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ABSTRACT 

 

ULK1 inhibition as targeted therapeutic strategy for FLT3-ITD-mutated  

acute myeloid leukemia 

 

Doh Yu Hwang 

 

Department of Medicine 

The Graduate School, Yonsei University 

 

(Directed by Professor Yoo Hong Min) 

 

In acute myeloid leukemia (AML), internal tandem duplication mutations in the 

FLT3 tyrosine kinase receptor (FLT3-ITD) account for up to 30% of cases and are 

associated with a dismal outcome. Because FLT3 tyrosine kinase inhibitor have 

demonstrated limited clinical efficacy due to development of resistance and shortage 

of remission, it should be relevant to develop the novel FLT3-ITD targeted 

therapeutic strategies. Since the dysregulation of autophagy is associated with many 

cancer types but it is unclear for FLT3-ITD AML, we evaluated the effects of inhibitor 

of uncoordinated (Unc) 51-like kinase 1 (ULK1), a serine/threonine kinase which 

plays a central role in the autophagy pathway, on the leukemia cell death. FLT3-ITD 

AML cells showed a significantly high expression of ULK1 kinase compared with 

FLT3-Wild type (WT) AML cells. It was demonstrated here that two ULK1 inhibitors, 

SBI0206965 and MRT68921, potentially induced apoptosis in FLT3-ITD AML cells, 

with relatively minimal effects on FLT3-WT AML cells and normal hematopoietic 
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stem cells (p<0.0001). Interestingly ULK1 inhibitors paradoxically induced 

autophagy, showing synergistical interaction with an addition of autophagy inhibitors, 

3-methyladenine (3-MA), hydroxychloroquine (HCQ) or bafilomycin-A1 (Baf-A1). 

Hence the autophagy induced by ULK1 inhibitors might be the pro-survival 

mechanism for FLT3-ITD AML cells. Degradation of FLT3-ITD protein and 

inhibition of ERK, AKT, and STAT5 pathway were also documented with ULK1 

inhibitors in FLT3-ITD AML cells. Meanwhile the suppression of unfolded protein 

response (UPR) pathway occurred under the treatment of ULK1 inhibitors, but this 

process was not related with ULK1 inhibitor induced apoptosis in FLT3-ITD AML 

cells. ULK1 has a central role in autophagy regulation, druggable nature and apparent 

selectivity with minimal effect on normal hematopoietic stem cells, ULK1 inhibitor 

can be a promising therapeutic option for FLT3-ITD AML.  

 

 

 

 

 

 

 

 

Key words: FLT3-ITD, ULK1, acute myeloid leukemia, apoptosis, autophagy, 

targeted therapy  



3 

 

ULK1 inhibition as targeted therapeutic strategy for FLT3-ITD-mutated  

acute myeloid leukemia 

 

Doh Yu Hwang 

 

Department of Medicine 

The Graduate School, Yonsei University 

 

(Directed by Professor Yoo Hong Min) 

 

I. INTRODUCTION 

 

FMS-like tyrosine kinase 3 internal tandem duplication (FLT3-ITD) mutated 

acute myeloid leukemia (AML) accounts for up to 30% of adult AML and the 

prognosis for these patients are extremely dismal due to high relapse rate after 

chemotherapy and allogeneic stem cell transplantation1-6. Activating ITD mutations 

in the FLT3 gene increase cell proliferation and survival, while block cellular 

differentiation through constitutive activation of canonical pathways, such as 

MAPK/ERK, PI3K/AKT, STAT5 and cooperates with other recurrent molecular 

abnormalities to induce AML7-9.     

Several FLT3 tyrosine kinase inhibitors (TKI) have been developed and designed 

to target the aberrantly activated FLT3 receptor and to suppress constitutive tyrosine 

phosphorylation in FLT3-ITD AML10-17. Recent phase 3 randomized study (RATIFY) 

demonstrated a survival benefit for patients treated with combination of 

chemotherapy and FLT3 TKI, leading to US Food and Drug Administration approval 

of the FLT3 inhibitor midostaurin18. However, the responses to the currently available 
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FLT3 TKIs, if any, are short-lived and followed by early relapse in almost all cases13, 

19-22, suggesting that resistance mechanisms to these TKIs impede the therapeutic 

efficiency of these drugs. Secondary mutations in the FLT3 TK domain (TKD) have 

been demonstrated as one of the mechanism of resistance20, 23-25. However, multiple 

mutations of FLT3 TKD have been identified in samples of therapy-resistant patients 

and cell lines12, 20, 26-28. Therefore, development of inhibitors that will block each of 

these mutations would require a major effort12, 21. More recently, mutational analysis 

of patient samples obtained following relapse after FLT3 TKI treatment and 

preclinical studies have suggested that cellular adaptive mechanism with activation 

of signaling pathways might also play a role in FLT3-TKI resistance pathway29-33, 

although these remain poorly elucidated. In addition, FLT3-TKI’s inability to 

eliminate leukemia stem cells (LSCs) also contributes to treatment failure34. 

Therefore, it should be relevant to develop the novel FLT3-ITD-targeted therapeutic 

strategies.     

Macroautophagy (autophagy) is a cell-protective and degradative process that 

recycles damaged and long-lived cellular components35-39. The role of autophagy in 

cancers is opposing, whose differential functions are context-specific and depend on 

oncogenesis, biological features, treatments, and progression40-46. In certain cases, 

autophagy primarily acts as a mechanism of tumor suppression by maintenance of 

genomic integrity and prevention of proliferation and inflammation41, 46, 47. Recently 

evidences are accumulating that autophagy contributes to the initiation and 

progression of cancers and the development of treatment resistance43, 46, 48-55. The 

findings that many tumors become addicted to autophagy for survival suggest an 

inhibition of autophagy could be a broadly applicable cancer therapy56-61. Autophagy 

could have context-specific roles also in different types of AML according to the 

clonal origin, oncogenic driver, and the state of leukemia expansion62-65. Autophagy 

seems often to be reduced in human AML blasts and loss of key autophagy genes 

leads to leukemia initiation and progression in mouse model62, 65, 66. Several studies 

have demonstrated that disruption of autophagy and downregulation of autophagy-
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related genes were demonstrated in the initiation and progression of AML cells(62, 

65, 66). In contrast, recent studies revelaed that leukemic blasts and LSC can utilize 

autophagy to respond to the specific energetic demands during accelerated 

proliferation and to counteract chemotherapeutic stress67-71. That can be utilized to 

enhance chemotherapeutic agent sensitivity in leukemia cells64, 70, 72-74. Exploiting 

autophagy for characteristic features of cancer cells makes targeting autophagy can 

be an attractive therapeutic approach for various cancers, especially autophagy-

addicted tumors56-61. Likewise, inactivation of autophagy by using autophagy 

inhibitors or knockout essential autophagy-related genes sensitizes specific subsets 

of AML cells to chemotherapies or to small molecules inhibitors, reduced functional 

leukemia-initiating cells and prolonged survival70, 72, 75, 76. To date, most clinical 

efforts have focused on using the general autophagy inhibitors, including chloroquine, 

hydroxychloroquine, and bafilomycin A1, either as single agent or in combination 

with other anti-cancer53, 59-61, 73, 77-81. However, the development of potent and 

selective autophagy inhibitors has remained largely elusive, in part because the most 

core autophagy proteins that have been screened for small molecules lie far 

downstream in the pathway and are not readily druggable37, 81-83. A major challenge 

for targeting autophagy with these drugs is the lack of potent and selective activity83, 

84.   

Among ATG genes, which mediate all steps of autophagy flux, ULK1 (unc-51 

like autophagy initiating kinase 1) has serine/threonine protein kinase activity and is 

considered a key protein for the regulation of autophagy initiation85-90. ULK1 forms 

a stable complex with ATG13, FIP200, and ATG101, and then regulates the 

recruitment of VPS34 complex consisting of VPS34, beclin-1, and ATG14L88, 91-95. In 

addition to regulating autophagy initiation, ULK1 also acts at later stages in the 

autophagy pathway, including autophagosome96, 97. ULK1 undergoes complex sets of 

post-translational modifications, including mammalian target of rapamycin complex 

1 (mTORC1) and AMP-activated protein kinase (AMPK)98-102, according to cellular 

conditions. It has been shown that ULK1 promotes cell survival of several cancers103, 
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104. Moreover, overexpression of ULK1 has been shown to be negatively correlated 

with the prognosis of a variety of cancers, such as colorectal cancer, breast cancer, 

human nasopharyngeal carcinoma and esophageal squamous cell carcinoma105-108.   

ULK1 is now considered a promising target for autophagy inhibition because of 

its central role in pathway activation, druggable nature, and apparent selectivity for 

autophagy over other cellular functions90, 104, 109. Recently, several small molecule 

inhibitors of ULK1 have recently been reported82, 109-111. Although a second 

mammalian ATG1 ortholog, ULK2, also promotes autophagy, loss of ULK1 alone is 

enough to abrogate autophagy in many cell types, underscoring its particularly 

important role86, 112. Crystal structures of ULK1 provide insight into the druggable 

pockets of the kinase110, leading to the development of several inhibitors, including 

SBI020696595, MRT68921109, and recently ULK-101104. Although still in the early 

stages of development, these agents provide new opportunity for pharmacologic 

inhibition of autophagy that can potentially translate to the clinic104, 113.    

In this study, I observed that ULK1 inhibitor MRT68921 and SBI0206965 

effectively induced apoptosis selectively in FLT3-ITD AML cells. FLT3 signaling 

was effectively downregulated with ULK1 inhibition. Autophagy induced by ULK1 

inhibitors was pro-survival, since an addition of autophagy inhibitors markedly 

increased apoptosis. FLT3 protein degradation was observed with increased 

autophagy flux. Effects of ULK1 inhibitors on normal hematopoietic stem cells were 

negligible. These findings suggest ULK1 is a promising therapeutic target in FLT3-

ITD and its inhibition by specific inhibitors may provide therapeutic opportunity.   

  

II. MATERIALS AND METHODS 

 

1. Cell lines and culture conditions 

The human FLT3-ITD-mutated myeloid leukemia cell lines MV4;11 and 

MOLM-13 were purchased from American Type Culture Collection (Rockville MD, 
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USA). MV4;11 and MOLM-13 cells were grown in RPMI (Invitrogen, Carlsbad, 

USA) supplemented with 10% FBS. FLT3-ITD-negative cell lines HL60 and U937 

cell lines were also obtained from ATCC, and maintained in RPMI-1640 medium 

supplemented with 10% fetal bovine serum in a 5% CO2 humidified incubator at 37°C.  

 

2. Patients and isolation of AML cells (ClinicalTrial.gov)  

This study adhered to the tenets of the Declaration of Helsinki and was approved 

by the institutional review of board of Severance Hospital (Seoul, Korea). Study 

participants provided written informed consent, and all patient and healthy donor 

samples were coded and linked anonymously. Identification of samples was possible 

using a code, and anonymized clinical information of linked samples was provided 

for researchers. Human leukemia cells were obtained from diagnostic bone marrow 

samples, containing 70% blasts or greater, of patients with FLT3-ITD-muated AML 

prior to receiving chemotherapy at Yonsei University Severance Hospital between 

2006 and 2015. For comparative analysis, leukemia cells were also obtained form 

FLT3-WT AML with normal karyotype. Normal CD34-positive (CD34+) 

hematopoietic stem cells (HSC) were obtained from healthy donors. Mononuclear 

cells were isolated by Ficoll–Hypaque (Sigma-Aldrich, St. Louis, USA) density 

gradient centrifugation. All methods were carried out in accordance with relevant 

guidelines and regulation.  

 

3. Reagents  

Stock solutions of the following reagents were prepared by dissolving in 

dimethyl sulfoxide (DMSO, Sigma-Aldrich). SBI0206965, MRT68921 were 

purchased from Selleck Chemicals (Houston, TX, USA). Bafilomycin A1 and 3-

methyladenine (3-MA) was purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Hydroxychloroquine (HCQ) were from Myung-in Pharmaceuticals. z-VAD-FMK 

were obtained from R&D systems. GSK2606414 were purchased from Selleckchem 
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(Houston, TX, USA). Control cells were treated with equal amounts of DMSO.  

 

4. pMY-puro-FLT3-ITD stable cell line establishment 

A suspension of 2 x 106 U937 leukemia cells was immediately transfected with 

pMY-puro-FLT3-ITD (5 ug) using program T-20 of the Amaxa Nucleofector device 

(Lonza Cologne GmbH, Cologne, Germany) according to the manufacturer's 

instructions. Immediately after electroporation, the cells were resuspended in 

complete medium and incubated for 24 hours at 37 °C in a humidified atmosphere 

containing 5% CO2. And then pMY-puro-FLT3-ITD -transduced U937 cells were 

purified with (2~10ug/ml) of puromycin during 2 month. 

 

5. Apoptosis analysis 

Cells were seeded in 12-well plates at 1×105 cells/well. SBI0206965 and 

MRT68921 were directly added to culture media at desired concentration. The final 

concentration of DMSO did not exceed 0.1% (v/v), a concentration that is nontoxic 

to the cells. After treatment with different dose of ULK1 inhibitors for indicated 

periods, cells were harvested and subjected to evaluations. The annexin V assays were 

using a LSR Fortessa flow cytometer (BD Biosciences). To study apoptosis in cells, 

the cells were resuspended in annexin V binding buffer and incubated with annexin 

V-FITC (BD Pharmingen) and Propidium iodide (PI) for CD34+ cell fractions by 

staining with anti-CD34-APC (BD Biosciences) for 30 MIN. Data were analyzed 

using FACSutie software (BD Biosciences).  

 

6. Loss of mitochondrial membrane potential  

The MMP was monitored using DiOC6 as described previously33. For each 

condition, 1×106 cells were incubated with 1 ml of DePsipherTM solution (Trevigen, 

Gaithersburg, MD, USA) at 37°C in a 5% CO2 incubator for 20 mins and wash the 



9 

 

cells with 1 ml of prewarmed 1X reaction buffer with stabilizer solution subsequently 

analyzed using a LSR Fortessa flow cytometer (488nm argon lazer) and FACSuite 

softwear (BD Biosciences). DePsipherTM Kit uses a unique cationic dye (5,5’6,6’-

tetrachloro-1,1’,3,3’tetraethylbenzimidazolylcarbocyanine iodide) to indicate the 

loss of mitochondiral potential. 

 

7. Transfection of green fluorescent protein (GFP)-microtubule-associated 

protein 1 light chain 3 (LC3) 

The GFP-LC3 construct was done as described before. Briefly, a suspension of 

2×106 leukemia cells was immediately transfected with GFP-LC3 cDNA (5 μg) using 

program V-01 of the Amaxa Nucleofector 2b device (Lonza Cologne GmbH) 

according to the manufacturer's instructions. Immediately after electroporation, the 

cells were resuspended in complete medium and incubated for 24 hours at 37°C in a 

humidified atmosphere containing 5% CO2. Cells expressing GFP-tagged LC3 were 

used to evaluate autophagy induction. 

 

8. Confocal microscopy 

Cells were centrifuged at 800 × g onto glass slides, and coverslips were mounted 

with aqueous mounting medium (Dako) with DAPI (Sigma-Aldrich). Fluorescent 

signals were analyzed using a Zeiss LSM 700 laser-scanning confocal microscope 

(Göettingen). The number of LC3 puncta per cell was quantified as described 

elsewhere26. To estimate the average number of LC3 puncta per cell in each treatment 

group, 20 cells were randomly selected, and puncta in each cell were manually 

counted. Results are expressed as the mean of at least three independent experiments. 

 

9. Transmission electron microscopy 

Transmission electron microscopy was performed using standard procedures. 

Briefly, cells were fixed with 2% glutaraldehyde/paraformald`ehyde, pelleted, and 
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treated with 1% osmium tetroxide (Polysciences). After embedding samples in pure, 

fresh resin, and polymerizing, thin sections were double stained with 6% uranyl 

acetate and lead citrate. Sections were analyzed by transmission electron microscopy 

(JEM-1011, JEOL, Japan) at 80 kV. 

 

10. Western blot analysis 

Total cell lysates were prepared and analyzed by Western blotting, as described 

previously. The protein samples were recovered in a sodium dodecyl sulfate (SDS) 

buffer and separated by SDS-polyacrylamide gel electrophoresis. The separated 

proteins were transferred to a nitrocellulose membrane and blotted with appropriate 

primary and secondary antibodies. Rabbit polyclonal antibodies against ULK1, p-

ULK1S757, FLT3, p-FLT3, STAT5, p-STAT5, p-MEK, p-ERK, caspase-9, caspase-3, 

PARP, AMPK, p-AMPKT172, mTOR, p-mTORS2448, p70S6K, p-p70S6KT389, PERK 

and p-eIF2a were purchased from Cell Signaling Technology (Danvers, MA, USA). 

Rabbit polyclonal antibodies against LC3 and p-ATG13S318 were obtained from 

Novus Biologicals (Littleton, CO, USA). Mouse anti-p62/SQSTM was from Abnova 

(Taipei, Taiwan). Anti-p-PERKT982 antibodies were purchased from Abcam 

(Cambridge, UK). Rabbit anti-p-ULK1S555 and Mouse anti-α-tubulin monoclonal 

antibodies were obtained from Merck Millipore (Billerica, MA, USA). Secondary 

antibodies were coupled to horseradish peroxidase and visualized by enhanced 

chemiluminescence (GE Healthcare Bio-Sciences; RPN2232). 

 

11. Statistical analysis 

Results are expressed as the mean ± standard deviation (SD) of at least three 

independent experiments. Comparison of two groups was performed using the two-

tailed Student t test. Statistical analysis was performed using GraphPad Prism 4.0 

(GraphPad Software Inc). Differences with P values of less than 0.05 were considered 

statistically significant. 
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III. RESULTS  

 

1. Effects of ULK1 inhibitors on the apoptosis in FLT3-ITD AML  

ULK1 protein levels evaluated by western blot analysis were shown to be 

increased in FLT3-ITD cell lines compared to FLT3-WT cell lines (Fig. 1A). Thus we 

speculated that ULK1 has significant roles for regulating the cell survival in FLT3-

ITD AML cells and the kinase activity of Ulk1 may play a vital role in autophagy-

mediated survival in FLT3-ITD cells under stress conditions. After confirming the 

ULK1 inhibitory effect of the ULK1 inhibitors MRT68921 (Fig. 1A upper panel) and 

SBI206965 (Fig. 1A lower panel), we first assessed the influence of ULK1 inhibitors 

treatment compared with DMSO control on the induction of cell death in a panel of 

leukemic cell lines harboring or not FLT3-ITD mutations was measured over a 48-

hour time course. Flow cytometric analysis showed that ULK1-specific inhibitor 

SBI206965 effectively induced apoptosis of FLT3-ITD cell lines, MV4;11 and 

MOLM-13, in a dose-dependent manner (p<0.0001). However, the extent of 

apoptosis induced by SBI206965 was significantly lower in the FLT3-WT cell lines, 

HL-60 and U937, compared to FLT3-ITD cell lines (Fig. 1B). MRT68921, an 

inhibitor against ULK1 and ULK2, also induced apoptosis more potently in FLT3-

ITD cell lines (Fig. 1C). After treating FLT3-ITD and FLT3-WT cell lines for 48 h 

with SBI206965 or MRT 68921, MV4;11 and MOLM-13 cells displayed more 

significant morphological features of cell death compare to HL-60 and U937 cells 

(Fig. 1D). To demonstrate that FLT3-ITD mutation was indeed associated with ULK1 

inhibitor-induced apoptosis, we established a FLT3-ITD-inducible U937 cell lines 

(U937/FLT3-ITD #12 and #15) and compared the ULK1 inhibitors-induced cell death 

with the parental U937 cells. U937/FLT3-ITD cell lines were significantly more 

sensitive to SBI206965 (p=0.0007; #12, p=0.0047; #15) (Fig. 1E) or MRT68921 

(p=0.0209; #12, p=0.0003; #15) (Fig. 1F)-induced cell death compared with its 

parental U937 cells, indicating that FLT3-ITD mutation was related to ULK1 
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inhibitor-induced apoptosis.  
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Figure 1. Effective apoptosis by ULK1 inhibition in FLT3-ITD AML cells. (A) 

ULK1 kinase protein was overexpressed in FLT3-ITD AML cell lines (MOLM-13, 

MV4;11) compared to FLT3-WT AML cell lines (HL60, U937) and it was suppressed 

by ULK1 inhibitors (MRT68921/2.5 M, SBI206965/5 M). (B, C) After treatment 

of ULK1 inhibitors to both FLT3-ITD AML cells and FLT3-WT AML cells, the 

fraction of apoptotic cells was analyzed for cell lines using Annexin V/PI exclusion 

and flow cytometric analysis. (D) After treating FLT3-ITD AML cells and FLT3-WT 

AML cells for 48 h with ULK1 inhibitors, MV4;11 and MOLM-13 cells displayed 

more significant morphological features of cell death compare to HL-60 and U937 

cells. (E, F) After treatment of ULK1 inhibitors to both U937 cells and U937 cells 

with tranfected ITD mutation (U937-FLT3/ITD #12, #15), the fraction of apoptotic 

cells was analyzed for cell lines using Annexin V/PI exclusion and flow cytometric 

analysis. Data are means  SEM. 
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2. ULK1 inhibitor-induced cell death in primary FLT3-ITD leukemic blasts 

and normal hematopoietic stem cells 

Next, we assessed the effects of SBI206965 or MRT68921 on primary leukemia 

blasts obtained from FLT3-ITD (+) (n=7) and FLT3-WT AML patients (n=6) and 

normal CD34-positive hematopoietic stem cells (HSC) obtained from healthy donors 

who donated HSCs for allogeneic stem cell transplantation (n=5). As shown in Table 

1, Figure 2A and 2B, the extent of SBI206965 or MRT68921-induced apoptosis was 

significantly higher in the primary FLT3-ITD blasts compared to the leukemia cells 

obtained from FLT3-WT AML cases (SBI206965; p<0.0001, MRT68921; p<0.0001). 

Normal HSCs remained relatively unaffected to SBI206965 (Fig. 2A) or MRT68921 

(Fig. 2B). These results suggest the preferential actions of ULK1 inhibitors on the 

FLT3-ITD AML cells with saving the normal hematopoietic stem cells. 

 

 

Figure 2. ULK1 inhibition induced selective apoptosis in FLT3-ITD AML 

patient cells and preserved normal hematopoietic stem cells. (A, B) After 

treatment of ULK1 inhibitor (MRT68921/2.5 M, SBI206965/5 M) to both AML 

patient cells (FLT3-ITD positive and FLT3-WT) and normal hematopoietic stem 

cells (CD34 positive), the fraction of apoptotic cells was analyzed for cell lines 
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using Annexin V/PI exclusion and flow cytometric analysis. Data are means  

SEM.   

 

3. Caspase activation by ULK1 inhibitors  

To further analyze the mechanism of ULK1 inhibitor-induced apoptosis, the 

activation of caspases was investigated by Western blot analysis. As shown in Fig 3A, 

MRT68921 (left panel) or SBI206965 (right panel) treatment increased cleavage of 

caspase-3, -9, and PARP proteins in MV4;11 cells. Furthermore, pretreatment with 

20 M of pan-caspase inhibitor z-VAD-fmk for 2 hr diminished the MRT68921 

(p=0.0069) or SBI206965-induced cell death (p=0.009) in MV4;11 cells (Fig.3B). 

These findings indicated that caspase activation was in part attributed to ULK1 

inhibitor-induced apoptosis in FLT3-ITD AML cells. The amount of mitochondrial 

membrane potential (MMP) disruption was assessed after MRT68921 or SBI206965 

by measuring the mitochondrial uptake of a membrane potential-sensitive dye, 

DiOC6, in MV4;11 and U937 cells. When the cells were treated with 2.5 M 

MRT68921 or 5 M SBI206965 for 48h, the population that lost MMP was 64.73±

4.31% for MRT68921 and 48.1±10.0% for SBI206965 (Fig. 3C). This suggests that 

an apoptosis-inducing mechanism triggered by ULK1 inhibitors operates via the 

mitochondria in FLT3-ITD cells. 
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Figure 3. Caspase activation and apoptosis by ULK1 inhibition in FLT3-ITD 

AML cells. (A) After treatment of ULK1 inhibitor (MRT68921/2.5 M, 

SBI206965/5 M) to MV4;11 cells and U937 cells, cell lysates were subjected to 

western blotting for caspase-3, -9, and PARP protein expression. α-tubulin was used 

as a protein loading control. (B) After pretreatment with 20 M of pan-caspase 

inhibitor z-VAD-fmk followed by ULK1 inhibitor to MV4;11 cells and U937 cells, 

the fraction of apoptotic cells was analyzed for cell lines using Annexin V/PI 

exclusion and flow cytometric analysis. (C) The amount of mitochondrial membrane 

potential (MMP) disruption was remarkably increased in FLT3-ITD AML cells with 

ULK1 inhibitors. Data are means  SEM. 

 

4. ULK1 inhibitor activates pro-survival autophagy 

To determine whether pharmacologic inhibition of ULK1 induces autophagy in 

FLT3-ITD AML cells, we evaluated the effects of MRT68921 on LC3 conversion in 

MV4-11and U937 cells compared with DMSO control. As shown in Fig. 4-1A, the 
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level of LC3-II increased with MRT68921 in MV4-11 and U937 cell lines. 

Interestingly, western blot analysis of MRT68921-treated MV4;11 and U937 cells 

revealed an accumulation of p62, suggesting an inhibition of p62 degradation process, 

rather than an activation of autophagic flux, occurred with ULK1 inhibitor. After 

treatment with MRT68921 or SBI206965, TEM evaluation demonstrated increased 

number of autophagosomes in MV4-11 and U937 cells and apoptosome were also 

observed in MV4;11 cells (Fig. 4-1B). MRT68921 or SBI206965 treatment led to a 

significant increase (greater than 10-fold) in the number of GFP-LC3 puncta in 

MV4;11 cells (MRT68921; p<0.0001, SBI206965; p=0.0001) and higher increase 

was observed in U937 cells (MRT68921; p< 0.0001, SBI206965; p<0.0001) (Fig. 4-

2C). There results indicated that MRT68921 or SBI-0206965 activates autophagy in 

AML cell lines. We examined then the functional roles of autophagy, which was 

induced by ULK1 inhibitor treatment in AML cell lines. The effects of 3-

methyladenine (3-MA), the type III PI3K inhibitor inhibiting early steps of autophagy, 

on the MRT68921 or SBI-0206965-induced apoptosis was measured in MV4;11 and 

U937 cells. As shown in Figure 4-2D, the fraction of apoptotic cells was significantly 

increased with 3-MA addition in MV4;11 cells (p<0.0001). These findings indicate 

that MRT68921-induced autophagy was mostly pro-survival. 
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Figure 4-1. Activation of autophagy by ULK1 inhibition in both FLT3-ITD 

mutated AML cells and FLT3-wild type AML cells. (A) After treatment of 2.5 M 

MRT68921 for 48 h to MV4;11 cells and U937 cells, cell lysates were subjected to 

western blotting for LC3-I/II, and p62 expression. α-tubulin was used as a protein 

loading control. (B) Transmission electron microscopy of MRT4;11 cells and U937 

cells treated by ULK1 inhibitor (MRT68921/2.5 M, SBI206965/5 M). Yellow 

arrows indicate autophagosome and red arrows indicated apoptosome. Data are 

means  SEM. 
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Figure 4-2. Pro-survival function of ULK1 inhibition-induced autophagy in 

FLT3-ITD AML cells. (C) GFP-LC3-transfected cell lines were treated with ULK1 

inhibitor (MRT68921/2.5 M, SBI206965/5 M) followed by confocal microscopic 

observations. The green punctuate fluorescence indicates the cytoplasmic localization 

of the LC3 proteins. Representative micrographs demonstrated characteristic 

punctuate staining indicative of autophagosome formation. Nuclei were stained with 

DAPI. Numbers of LC3 punta per cell were demonstrated. (C) MV4;11 cells and 

U937 cells were treated with ULK1 inhibitor (MRT68921/2.5 M, SBI206965/5 M) 

in the presence of autophagy inhibitors 3-methyladenine (3-MA, 5 mM) bafilomycin-

A1 (Baf-A1, 2Nm), hydroxychloroquine (HCQ, 10uM) and the fraction of apoptotic 

cells was analyzed for cell lines using Annexin V/PI exclusion and flow cytometric 

analysis. Co-treatment of ULK1 inhibitor with autophagy inhibitors augmented the 
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apoptotic cell death in MV4;11 cells. Data are means  SD. 

 

5. ULK1 inhibition and autophagy pathway  

With MRT68921 treatment, changes in the molecules critically associated with 

autophagy regulation were examined in MV4;11 cell line. MRT68921 induced a 

decrease in the level of ULK1 downstream molecules p-ATG13 and p-ULK1 in 

FLT3-ITD cell lines (Fig. 5A left panel). However, decrease in the level of p-ATG13 

was not observed in U937 cells (Fig.5A right panel). The decrease in the level of p-

ATG13 correlated with the extent of apoptosis induced by MRT68921. Interestingly, 

MRT68921 decreased p-AMPK level in MV4;11 cells (Fig.5A). MRT68921 inhibited 

mTOR in MV4;11 cells, as shown by the remarkable decrease in the level of p-mTOR 

and p-p70S6K (Fig. 5B). 

 

 

Figure 5. Autophagy pathway affected by ULK1 inhibition in FLT3-ITD-

mutated AML cells. (A, B) After treatment of 2.5 M MRT68921 for 48 h to MV4;11 

cells and U937 cells, cell lysates were subjected to western blotting for 

phosphorylated AMPK α, mTOR and phosphorylated ULK1, ATG13, 70S6K. α-

tubulin was used as a protein loading control. 

 



21 

 

6. Unfolded protein response in ULK1 inhibition  

We observed the effects of MRT68921 on the unfolded protein response (UPR). 

MRT68921 suppressed the expressions of p-PERK and p-eIF2 in MV4;11 cells, 

whereas it increased the phosphorylation of PERK and eIF2 in U937 cells (Fig.6A). 

Augmentation of PERK using PERK-specific activator tunicamycin (Fig. 6B) did not 

abrogate MRT68921-induced apoptosis in MV4-11 cells (Fig. 6C). Suppression of 

PERK with PERK-specific inhibitor GKS2606414 did not affect MRT68921-induced 

apoptosis in U937 cells (Fig. 6D). Taken together, MRT68921 treatment increases 

apoptosis in FLT3-ITD AML cells regardless of whether PERK signal is activated or 

not. 
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Figure 6. Unfolded protein response and ULK1 inhibition in FLT3-ITD AML 

cells. (A) After treatment of 2.5 M MRT68921 for 48h to MV4;11 and U937 cells, 

cell lysates were subjected to western blotting for phospho-PERK, PERK, phospho-

eIF2α, ATF4 expression. α-Tubulin was used as a protein-loading control. (B, C) 

Tunicamycin (TM) as PERK activator did not affect to ULK1 inhibitor induced 

apoptotis in MV4;11 cells. (D) Treatment of PERK inhibitor, 20 M GSK260641 

with ULK1 inhibitor did not increase apoptotic cell death in U937 cells. Data are 

means  SD. 

 

7. ULK1 inhibition affects FLT3 signaling  
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To explore why ULK1 inhibition potentially targets FLT3-ITD AML cells, we 

assessed its impact on FLT3 signaling pathway. MV4-11, MOLM-13, and FLT3-ITD-

inducible U937 cells exhibited phosphorylation of the FLT3 and activation of the 

downstream signaling cascade, including ERK, MEK, and STAT5 phosphorylation 

(Fig. 7A). As shown in Figure 7B, MRT68921 attenuated FLT3 and decreased 

phosphorylation of FLT3, MEK, ERK, and STAT5 in MV4-11 cells. However, these 

effects were not observed in FLT3-WT cell lines. Next we investigated the 

mechanism underlying MRT68921-induced FLT3 downregulation in MV4-11 cells. 

Addition of proteasome inhibitor MG132 to MRT68921 prolonged the level of FLT3, 

indicating that ULK1 inhibition accelerate proteasomal degradation of FLT3 (Fig. 

7C). Confocal microscopic examination showed that the LC3-positive structures and 

FLT3 molecules were localized at different position within the cell after MRT68921 

treatment (Fig. 7D), indicating that FLT3 was not degraded through MRT68921-

induced autophagy. Inhibiting autophagy with 3-MA increased MRT68921-induced 

FLT3 degradation (Fig. 7E). These results indicate that in FLT3-ITD AML cells, 

MRT68921 reduced FLT3 expression at the protein level and autophagy played a role 

in protecting cells from it. 
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Figure 7. ULK1 inhibition induced FLT3 degradation in FLT3-ITD-mutated 

AML cells. (A, B) After treatment of 2.5 M MRT68921 for 48h to MV4;11 and 

U937 cells, cell lysates were subjected to western blotting for phospho-FLT3, FLT3, 

phospho-STAT5, STAT5, phosphor-MEK and phosphor-ERK. α-Tubulin was used as 

a protein-loading control. (C) Proteasome inhibitor, MG132, inhibited a degradation 

of FLT3 by ULK1 inhibitor. (D) GFP-LC3-transfected MV4;11 cell line was treated 

with ULK1 inhibitor (MRT68921/2.5 M) followed by confocal microscopic 

observations. The green punctuate fluorescence indicates the cytoplasmic localization 

of the LC3 proteins and the red punctuate fluorescence indicates FLT3 molecules in 

nuclei. Nuclei were stained with DAPI. (D) MRT68921 with 3-methyladenine (3-MA, 

5 mM) accelerates FLT3 degradation in MV4;11 cells. Data are means  SD. 

 

IV. DISCUSSION 
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Accumulating evidences suggest that dysregulated autophagy is a hallmark of 

malignant disorders, and plays complex roles in tumorigenesis, progression and 

resistance to treatment in a context-dependent manner41-46. Until now, diverse 

functions of many autophagy-related proteins in cancer have been extensively 

evaluated45, 90, 114, 115. Among them, ULK1 draws interests most because it plays a key 

role in the initiation of autophagy as an only serine/threonine protein kinase86, 116, 117. 

The findings that high levels of ULK1 were associated with poor prognosis in several 

soild tumors103, 107, 108, 118 and an inhibition of ULK1 can rescue the phenotype induced 

by caspase-3 deletion in AML1/ETO AML cells119 suggest that ULK1 is a promising 

new therapeutic target for cancer disorders.     

It was shown that FLT3-ITD mutations activate survival pathway with oncogene 

addiction120. Given their critical role of autophagy in the cell biology of FLT3-ITD 

AML121, 122, ULK1 is likely to play an important role in this AML subtype. Higher 

levels of activated ULK1 and its downstream molecules in FLT3-ITD cells in our 

study raise the possibility that ULK1 is indispensable for survival in FLT3-ITD-

mutated cells and its selective inhibition could potentially induce cell death. We 

demonstrated here for the first time that two ULK1-specific inhibitors, SBI0206965 

and MRT68921, potentially induce caspase-dependent apoptotic cell death 

preferentially in FLT3-ITD-mutated leukemia cell lines and primary leukemic blasts 

obtained from FLT3-ITD AML patients, while sparing normal hematopoietic stem 

cells.   

MRT68921-mediated apoptosis in FLT3-ITD cells was associated with dose-

dependent cleavage of caspase-3, -9, and PARP. Pretreatment of MV4;11 cells with 

pan-caspase inhibitor z-VAD-fmk notably reduced the level of cleaved caspases and 

PARP, indicating that ULK1 inhibitors induced apoptosis in a caspase-dependent 

manner. The interaction between ULK1 and caspase-3 was demonstrated in in 

AML1/ETO leukemia cells119. However, the molecular interplay between ULK1 and 

activation of caspase cascade remains to be elucidated in FLT3-ITD AML. ULK1 
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inhibitors also induced intracellular ROS generation. The finding that pretreatment of 

ROS scavenger NAC resulted in a significant reduction in the level of MRT68921-

induced apoptosis indicated ROS generation was directly involved in the ULK1 

inhibitor-induced apoptosis. It was shown that ROS inhibited autophagy by 

downregulating the p70S6K/p53/ULK1 axis in NB4 leukemia cells123. However, the 

crosstalk between ULK1 inhibition and ROS generation in FLT3-ITD AML cells also 

needs to be determined.   

Since ULK1 inhibition also led to cell death, albeit lesser degree, in FLT3-WT 

leukemia cells, it is required to define whether the effects of ULK1 inhibition on the 

induction of apoptosis are primarily attributed to ULK1 inhibition or ancillary to off-

target effects of ULK1 inhibition. Both SBI0206965 and MRT68921 were 

demonstrated to inhibit ULK1 activity, as demonstrated by reduction in the 

phosphorylation levels of ULK1 downstream ATG13 (S318)91, 94, beclin-1 (S14)88, 

VPS34 (S249)82 as well as ULK1 itself (T180)87, 124. It was shown thay ATG13 

phosphorylation at serine 318 was directly correlated with ULK1 activity125. We also 

observed that the extent of apoptosis was highly correlated with reduction in the level 

of p-ATG13 in FLT3-ITD cells.  

ULK1 phosphorylates downstreams, such as beclin-1, ATG13, and VPS34, to 

trigger the autophagy cascade87, 88, 126. Since ULK1 inhibitors were shown to suppress 

the phosphorylation of ULK1 downstream, ULK1 inhibtors were expected to inhibit 

autophagy in FLT3-ITD cells. Interestingly, both SBI0206965 and MRT68921 

induced LC3-II conversion, GFP-LC3 punta formation, and autophagosome numbers, 

which are indicative of autophagy. These findings suggest that ULK1 inhibition is 

directly associated with autophagy activation. Since autophagy can induce 

autophagic cell death or prosurvival adaption in a context-dependent manner, we 

added autophagy inhibitors to ULK1 inhibitors for examination of the changes in the 

cell death. Interetingly, MRT68921-induced apoptosis was significantly increased in 

the presence of 3-MA, HCQ, or bafilomycin A1, which inhibits lysosomal turnover 

and enable autophagic flux measurement. These findings suggest that ULK1 
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inhibititors induce prosurvival autophagy as well as apoptosis, rather than autophagic 

cell death. Although ULK1 inhibition induced prosurvival autophagy, p62 protein 

level was increased in MV4;11 cells. In addition to regulating autophagy initiation, 

ULK1 is suggested to act at later stages of autophagy, including maturation of 

autophagosome109. ULK1 also increases the binding affinity of p62 for ubiquitin127. 

In this study, ULK1 inhibitors induced accumulation of p62, suggesting that ULK1 

is involved in autophagolysosome-meidated p62 degradation in FLT3-ITD AML cells.   

It remains to be investigated how ULK1 inhibition results in an activation of 

prosurvival autophagy in FLT3-ITD cells. Activated mTORC1 (mechanistic target of 

rapamycin complex 1) inhibits autophagy by phosphorylating ULK1 at multiple 

residues91, 93, 98, 128. Meanwhile, ULK1 can also act as negative regulator of mTOR by 

phosphorylating its substrates, Raptor and S6K and hindering substrate binding98, 99, 

129. Thus, ULK1 inhibits cell proliferation by blocking the kinase activity of mTOR129. 

In this study, a decrease in the level of p-P70S6K, the mTOR downstream target, was 

observed in MRT68921-treated MV4-11 cells, suggesting a negative feedback 

mechanism exists between ULK1 and mTORC1 in FLT3-ITD AML. Under stress 

conditions, AMPK can inactivate mTORC1 via phosphorylating the mTOR upstream 

regulator TSC2 at Thr1227 and Ser1354 residues, leading to autophagy activation98, 

99, 130. AMPK also directly phosphorylates ULK1 at multiple residues, such as Ser467, 

Ser555, Thr574, and Ser67398, 99, leading to activation of autophagy during starvation 

and metabolic stress. The feedback regulatory mechanism between AMPK and ULK1 

has been suggested, although it remains to be further elucidated. It was suggested that 

ULK1 activation is associated with reduced AMPK phosphorylation at Thr172, a 

marker of AMPK activity, via an uncharacterized negative feedback loop131, 132. In 

other report, ULK1 inhibition with SBI0206965 suppressed AMPK signaling133. We 

found here that ULK1 inhibition led to decreased AMPK phosphorylation at Thr172 

in MV4-11 cells. This finding is opposed to previous feedback concept between 

AMPK and ULK1 and suggests that the upregulation mechanisms of ULK1 in the 

autophagy machinery are very complicative system. 
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Unfolded protein responses (UPR), consisting of three major transducers PERK, 

IRE1, and ATF6, occur in the midst of a variety of intracellular and extracellular 

challenges that perturb protein folding in the endoplasmic reticulum (ER)134-137. 

Autophagy and UPR pathways are interconnected and regulate cellular responses to 

apoptotic stimuli of environmental and genetic stresses in cancer cells46, 134-137. 

Endoplasmic reticulum stress (ERS) is thought to activate autophagy via UPR-

mediated transcriptional up-regulation of autophagy machinery137, 138. We evaluated 

here the changes in the activation of PERK/eIF2/ATF4 signaling pathway, which is 

one of the essential branches in the UPR process, after treatment of MV4;11 cells 

with ULK1 inhibitors. The levels of phosphorylated forms of PERK, eIF2 and ATF4 

were decreased with MRT68921, denoting that ERS pathway is suppressed under the 

condition of ULK1 inhibition. But when treating MRT68921 together with PERK 

activator or PERK inhibitor, there were no significant changes of apoptosis in AML 

cells. It indicates that ERS dosen’t have critical roles in the regulation of apoptosis 

and autophagy with ULK1 inhibition in FLT3-ITD cells.   

The direct molecular interactions between ULK1 and FLT3-ITD are unknown. 

In this study, treatment of MV4;11 cells with ULK1 inhibitors led to decrease in the 

level of phospho-FLT3 as well as, p-ERK, and p-STAT5, which are associated with 

FLT3 activation. These findings indicate that ULK1 inhibition itself led to inhibition 

of FLT3 signaling. It was shown that autophagy induces degradation of oncogenic 

fusion proteins in AML, leading to cell differentiation and death of leukemic blasts139-

143. It was recently demonstrated that FLT3-ITD protein is post-translationally 

regulated and degraded by autophagy122. However, in this study, we found that FLT3-

ITD molecules and autophagosomes were placed at each different site in MV4;11 

with ULK1 inhibitors. It indicates that ULK1 inhibition induced autophagy may not 

be the mechanism for FLT3-ITD degradation. Since addition of 3-MA as autophagy 

inhibtor to MRT68921 led to decrease in the level of p-FLT3 and FLT3 downstreams, 

autophagy was thought to be operated for survival of FLT3-ITD AML cells. In 

addition, proteasome inhibitor in part attenuated the MRT68921-induced apoptosis, 
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suggesting that proteasomal degradation of FLT3-ITD contributed to ULK1 

inhibition-mediated reduction in the activated FLT3 and FLT3 dowmstream.   

 

V. CONCLUSION  

 

I demonstrated here for the first time that ULK1 inhibition potentially induced 

apoptosis in FLT3-ITD-mutated leukemia cell lines and primary leukemia cells, while 

saving normal hematopoietic stem cells. Since ULK1 inhibition paradoxically 

induced prosurvival autophagy, an addition of autophagy inhibitors was shown to 

synergistically enhance the apoptotic cell death. It should be further investigated 

whether ULK1 inhibition can be helpful for overcoming the FLT3 TKI resistance. 

Since ULK1 is has a central role in autophagy regulation, druggable nature, and 

apparent selectivity over other autophagy inhibitors with minimal effect on normal 

hematopoietic stem cells, ULK1 can be a promising molecular target for FLT3-ITD 

AML.  
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ABSTRACT (IN KOREAN) 

 

FLT3-ITD 돌연변이 급성골수성백혈병에 대한 ULK1 억제의 

새로운 표적치료 전략으로서의 역할 규명 

 

<지도교수 민유홍> 

 

연세대학교 대학원 의학과 

 

황도유 

 

FLT3(FMS like tyrosine kinase 3) 수용체의 ITD(Internal 

Tandem Duplication) 돌연변이는 급성골수성백혈병 내에 약 30%에서 

관찰되며 동시에 불량한 예후와 관련이 있는 것으로 알려져 있다. FLT3-

ITD 돌연변이에 대한 표적치료제가 개발이 되어 있으나 짧은 관해 

지속율과 약제 내성 발현이라는 한계점을 보이고 있다. 따라서 FLT3-

ITD 에 대한 새로운 표적 치료 전략이 요구되는 실정이다. 

자가포식(Autophagy) 기전의 이상은 다양한 암성 질환과 연관되어 

있으나, FLT3-ITD 돌연변이 백혈병에서는 그 관련성이 불명확하다. 이에 

자가포식 기전의 핵심적 조절 인자로 알려진 ULK1(Uncoordinated 51-

like kinas 1)의 억제의 효과를 백혈병 세포에서 확인하고자 했다. ULK1 

단백질은 FLT3 야생형 백혈병 세포주 보다 FLT3-ITD 돌연변이 백혈병 

세포주에서 과발현 되었다. SBI0206965와 MRT68921 두 가지의 ULK1 

억제제를 각각의 세포주에 처리하였을 때, FLT3-ITD 돌연변이 백혈병 
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세포주에서 과발현된 ULK1의 감소가 확인됨과 동시에 약물의 농도에 

비례하여 세포자멸(Apoptosis)이 의미있게 증가된 모습이 관찰되었다 

(p<0.0001). 이는 실제 FLT3-ITD 양성의 급성골수성백혈병 세포에서도 

동일한 결과였으며, 특징적으로 정상 조혈모세포 (CD34 positive 

hemtopoietic stem cell)에 대한 ULK1 억제제의 영향은 미미하였다. 

흥미롭게도 ULK1 억제는 FLT3-ITD 돌연변이 백혈병 세포에서 

역설적으로 자가포식 기전을 활성화시키는 결과를 초래했다. 또한 타 

자가포식 기전 억제제인 3-methyladenine, hydroxychloroquine, 

bafilomycin-A1 와 함께 투여시 세포자멸을 촉진시키는 결과가 

관찰되었다(p<0.0001). 따라서 ULK1 억제에 의한 자가포식 기전의 

활성화는 백혈병 세포의 생존을 보호하는 기전으로 추정할 수 있다. 한편 

비접힘 단백질반응(Unfolded protein response) 기전의 억제가 ULK1 

억제하에서 발생되는 것이 관찰되었다. 그러나 이 반응은 ULK1 억제에 

따른 세포자멸에 영향을 미치지는 않는 것으로 확인되었다. 마지막으로 

FLT3 분자와 ULK1 억제의 상호 작용을 관찰하였을 때, FLT3 분자의 

저하 및 FLT3 활성화 경로인 ERK, AKT 그리고 STAT5의 억제가 

ULK1 억제에 의해 유발되는 것이 확인되었다. 이러한 결과를 바탕으로 

하였을 때, ULK1 억제는 정상 조혈모세포의 손상 없이 FLT3-ITD 

돌연변이 급성골수성백혈병의 세포자멸을 촉진시킬 수 있는 새로운 표적 

치료 전략이 될 수 있을 것이다.  
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