drugs having been approved by U.S. FDA for treat-
ment of AML patients with FLT3 mutations [49]. However, 
acquired-resistant mutations such as D835Y or F691L in the 
FLT3-tyrosine kinase domain, which arise during FLT3-targeting ther-
apy, have been shown to reduce the anti-leukemic efficacy of these types 
of agents [10,20]. In addition, the hepatotoxicity, hematological 
toxicity, and cardiotoxicity of these drugs have been pointed out as 
possible causes of treatment failure [22,50]. 

Traditional Chinese medicine (TCM), which has been practiced for 
centuries, and is now commonly recognized as an alternative form of 
cancer treatment [51]. TCM possesses several unique features, including 
its multi-targeting ability, its minimal side effects, and its potent ther-
apeutic outcomes [52]. These effects are attributed to either the 
powerful anti-cancer properties of its active components, or some 
combination of them. Consequently, several TCMs and their active 
components recently have been introduced as useful treatment modal-
ities for anti-cancer therapy [51,52]. Indirubin, a bisindole alkaloid 
substance, is the principal bioactive component of Indigo naturalis, and is 
also present in other traditional Chinese medicines such as Radix Isatidis 

Table 4 
Single-dose toxicity test of PLM-101.  

Dose (mg/kg) Unscheduled Death 

Vehicle 0/10 
222.2 0/10 
666.7 0/10 
2000 0/10 

The drug was administered orally at the indicated dose. 7- 
week-old male ICR mice were used. N = 10. 

Table 5 
Repeated-dose toxicity test of PLM-101. The hematological parameters.  

Parameter Vehicle 40 mg/kg 80 mg/kg 160 mg/kg 

WBC 3.15 ± 0.70 3.80 ± 1.29 3.00 ± 1.10 3.90 ± 0.60 
RBC 8.38 ± 0.46 7.90 ± 0.95 7.38 ± 1.08 8.36 ± 0.53 
HGB 13.86 ± 0.51 12.92 ± 0.56 12.46 ± 0.72 13.43 ± 0.59 
HCT 45.01 ± 2.40 42.72 ± 2.24 42.02 ± 1.92 44.21 ± 2.10 
MCV 53.73 ± 1.21 52.92 ± 2.30 52.80 ± 3.25 52.97 ± 1.77 
MCH 16.52 ± 0.58 15.92 ± 0.35 15.85 ± 0.71 16.00 ± 0.49 
MCHC 30.79 ± 1.18 30.12 ± 1.24 30.43 ± 1.06 30.37 ± 0.89 
RDW 12.68 ± 0.73 12.63 ± 0.68 12.91 ± 0.94 12.80 ± 0.63 
HDW* 1.94 ± 0.16 1.91 ± 0.15 2.11 ± 0.13 2.18 ± 0.14 
PLT 1151.8 

± 181.6 
1132.4 
± 172.2 

1159.2 
± 219.0 

1215.6 
± 133.3 

MPV 5.96 ± 0.31 6.04 ± 0.47 6.15 ± 0.39 6.11 ± 0.34 
NEUT 23.24 ± 7.72 24.82 ± 9.36 24.70 ± 7.66 26.01 ± 5.56 
LYM 71.39 ± 7.98 70.19 ± 8.95 71.02 ± 7.53 71.13 ± 5.62 
MONO* * 1.54 ± 0.76 1.17 ± 0.51 0.67 ± 0.39 0.57 ± 0.35 
EOS 2.66 ± 1.35 2.39 ± 0.97 2.42 ± 1.77 1.27 ± 1.05 
LUC 0.94 ± 0.37 1.19 ± 0.87 0.98 ± 0.63 0.84 ± 0.71 
BASO 0.31 ± 0.17 0.27 ± 0.22 0.23 ± 0.12 0.26 ± 0.15 
Retic* 3.82 ± 0.65 4.31 ± 0.99 4.66 ± 0.87 5.04 ± 0.82 

The drug was administered orally at the indicated dose for 2-week. 7-week-old 
male ICR mice were used. N = 10. All data represent the mean ± SD. Statistical 
significance of the differences in Table 5 was determined by one-way ANOVA 
followed by the Tukey’s test. Only statistical data for the vehicle and 160 mg/kg 
group are shown. * , P < 0.05, * *, P < 0.01, * ** , P < 0.001. 

Table 6 
Repeated-dose toxicity test of PLM-101. The histopathological parameters.  

Parameter Vehicle 40 mg/kg 80 mg/kg 160 mg/kg 

Albumin 2.02 ± 0.09 1.90 ± 0.10 1.90 ± 0.10 1.90 ± 0.00 
ALP 355.92 ± 88.35 290.62 ± 70.63 270.96 ± 115.09 333.08 ± 85.16 
ALT(GPT) 34.52 ± 8.38 28.90 ± 11.63 31.10 ± 8.89 33.17 ± 8.75 
AST(GOT) 109.89 ± 22.03 78.92 ± 15.52 110.22 ± 35.47 106.86 ± 37.89 
T. Bil 0.17 ± 0.02 0.17 ± 0.03 0.15 ± 0.03 0.16 ± 0.04 
BUN 23.28 ± 4.56 23.20 ± 7.54 23.01 ± 7.09 23.35 ± 8.40 
Ca 9.75 ± 0.38 9.43 ± 0.46 9.21 ± 0.54 9.30 ± 0.24 
T. Cholesterol 112.23 ± 22.61 108.38 ± 26.32 104.33 ± 32.33 101.69 ± 9.09 
CK(CPK) 187.26 ± 51.22 117.35 ± 45.94 192.99 ± 79.38 187.91 ± 72.22 
Creatinine 0.26 ± 0.05 0.23 ± 0.04 0.23 ± 0.05 0.22 ± 0.03 
Glucose 122.06 ± 28.16 133.13 ± 14.50 134.66 ± 36.71 139.59 ± 32.68 
PI 9.13 ± 0.87 8.95 ± 1.07 9.82 ± 0.85 9.71 ± 0.58 
Total Protein 4.97 ± 0.23 4.75 ± 0.28 4.44 ± 0.40 4.72 ± 0.23 
TG 33.37 ± 12.44 34.22 ± 12.43 30.87 ± 9.00 29.58 ± 16.69 
A/G ratio 0.67 ± 0.03 0.67 ± 0.04 0.65 ± 0.05 0.67 ± 0.03 
Na 149.50 ± 1.27 149.20 ± 2.04 149.20 ± 3.12 149.90 ± 1.91 
K 6.67 ± 0.81 6.54 ± 0.61 6.46 ± 0.80 6.84 ± 0.53 
Cl 115.80 ± 1.40 115.60 ± 2.22 116.50 ± 2.07 116.00 ± 1.49 

The drug was administered orally at the indicated dose for 2-week. 7-week-old male ICR mice were used. N = 10. All data represent the mean ± SD. 

Table 7 
Maximum solubility of PLM-101 by pH value.  

PLM-101 pH 
1.2 

pH 
7.4 

SGF (pH 
2.0) 

FeSSIF-v1 
(pH 5.0) 

FaSSIF-v1 
(pH 6.5) 

Solubility (mg/ 
mL), 2 h 

1.8  0.001  1.7  0.2  0.02 

Solubility (mg/ 
mL), 24 h 

> 2.0  0.001  1.9  0.2  0.03 

SGF: simulated gastric fluid. FeSSIF: fed-state stimulated intestinal fluid. FaSSIF: 
fasted-state stimulated intestinal fluid. 
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and Folium Isatidis [53]. Despite its low water solubility and bioavail-
ability, indirubin exhibits low toxicity and has been demonstrated to 
possess anti-cancer, anti-bacterial, and anti-inflammatory properties. 
Consequently, there have been sustained endeavors to employ indirubin 
derivatives as anti-cancer agents [53–55]. Here, we present PLM-101 as 
a new FLT3 inhibitor that can overcome the problems of current 
FLT3-targeting therapy. In the present study, PLM-101 as an indirubin 
derivative improved the insoluble property of indirubin. It also 
demonstrated superior in vitro anti-leukemic activities in FLT3-mutant 
AML cells to those of Gilteritinib, an U.S. FDA-approved FLT3-target-
ing drug (Table 2). Furthermore, various toxicity tests demonstrated the 
high safety of PLM-101 in terms of low incidences of liver toxicity and 
hematological toxicity (Tables 4–6). 

Clinical trials have revealed that FLT3 inhibitors cause development 
of resistance among some patients [10]. This resistance is mainly due to 
a secondary mechanism that counteracts the FLT3 inhibitors’ actions 
and is classified into two categories: on-target and off-target resistance 
[10]. Leukemia cells in cases of on-target resistance continue to rely on 
FLT3 activity but acquire resistance to FLT3 inhibitors through addi-
tional mutations in the FLT3 gene. Conversely, off-target resistance is 
caused by mutations in genes other than the FLT3 gene, such as KRAS, 
NRAS, BRAF, IDH2, CEBPA and RUNX1 [10]. In the study, we found that 
PLM-101 effectively suppressed the proliferation of Ba/F3 cells 
expressing on-target resistance mutations D835Y and F691L (Table 1). 
Additionally, it was also confirmed that FLT3 downstream signaling 
pathway was effectively reduced by PLM-101 in these cells (Fig. S4). Of 
particular note, the F691L mutation, which is a type of on-target resis-
tance mutation, confers resistance to various FLT3-targeting agents such 

as Gilteritinib, Midostaurin, Quizartinib, Sorafenib, and Crenolanib 
[10]. Despite a 15-fold increase in IC50 for FLT3-ITD-F691L compared 
to FLT3-ITD, it still maintains a 2.2-fold lower IC50 compared to Gil-
teritinib (Table 1). Therefore, the ability of PLM-101 to inhibit 
FLT3-ITD-F691L at a lower concentration compared to Gilteritinib can 
be inferred, making it a superior alternative to Gilteritinib and a po-
tential treatment option for secondary mutations. However, considering 
the limited in vivo efficacy of PLM-101 in MOLM-14 xenograft study and 
the saturated plasma concentration after oral administration, the clin-
ical application of PLM-101 against FLT3-ITD-F691 would be limited. 

Recently, the role of autophagy in the degradation process of FLT3 
has been extensively examined [32–35]. One study showed that acti-
vation of RET promotes the proliferation of AML cells by stabilizing 
FLT3 protein [31]. In that study, a combination of FLT3 inhibitor 
Crenolanib with RET inhibitors such as Vandetanib or Danusertib, 
significantly reduced the proliferation and viability of FLT3-ITD mutant 
AML cells [31]. Thus, targeting of RET can effectively block 
FLT3-dependent AML cell growth by promoting FLT3 protein degrada-
tion. However, there are currently no drugs available that target both 
FLT3 and RET simultaneously. Here, in the current study, we confirmed 
that RET knockdown promotes the degradation of FLT3 through acti-
vation of the autophagy pathway (Fig. 4 G, 4I). Furthermore, we 
confirmed the protein degradation of RET and FLT3 through the acti-
vation of autophagy by PLM-101 (Fig. 4). In a short-term experiment 
(Table 2), the anti-leukemic activity of PLM-101 (a FLT3/RET 
dual-targeting therapy) was found to be only marginally superior to that 
of Gilteritinib. Nevertheless, in the context of an extended clinical 
treatment regimen including multiple cycles, targeting of RET in 

Fig. 8. The limited absorption of PLM-101, which is dependent on pH and maximum solubility, is responsible for its low toxicity. (A) Detection of plasma con-
centration of PLM-101 through repeated administration. C57BL/6 J mice were administered for 7 days and 14 days. Plasma concentrations of the drug were 
measured 4 h after administration. N = 5. (B) Restoration of PLM-101 absorption by pretreatment with Metoclopramide and Famotidine. C57BL/6 J mice were fasted 
for 12 h. Metoclopramide and Famotidine have been used to induce increased gastric emptying rate and gastric pH, respectively. 10 mg/kg Metoclopramide and 
10 mg/kg Famotidine injected by intraperitoneally (IP) 30 min before and subsequently 160 mg/kg PLM-101 administered by oral gavage (PO). Plasma concen-
trations of the drug were measured 2 h after PLM-101 administration. N = 5. (C) Schematic illustration of the absorption process at the stomach. All data represent 
the mean ± SD. Statistical significance of the differences in Fig. A was determined by one-way ANOVA followed by the Tukey’s test. Statistical significance of the 
differences in Fig. B was determined by unpaired two-tailed Student t-test. ns: no significant, p > 0.05. 
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addition to FLT3 may result in more potent anti-leukemic efficacy due to 
the degradation of FLT3. 

The flank xenograft model has served as a valuable research tool for 
assessing anti-cancer efficacy since 1969 [56,57]. However, its utility in 
reflecting the actual environment in which cancer grows is limited [58]. 
Consequently, in this study, we employed an orthotopic xenograft model 
to more accurately evaluate the anti-leukemic efficacy of PLM-101 and 
replicate the clinical setting of AML. Orthotopic implantation involves 
placing tumors at the identical site where the primary cancer developed 
in the patient, based on Paget’s principle that a tumor will flourish better 
in a familiar and suitable environment [59,60]. Although the experi-
mental dose failed to achieve complete remission of AML in the ortho-
topic xenograft model, it resulted in a noteworthy enhancement in mice 
survival (as shown in Fig. 7A-7 G). The reduced anti-leukemic efficacy 
observed in the orthotopic xenograft model (Fig. 7), relative to that in 
the flank xenograft model (Fig. 6) could be attributed to factors such as 
the impact of the tumor microenvironment or the distribution of drugs 
to organs. Additionally, we observed the activation of autophagy via 
RET inhibition and subsequent degradation of its protein in AML cells 
that had metastasized to the bone marrow and liver (Figs. 7I, 7 J). 

Another important point to note regarding this study is that repeated 
administration of PLM-101 did not cause any significant increase in 
plasma drug concentration (Fig. 8 A). This may have been due to the 
limited solubility of PLM-101 in the small-intestine environment 
(Table 7). In terms of drug absorption, it is worth noting that while most 
drugs are primarily absorbed in the small intestine [61], PLM-101 ex-
hibits high solubility only in gastric acid with low pH. Therefore, it is 
expected that absorption in the small intestine will be negligible for 
PLM-101. PLM-101 dissolves and is absorbed at the maximum solubility 
within 2–4 h in the stomach, and any remaining unabsorbed amount 
precipitates to the duodenum and can be excreted (Fig. 8 C). Indeed, 
pre-treatment with Metoclopramide and Famotidine, which increase the 
gastric emptying rate and gastric pH, respectively, led to reduced 
PLM-101 absorption (Fig. 8B). Despite the limited absorption in the 
small intestine, if the blood saturation concentration of PLM-101 ex-
ceeds the concentration required to elicit anti-leukemia effects during 
repeated administration, it could be advantageous in reducing differ-
ential adverse effects arising from differences among individual clinics. 

In summary, this study confirmed that the RET-mediated autophagy 
degradation pathway regulates the stabilization of FLT3 protein. In 
addition, this study has revealed a novel drug showing the potential for 
clinical application in targeting both FLT3 and RET. Moreover, in view 
of the results of this investigation and of other, similar studies, it is 
anticipated that indirubin and its derivatives will serve as efficacious 
anti-AML agents. 
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