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ABSTRACT 

All-trans retinoic acid synergizes with Enasidenib to differentiate IDH2-

mutant acute myeloid leukemia cells 

 

Yundeok Kim 

 

Department of Medicine  

The Graduate School, Yonsei University  

 

(Directed by Professor Yoo Hong Min) 

 

 

A block in the myeloid differentiation is a hallmark of acute myeloid leukemia 

(AML). When these undifferentiated cells acquire properties that provide a 

proliferation advantage, AML may arise. It has long been hypothesized that 

overcoming the differentiation block in AML would be an important component 

of improved treatment regimens. Mutations in isocitrate dehydrogenase 2 (IDH2) 

are observed in 10% to 12% of patients with AML. The specific 

pharmacological inhibition of mutant IDH reduces the levels of R-2-

hydroxyglutarate (2-HG) and restores cellular differentiation in vivo and in vitro. 

The IDH2 inhibitor, enasidenib (AG-221) was approved by the FDA as a first-

in-class inhibitor for the treatment of relapsed or refractory (R/R) IDH2-mutant 

AML. It is expected that for more powerful responses, differentiation-based 

IDH2 inhibition will need to be combined with other types of mechanism-based 

target therapy. In this study, the effects of a combination of all-trans retinoic acid 

(ATRA) and AG-221 on the differentiation was explored. Moreover, the 

mechanisms employed by IDH2 mutant in AML was investigated. AG-221 and 

ATRA combination treatment inhibited 2-HG production and resulted in 

synergistic effects of the differentiation in IDH2 mutant AML cells and primary 
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AML cells expressing IDH2 mutation. AG-221 and ATRA combination 

treatment altered the autophagic activity leading to substantial accumulation of 

autophagosomes without an increase in the degradation of autophagic vacuoles, 

as assessed by the elevation of LC3-II and beclin-1 protein levels as well as no 

significant decrease of p62/SQSTM1 protein levels. Autophagy inhibition using 

pharmacological inhibitor, 3-methyladenine (3-MA) resulted in the decrease of 

AG-221 and ATRA-induced differentiation in IDH2 mutant AML cells. 

However, decrease in AG-221 and ATRA-induced differentiation following 

cotreatment with the autophagic degradation inhibitor bafilomycin A1 in IDH2 

mutant AML cells was not observed. Taken together, the results indicate that 

AG-221 and ATRA treatment induced differentiation of IDH2 mutant AML cells 

was associated with autophagy induction, without suppressing autophagy flux 

at maturation and degradation stage. RAF-1/MEK/ERK pathway was founded 

to be associated with AG-221 and ATRA-induced differentiation in IDH2 

mutant AML cells. MEK or RAF inhibition using the pharmacologic inhibitor 

suppressed AG-221 and ATRA combination on the differentiation in IDH2 

mutant AML cells. IDH-associated changes in histone methylation markers 

decrease after AG-221 and ATRA combination treatment. Furthermore, 

preliminary evidence showing that addition of ATRA may lead to any further 

improvement or increase the response rate in IDH2 mutant AML patients who 

could not benefit from IDH2 inhibitors is presented. I expect that further studies 

will advance our understanding of how best to target this process and harness 

the therapeutic benefits. 
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I. Introduction 

Acute myeloid leukemia (AML) represents a clonal disease of hematopoietic progenitor 

cells characterized by acquired genetic abnormalities that alter the normal mechanism 

of hematopoiesis and accumulation of clonal myeloid progenitor cells that do not 

differentiate normally1, 2. AML is disease of older adults, with a median age of 65 to 70 

years. The treatment outcome of AML appears to be worse with increasing age, and the 

5-year overall survival (OS) rate of adults ≥ 60 years old with AML is less than 20%3, 

4. Although 60–80% of adult patients with AML can achieve complete remission (CR) 

with the first induction chemotherapy, approximately will show primary refractory 

disease, and more than 50% will relapse1. The majority of cases of relapse and 

refractory (R/R) are associated with extremely poor prognosis. Treatment of 

refractory/relapse (R/R) or elderly patients with AML remains highly challenging and 

controversial. It has long been hypothesized that overcoming the differentiation block 

in AML would improve treatment regimens. An example is all-trans retinoic acid 

(ATRA), a derivative of vitamin A that affects cellular development including 

hematopoiesis, in particular granulocyte differentiation5. ATRA is used to treat acute 

promyelocytic leukemia (APL), in which 99% cases exhibit translocation t(15;17) with 
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the resultant chimeric protein PML-RARα6. ATRA induces APL cells expressing PML-

RARα to differentiate into “abnormal” neutrophils and decreases the risk of relapse 

within 2 years by more than 50% 7. However, for other subtypes of AML, identification 

of viable means of differentiation therapy has proven to be more challenging. 

Aberrant differentiation is frequently, at least in part, driven by epigenetic deregulation8. 

Examples include mutations in genes involved in DNA methylation and modification 

of histone marks. Somatic mutations in the isocitrate dehydrogenase 2 (IDH2) gene 

occurred at conserved arginine residues (R140 and R172)9, 10. IDH2 is a key enzyme 

that functions at the crossroads of cellular metabolism, epigenetic regulation, 

redoxstates, and DNA repair. Mutations in the genes encoding for these enzymes occur 

in various types of malignancies, including >80% of low-grade gliomas and secondary 

glioblastoma11, ~60% of chondrosarcoma12, ~20% of intrahepatic 

cholangiocarcinomas13, and ~10% of AML9, 10. These mutant proteins have neomorphic 

enzyme activity resulting in R-2-hydroxyglutarate (2-HG) accumulation. The resulting 

2-HG accumulation competitively inhibits α-ketoglutarate (αKG)-dependent enzymes10, 

14, 15, causing DNA methylations14, increased repressive histone methylation16, and 

impaired hematopoietic differentiation. As the neomorphic production of 2-HG is 

essentially a gain of function that is exclusive to mutant IDH1/2 enzymes, it was quickly 

realized that these genetic alterations were promising targets for personalized anti-

cancer therapy with small-molecule inhibitor17. Within 5 years after initial development 

of these compounds, the IDH2-mutant inhibitor, enasidenib (AG-221) was approved by 

the FDA as a first-in-class inhibitor for the treatment of R/R IDH2-mutant AML17, 18. 

Stein el al18 investigated the clinical response in patients with R/R AML (n=176). 

Treatment with enasidenib induced an overall response in 40.3% of patients, and almost 

half of those patients achieved a complete remission (CR). Median overall survival of 

the patients achieving a CR was 19.7 months. These are encouraging numbers in the 

subgroup of R/R AML, which has a dismal prognosis when treated with conventional 

modalities. Despite the relatively high response rates, not all patients experience 
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clinical benefit. Therefore, differentiation-based IDH2 inhibition will need to be 

combined with other treatment modalities, such as other types of mechanism-based 

targeted therapy19.  

The differentiating agent, ATRA has been used successfully in the treatment of APL. 

However, non-APL patients have not shown similar sensitivity to ATRA induced 

differentiation. Recent data has suggested that a subset of de novo AML patients with 

IDH1/2 mutations may benefit from ATRA. Boutzen et al20 investigated the sensitivity 

of leukemic cells with the IDH1-R132H mutation for ATRA. They identified mutant 

R132H IDH1-specific gene signatures regulated by key transcription factors, 

particularly CEBPα, involved in myeloid differentiation and retinoic responsiveness. 

The results of this study showed the IDH1-R123-mutated protein and its production, 2-

HG, sensitized AML cell lines and primary patient AML cells for ATRA-induced 

granulocyte differentiation and apoptosis.  

Therefore, in this study, the effects of ATRA and AG-221 combination treatment on 

differentiation and possible underlying mechanisms in IDH2 mutant AML was 

explored.  

 

II. Materials and methods 

1. Cells and cultures 

The human AML cell line IDH2 mutant-TF-1 (TF-1/R140Q cells) was obtained from 

the American Type Culture Collection (ATCC; Manassas, VA, USA). The IDH2-naïve 

AML cell line (TF-1 cells) kindly provided by Dr C.H. Park (Medicinal & 

Pharmaceutical Chemistry, Korea University of Science and Technology, Daejeon, 

Korea). All cell lines were maintained in RPMI-1640 medium (Invitrogen Corporation, 

Carlsbad, CA) supplemented with 10% heat-inactivated fetal bovine serum (FBS; 
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Gibco Life Technologies, Carlsbad, CA), 2 ng/ml of recombinant human GM-CSF 

(Merck KGaA, Darmstadt, Germany) and 100 U/ml penicillin in 5% CO2 incubator at 

37°C. To maintain exponential growth, cells were seeded at 1 x 105 cells/ml and 

passaged every 3 days.  

2. Patients and isolation of AML cells 

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

institutional review of board of Severance Hospital. Study participants provided written 

informed consent, and all patient 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 aspiration of patients with de novo AML 

diagnosed at Yonsei University Severance Hospital between 2006 and 2018. 

Mononuclear cells were isolated by Ficoll-Hypaque (GE Healthcare Life Sciences, 

Seoul, Korea) density gradient centrifugation and then cryopreserved. We selected four 

samples from AML patients with IDH2R140Q mutation.  

3. Reagents 

Stock solutions of the following reagents were prepared by dissolving them in dimethyl 

sulfoxide (Biosesang, Seongnam-si, Korea): AG-221 (Selleckchem, Seoul, Korea), 

ATRA (Sigma-Aldrich, St. Louis, Missouri, USA), Bafilomycin C1 from Streptomyces 

griseus (Sigma-Aldrich, St. Louis, Missouri, USA) and U0126 (Sigma-Aldrich, St. 

Louis, Missouri, USA) and Sorafenib CSF (Merck KGaA, Darmstadt, Germany). A 

stock solution of 3-methyladenine (Sigma-Aldrich, St. Louis, Missouri, USA) was 

prepared by dissolving it in distilled water. Control cells were treated with equal 

volumes of the solvent.  
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4. Differentiation assay 

Leukemic cell differentiation was evaluated by morphology with Wright`s staining, the 

expression of differentiation antigens CD14, CD15 and CD11b. CD14, CD15 and 

CD11b were measured using flourescein isothiocyanate (FITC)-label anti-CD14 (BD 

Biosciences, Franklin Lakes, New Hersey, USA), FITC-label anti-CD15 (BD 

Biosciences, Franklin Lakes, New Hersey, USA) and phycoerythrin (PE)-label anti-

CD11b BD Biosciences, Franklin Lakes, New Hersey, USA) with isotype controls by 

flow cytometry (BD FACSCalibur, Franklin Lakes, New Hersey, USA).  

5. Western blot analysis 

Total cell lysates were prepared and analyzed by western blotting as described 

previously21. Rabbit polyclonal anti-bodies against LC3 was obtained from Novus 

Biologicals (Centennial, Colorado, USA). P62/SQSTM1 was purchased from Abnova 

(Taiwan). Beclin-1, Rabbit polyclonal antibodies against phospho-c-Raf (Ser259), 

phospho-MEK1/2 (Ser221) and phospho-p44/42 MAPK (Erk1/2)(Thr202/Tyr204) 

were purchased from Cell Signaling Technology (Danvers, Massachusetts, USA). The 

bi-methyl H3K9, bi-methyl H3K27 and tri-methyl, H3K9 antibodies were obtained 

from Abcam (Cambridge, UK). Mouse anti-a-tubulin monoclonal antibodies were 

obtained from MerckMillipore (Burlington, Massachusetts, USA). Secondary 

antibodies were coupled to horseradish peroxidase and visualized by enhanced 

chemiluminescence (GE Healthcare Life Sciences, Seoul, Korea) 

6. 2-HG measurement  

The cell suspension of 1 x 107 leukemia cells was prepared by the manufacturer’s 

instructions. 2-HG levels were measured by 2-HG Assay Kit (Colorimetric) (Abcam, 

Cambridge, English). We set up plate in duplicate for external standard (50 μL of 20 

nM 2-HG), internal standard (50 μL of 5 nM 2-HG + sample), sample (50 μL), sample 

background (50 μL), and reagent background (50 μL buffer). Plate was incubated at 
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37°C for 60 minutes protected from light. The amount of 2-HG was measured on a 

microplate reader at OD450nm.  

7. 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. 

 

III. Results 

1. AG-221 induced differentiation of TF-1/R140Q cells 

We initially examined the effects of AG-221 on differentiation in the IDH2 mutant AML 

cell line TF-1/R40Q and IDH2-naïve AML cell line TF-1 cells. The TF-1/R140Q cells 

were derived from the parental TF-1 cells. TF-1/R140Q and TF-1 cells were treated for 

3, 5, and 7 days with increasing concentrations of AG-221. As shown in Fig. 1A, AG-

221 treatment for 7 days increased CD14 and CD15 expression in TF-1/R140Q cells in 

a dose dependent manner. Treatment with more than 50 μM AG-221 for 5 days also 

increased CD14 and CD15 expression in TF-1/R140Q cells. However, the CD14 and 

CD15 expression rates were minimal when TF-1 cells were treated with up to 50 μM 

AG-221 for 7 days. Treatment of TF-1/R140Q cells with 10 μM AG-221 for 5 and 7 

days exhibited mature-related morphological alterations, such as condensed chromatin 

and decreased nuclei/cytoplasm ratio with smaller nuclei (Fig. 1B).  
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Fig. 1. AG-221 induces differentiation of TF-1/R140Q cells. (A) TF-1 and TF-1/R140Q cells 

were exposed to 1, 5, 10, and 50 μM AG-221 for the indicated time periods. After treatment, 

differentiation was measured using CD14 and CD 15 expression by flow cytometry. (B) After 

treatment of TF-1 and TF-1/R140Q cells with 10 μM AG-221 for 5 and 7 days, cell morphology 

was observed under microscope following Wright`s staining of cells that were collected onto 

slides by cytospin.  
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2. ATRA induced differentiation of TF-1/R140Q cells 

Next, we examined whether ATRA induced differentiation of TF-1/R140Q cells. 

Treatment of IDH2/R140Q cells with ATRA for 7 days produced significant 

differentiation, as determined by increase in the percentages of CD14+ and CD15+ cells 

in a dose-dependent manner (Fig. 2A). Treatment of TF-1/R140Q cells with 100 nM 

ATRA for 5 and 7 days showed alterations of cell morphology with mature characters 

(Fig. 2B). In contrast, treatment of ATRA in TF-1 cells did not result in differentiation 

induction, indicated by the lack of surface antigens associated with myeloid 

differentiation, including CD14 and CD15 and mature-related morphologic changes 

(Fig. 2). 
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Fig. 2. ATRA induces differentiation of TF-1/R140Q cells. (A) TF-1 and TF-1/R140Q cells 

were exposed to 10, 20, 50, and 100 nM ATRA for the indicated time periods. After treatment, 

differentiation was measured using CD14 and CD 15 expression by flow cytometry. (B) After 

treatment of TF-1 and TF-1/R140Q cells with 100nM ATRA for 5 and 7 days, cell morphology 

was observed under microscope following Wright`s staining of cells that were collected onto 

slides by cytospin.  
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3. AG-221 and ATRA combination treatment inhibited production of 2-HG in 

TF-1/R140Q cells 

As reported previously22, and consistent with observations in myeloblasts from patients 

with IDH1/2-mutant AML15, TF-1/R140Q cells induced intracellular 2-HG production 

at concentrations of 48.5 to 59.7 nmol/mg. However, TF-1 cells did not produce 

intracellular 2-HG. We treated the TF-1/R140Q cells with 30 μM AG-221 and 100 nM 

ATRA, alone or in combination. AG-221 induced suppression of intracellular 2-HG 

levels in TF-1/R140Q cells. When cultured in the presence of 30 μM AG-221, TF-

1/R140Q cells showed an approximately 81 % decrease in intracellular 2-HG. ATRA 

treatment also suppressed intracellular 2-HG levels in TF-1/R140Q cells. TF-1/R140Q 

cells were more sensitive to the inhibitory action of AG-221 than ATRA. Decrease in 

intracellular 2-HG levels was more severely induced when the TF-1/R140Q cells were 

treated with a combination of AG-221 and ATRA rather than when the cells were treated 

with either AG-221 or ATRA. 

 

4. AG-221 and ATRA combination treatment resulted in synergistic benefits in 

differentiation of IDH2/R140Q cells and primary AML samples. 

In order to assess the effect of combination therapy, we treated IDH2/R140Q cells with 

30 uM AG-221 and 100 nM ATRA, alone or in combination. We treated the cells 

continuously for 7 days. We determined the percentage of differentiated cells (surface 

expression of myeloid marker CD14 and CD15) under the various treatment conditions 

by flow cytometry. The combination of 30 uM AG-221 and 100 nM ATRA induced a 

larger population of differentiated CD14+ and CD15+ cells in comparison to single 

ATRA and AG-221 treated cells after 7 days (Fig. 3B). Cytology revealed that by day 

7 of AG-221 and ATRA combination treatment, the blasts or myeloblasts had decreased, 

and early signs of maturation were observed by the increase in the number of 
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myelocytes and metamyelocytes (Fig. 3C). We applied the same treatment regimens to 

TF-1 cell lines. As expected, cell differentiation by the AG-221 alone was induced to 

27.4 ± 3.0 %, and the cells were minimally differentiated by the AG-221 and ATRA 

combination treatment.  

To investigate the effect of AG-221 and ATRA individually or in combination on 

primary human AML cells, we treated patient samples containing IDH2 R140Q mutant 

(n=4) (Table 1). Patient`s bone marrow samples were sorted and cultured in conditioned 

medium either in the presence or absence of 30 uM AG-221 and 100 nM ATRA, alone 

or in combination, and the samples of each culture were collected at 7 days. 

Differentiation of AML blasts was evaluated by flow cytometry analysis for changes in 

cell surface markers associated granulocytic differentiation (CD11b, CD14, and CD15). 

Treatment with AG-221 or ATRA induced an increase in the number of differentiated 

cells in IDH2 R140Q patient samples. In all IDH2 mutant samples, the increase in 

percentage for all cell surface markers was more in the AG-221 and ATRA combination 

therapy than in AG-221 or ATRA treatment (Fig. 3D).  
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Fig. 3. AG-221 and ATRA combined effects on differentiation of TF-1/R140Q cells and primary 

AML samples. A-B, TF-1 and TF-1/R140Q cells were exposed to 30 uM AG-221 and 100 nM 

ATRA, alone or in combination for 7 days. (A) Intracellular amounts of 2-HG determined by D-

2-HG Assay Kit (Colorimetric). (B) After treatment, differentiation was measured using CD14 

and CD 15 expression by flow cytometry. (C) After treatment of TF-1 and TF-1/R140Q cells 

with 30 uM AG-221 and 100 nM ATRA, alone or in combination for 7 days, cell morphology 

was observed under microscope following Wright`s staining of cells that were collected onto 

slides by cytospin. (D) Primary AML cells with IDH2 mutant (n=4) were cultured in conditioned 

medium either in the presence or absence of 30 uM AG-221 and 100 nM ATRA, alone or in 

combination, and samples for each culture were collected on Day 7. Differentiation of AML 

blasts was evaluated by flow cytometry analysis for changes in CD11b, CD14, and CD15 

expression. P ≤ 0.05 indicates statistical significance of the observed differences. Columns, 

mean values of three independent experiments for cell lines and data obtained from 4 primary 

samples; bars, standard deviations (SDs) 
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5. AG-221 and ATRA combination treatment altered autophagic activity during 

differentiation of IDH2/R140Q cells. 

To examine alterations in autophagy-related molecules by AG-221 and ATRA, western 

blot analyses were performed on whole cell lysates from TF-1/R140Q and TF-1 cells 

collected 7 days after treatment with 30 uM AG-221 and 100 nM ATRA, alone or in 

combination. In TF-1/R140Q cells treated with AG-221 and ATRA, we observed an 

increase in the conversion of LC3-I to LC3-II, which is a widely accepted marker for 

autophagosome formation23. The increase in beclin-1, another indicator for autophagy 

initiation that participates in autophagosome formation by interacting with hVps3424 

paralleled the increased LC3-II level in TF-1/R140Q cells after treatment with AG-221 

and ATRA. When 30 μM AG-221 and 100 nM ATRA was used in combination, the 

accumulation of LC3-II and beclin-1 proteins were further enhanced, compared to those 

treated with AG-221 or ATRA alone. In addition, p62/SQSTM1 protein interacts with 

both LC3-II and ubiquitin protein and is degraded in autophagosomes. Therefore, an 

increase of p62/SQSTM1 indicates inhibited autophagic degradation, whereas a 

reduction of p62/SQSTM1 indicates increased autophagic degradation. As shown in 

Fig, 4A, AG-221 and ATRA treatment failed to decrease the expression level of 

p62/SQSTM1 protein. Collectively, these results suggested that during AG-221 and 

ATRA-induced leukemic cell differentiation, autophagosome formation increased 

while the degradation of autophagic vacuoles decreased.  

Next, we examined whether autophagy regulation contributed to combined treatment 

of AG-221 with ATRA on the differentiation of TF-1/R140Q cells by autophagy 

inhibition using pharmacological inhibitors. The addition of 3-MA to AG-221 and 

ATRA combination treatment resulted in a significant decrease in the CD14 and CD15 

expression (Fig. 4B, P=0.007; P=0.013), compared to that treated with AG-221 and 

ATRA. However, the addition of bafilmycin A1 to AG-221 and ATRA combination 
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treatment failed to change the expression level of CD14 and CD15 (Fig. 4B, P=0.669; 

P=0.943), compared to that treated with AG-221 and ATRA. Bafilomycin A1 is a 

known inhibitor of the late phase of autophagy with prevention of maturation of 

autophagic vacuoles by inhibiting fusion between autophagosomes and lysosomes25. 

Thus, bafilomycin A1 was introduced to test whether autophagy deficiency affects 

(especially the defect of late step in autophagy) AG-221 and ATRA-induced 

differentiation. These results indicated AG-221 and ATRA treatment induced 

differentiation of TF-1/R140Q cells was associated with autophagy, without 

suppressing autophagy flux at maturation and degradation stage. 
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Fig. 4. Effects of autophagy inhibition on AG-221 and ATRA-induced differentiation of TF-

1/R140Q cells. TF-1 and TF-1/R14-Q cells were treated with 30 uM AG-221 and 100 nM ATRA, 

alone or in combination for 7 days. (A) Autophagy was measured in both cells by evaluating 

protein levels of LC3-I/II, beclin-1 and p62/SQSTM1 in whole cell lysates. α-tubulin was used 

as a protein-loading control. (B) TF-1 and TF-1/R140Q cells were treated for 7 days with 30 uM 

AG-221 and 100 nM ATRA combination treatment or in addition of autophagy inhibitor, either 

3-methyladenine (3-MA, 5 μM) or bafilomycin A1 (Baf. A1, 10 μM). Inhibition of AG-221 and 

ATRA-induced autophagy by 3-MA or Baf. A1 was measured by Western blotting for LC3-I/II, 

beclin-1, and p62/SQSTM1 expressions. CD14 and CD15 expressions by flow cytometry on 
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Day 7 was used as a marker of differentiation. P ≤ 0.05 indicates statistical significance of the 

observed differences. 

 

6.  Activation of the RAF-1/MEK/ERK pathway by AG-221 and ATRA 

combination treatment in IDH2/R140Q cells 

Because mounting evidences indicated that ATRA-induced differentiation in a variety 

of cell lines was dependent on MEK/ERK activation and more comprehensive 

information of MEK/ERK signal pathway has been illustrated in some models26, 27, we 

examined alterations of framework of MEK/ERK signal in AG-221 and ATRA-induced 

differentiation in TF-1/R140Q cells. We investigated whether MEK/ERK was activated 

with AG-221 and ATRA treatment by Western blot analysis of phosphorylated MEK1/2 

(Ser221) and phosphorylated ERK1/2 (Thr202/Try204). MEK was phosphorylated 

even in TF-1/R140Q cells without treatment. Moreover, following 30 μM AG-221 and 

100 nM ATRA treatment, alone or in combination for 7 days, the amounts of 

phosphorylated MEK were increased. Meanwhile, the activation of ERK1/2 occurred 

after 7 days by AG-221 and ATRA treatment (Fig. 5A). To further study whether 

MEK/ERK activation was necessary for AG-221 and ATRA-induced differentiation in 

TF-1/R140Q cells, the cells were incubated with 2 μM U0126, a specific inhibitor of 

MEK with AG-221 and ATRA treatment. The effectiveness of U0126 was evaluated by 

ERK1/2 phosphorylation with the indicated treatment for 7 days. When the activation 

of ERK 1/2 reach to peak after AG-221 and ATRA combination treatment, U0126 did 

attenuate ERK1/2 activation (Fig. 5B). Co-treatment with 2 μM U0126 significantly 

suppressed CD14 and CD15 expression (Fig. 6B, P=0.008; P=0.006). These results 

highlighted the role of MEK/ERK signal pathway in the differentiation-inducing effect 

of AG-221 and ATRA in TF-1/R140Q cells. To investigate the upstream molecules in 

the MEK/ERK signal pathway involved in AG-221 and ATRA-induced differentiation 
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of TF-1/R140Q cells, we assessed RAF-1, a classical upstream regulator of MEK/ERK 

signal pathway. The activation of RAF-1 by AG-221 and ATRA was analyzed by 

Western blot of Phospho-c-Raf (Ser259). RAF-1 was phosphorylated even in TF-

1/R140Q cells without treatment. The phosphorylated of RAF-1 at Ser338 was not 

increased with AG-221 and ATRA treatment (Fig. 5A). To further investigate whether 

RAF-1 activation was required for MEK/ERK signal pathway, cells were co-treated 

with 2.5 μM sorafenib tosylate, a specific inhibitor of RAF-1. The inhibitory effect of 

sorafenib tosylate on RAF-1 activation was evaluated by phosphorylation of MEK1/2 

as well as Erk1/2 with the indicated treatment for 7 days. The phosphorylated MEK1/2 

ERK1/2 with AG-221 and ATRA combination treatment for 7 days was decreased by 

sorafenib tosylate co-treatment (Fig. 5B). Thus, the activation of MEK/ERK by AG-

221 and ATRA was dependent on RAF-1. Moreover, 2 μM sorafenib tosylate also 

attenuated AG-221 and ATRA-induced differentiation, as assessed by CD14 and CD15 

expression (Fig. 5B, P=0.012; P=0.013). These results demonstrated the involvement 

of RAF-1/MEK/ERK in AG-221 and ATRA-induced differentiation in TF-1/R140Q 

cells.   



22 

 

 

Fig. 5. Activation of RAF-1/MEK/ERK on AG-221 and ATRA-induced differentiation of TF-

1/R140Q cells. (A) The activation of RAF-1/MEK/ERK signaling pathway was evaluated by 

Western blot analysis of the phosphorylation status of MEK1/2, ERK1/2 and c-Raf in TF-1 and 

TF-1/R140Q cells treated with 30 uM AG-221 and 100 nM ATRA for 7 days. α-tubulin was used 

as a protein-loading control. (A) Cells were co-treated with either 2 μM U0126 or 2.5 μM 

sorafenib on AG-221 and ATRA-induced differentiation for 7 days was evaluated by flow 

cytometry using CD14 and CD15 expressions. P ≤ 0.05 indicates statistical significance of the 

observed differences.  
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7. AG-221 and ATRA combination treatment altered IDH-associated changes in 

histone methylation 

Previous data suggests that 2-HG producing IDH mutants can prevent histone 

demethylation, which is required for lineage-specific progenitor cells to differentiate 

into terminally differentiated cells16. To test whether histone lysine methylation was 

dysregulated in IDH2 mutant AML, Western blot analysis of TF-1/R140Q and TF-1 

cells was performed for well-characterized histone markers. Compared to IDH2-naïve 

AML cells, there was an increase in the repressive trimethylation of H3K9 (H3K9me3) 

and no significant difference was seen in bimethylation of H3K27 (H3K27me2) and 

H3K9(H3K9me2) in IDH2 mutant AML cells (Fig. 6). To further study whether 

differentiation induction by AG-221 and ATRA treatment altered histone methylation 

markers, Western blot analysis of histone methylation markers were performed on 

whole cell lysates from TF-1/R140Q collected 7 days after treatment with 30 uM AG-

221 and 100 nM ATRA, alone or in combination. H3K9me3, H3K9me2, and 

H3K27me2 proteins were decreased significantly only after AG-221 and ATRA 

combination treatment (Fig. 6B).  
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Fig. 6. Decrease of histone methylation after AG-221 and ATRA combination treatment. TF-1 

and TF-1/R140Q cells were treated with 30 uM AG-221 and 100 nM ATRA, alone or in 

combination for 7 days. TF-1 and TF-1/R140Q cells were assessed for expression levels of 

histone methylation by Western blot with specific antibodies. α-tubulin was used as a protein-

loading control. Similar results were obtained in three independent experiments.  

 

IV. Discussion 

Although IDH2 inhibitors such as AG-221 have shown early success in AML28,  

not all patients experienced clinical benefits. Several studies argue for the 

further clinical exploration of IDH inhibitors. It is expected that for more 

powerful responses, differentiation-based IDH2 inhibition will need to be 

combined with orthogonal treatment modalities, such as standard chemotherapy 

or other types of mechanism-based target therapy19. This study showed that 

combination therapy, specifically AG-221 and ATRA in IDH2-mutant AML, 
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achieves therapeutic efficacy through induction of differentiation.  

Previous studies have shown that AG-221 induces differentiation in IDH2-

mutant TF-1 cells and primary human AML cells, ex vivo, as well as in 

IDH2R140Q mutant human AML xenograft mouse models in vivo, and 

provided a significant survival benefit in vivo in an aggressive human AML 

xenograft model, supporting its clinical development29. The current finding 

confirmed the AG-221 induced differentiation of IDH2 mutant AML cells, as 

evidenced by morphologic criteria and myeloid differentiation-related antigens. 

AG-221 is an oral, selective, first-in-class inhibitor of the mutant IDH2 enzyme. 

AG-221 binds to an allosteric site within the dimer interface, stabilizing the open 

conformation of the enzyme and inhibiting the conversion of αKG to 2-HG. AG-

221 demonstrates excellent pharmaceutical properties, including adequate 

solubility, low clearance, and good oral bioavailability, and potently inhibits 2-

HG production by both the IDH2R140Q/WT heterodimer and IDH2R140Q 

homodimer29. These data suggested that IDH2-mutant AML cells, IDH2R140Q 

expression in the TF-1 erythroleukemia cell line produced intracellular 2-HG 

and 2-HG levels were reduced by AG-221 treatment.  

Boutzen et al20 have investigated the sensitivity of leukemic cells with the IDH1-

R132H mutation for ATRA. Moreover, ATRA induced differentiation of IDH2 

mutant AML cells was observed. Cell lines expression the mutant form of IDH1-

R132H have a gene signature that is enriched in ATRA responsive gene20. 

Indeed, treatment with ATRA in vitro resulted in differentiation of IDH-mutant 

cell lines and primary AML blasts, with further in vitro resulted in differentiation 

and decreased tumor burden in mice. Thus, IDH status could be predictive of 

ATRA response in patients, and this warrants further investigation.  
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More recently, mutant IDH-1 and 2-specific small molecule inhibitors have 

entered Phase I and II clinical trials, with an objective response rate of 41% with 

AG-221, a first-in-class inhibitor of IDH230. AG-221 was approved for the 

treatment of R/R IDH2-mutant AML17, 18. These results are encouraging, and 

support the study of IDH inhibitor in combination with ATRA in the future.  

Although continued efforts are being made to successfully combine IDH2 

inhibitor with chemotherapy, we also now have a better understanding of the 

molecular alterations of certain pathways that frequently occur in AML. 

Therefore, the exploration of additional targeted therapeutic agents that may 

synergize with IDH2 inhibition could move clinical trials toward the goal of 

eliminating chemotherapy altogether. Here, ATRA has been shown to act 

synergistically with IDH2 inhibitor-induced differentiation in IDH2 mutant 

AML cells and primary AML cells compared with either drug alone. The 

enhanced effectiveness of AG-221 and ATRA combination treatment in 

inducing differentiation was most evident 7 days treatment in IDH2 mutant 

AML cells.   

As a pathway involved in protein turnover, autophagy plays an intrinsic role in 

mammalian development and differentiation31, 32. Within the hematopoietic 

system, autophagy is specifically involved in organelle clearance during 

reticulocyte differentiation32, lymphocyte differentiation 32 and plasma cell 

differentiation 33, suggesting that autophagy may also be integral to normal 

myeloid differentiation. Recent studies have reported the functional importance 

of autophagy in APL differentiation. Autophagy is increased during ATRA-

induced granulocytic differentiation of the APL cell line and this is associated 

with increased expression of LC3II and GATE-16 proteins involved in 
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autophagosome formation. Autophagy inhibition attenuates myeloid 

differentiation 34. Consistent with this finding, AG-221 and ATRA combination 

treatment was found to alter the autophagic activity in a manner of substantial 

accumulation of autophagosomes without an increase in the degradation of 

autophagic vacuoles, as assessed by the elevation of LC3-II and beclin-1 protein 

levels as well as no significant decrease of p62/SQSMT1. Autophagy inhibition 

using pharmacological inhibitor resulted in decrease of AG-221 and ATRA-

induced differentiation in IDH2 mutant AML cells. However, decrease in the 

AG-221 and ATRA-induced differentiation following cotreatment with the 

autophagic degradation inhibitor bafilomycin A1 in IDH2 mutant AML cells 

was not observed. Taken together, the results indicated that AG-221 and ATRA 

treatment induced differentiation of IDH2 mutant AML cells was associated 

with autophagy induction, without suppressing autophagy flux at maturation 

and degradation stage.  

Recently, RAF-1//MEK/ERK cascade was reported to be involved in ATRA 

induced differentiation in APL cells35. Consistent with this finding,  

MEK/ERK activation after AG-221 and ATRA treatment  was found to induce 

differentiation through MEK1/2 (Ser221) and ERK1/2 (Thr202/Tyr204) 

phosphorylation in IDH2 mutant AML cells. The role of MEK/ERK activation 

in AG-221 and ATRA-induced differentiation was confirmed by targeting of 

MEK with a pharmacologic inhibitor. MEK inhibition decreased AG-221 and 

ATRA-induced differentiation of IDH2 mutant AML cells. To explore the 

upstream regulators of MEK/ERK, I choose RAF-1 as a candidate. Similar to 

MEK activation, the phosphorylation of RAF-1 at Ser259 was detected soon and 

maintained with AG-221 and ATRA treatment. The blockade of RAF-1 
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promoted the MEK/ERK inhibition and attenuated AG-221 and ATRA-induced 

differentiation in IDH2 mutant AML cells. It indicated that RAF-1 was a 

positive upstream regulator of MEK/ERK signal pathway involved in AG-221 

and ATRA-induced differentiation in IDH2 mutant AML cells. It was not 

unexpected since RAF-1 is a classical upstream molecule of MEK/ERK and 

RAF-1/MEK/ERK cascade was also involved in ATRA-triggered differentiation 

in HL-60 cells 36.  

A recent study reported that IDH mutation impairs histone demethylation and 

results in a block to cell differentiation 16. The present study showed that the 

observable increase of the histone markers was H3K9me3 in IDH2 mutant AML 

cells compared with IDH2 WT AML cells. Biochemical studies suggested that 

2-HG is a universal inhibitor of Jumonji-C domain histone demethylase (JHDM) 

family members37. Therefore, H3K9 demethylation seemed to be more 

increased in IDH2 mutant AML cells than some other histone methylation 

markers. Future investigation of sensitivity to 2-HG inhibition among JHDM 

family members and/or cellular feedback mechanisms activated after defective 

histone demethylation will be needed. Furthermore, decrease in histone 

methylation markers, including H3K9me2, and H3K9me3, H3K27me2 was 

observed after AG-221 and ATRA combination treatment.  

 

V. Conclusion 

This study showed that ATRA enhanced IDH2 inhibitor-induced differentiation 

in IDH2-mutant AML cells. These results suggest that combining IDH2 

inhibition with ATRA treatment would likely be minimal cytotoxic to normal 
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cells and would be well tolerated by elderly AML patients, providing at least 

transient disease control in the absence of cytotoxic chemotherapy. Furthermore, 

I provide preliminary evidence that addition of ATRA may lead to any further 

improvement or increase the response rate in IDH2 mutant AML patients that 

would not benefit from IDH2 inhibitors. The study suggests that autophagy is a 

critical component of AG-221 and ATRA`s differentiating effects in IDH2 

mutant AML and that pharmacologic autophagy regulation is this context may 

potentiate the AG-221 and ATRA-induced differentiation of IDH2 mutant AML 

cells. The exact mechanisms through which AG-221 and ATRA activate 

autophagy remain to be elucidated. Further studies will address this issue so that 

we can understand how best to target this process for patient benefit. The present 

results demonstrated that the differentiation induction of AG-221 and ATRA 

required the activation of RAF-1/MEK/ERK cascades. Considering the complex 

mechanisms involved in activation of RAF/MAK/ERK pathway, further studies 

will need to be performed to better understand the effect of AG-221 and ATRA-

induced activation of MEK/ERK kinases and the identification of more 

downstream targets of MEK/ERK signal pathway in this cell model might be 

crucial to explain its translational role.  

Although all of the events responsible for AG-221 and ATRA-induced 

differentiation in IDH2 mutant AML cells have not yet been elucidated, I have 

provided that that combining IDH2 inhibition with ATRA treatment can be a 

useful approach for differentiation of leukemia cells, resulting in improving 

therapeutic response for AML.   
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ABSTRACT(IN KOREAN) 

IDH2 돌연변이 급성골수성백혈병 세포에서 all-trans-retinoic acid 와 

IDH2 억제제 복합치료에 의한 세포분화  

 

<지도교수 민유홍> 

 

연세대학교 대학원 의학과 

 

김 윤 덕 

 

급성골수성백혈병은 미분화된 골수세포가 무제한 증식하는 질환으로, 

표준항암화학요법 및 조혈모세포이식의 발달로 치료 성적이 

향상되었으나, 여전히 상당수에서 재발한다. 또한 급성골수성백혈병 

환자의 반수이상이 65세 이상으로, 이 환자들에서는 충분한 용량의 

항암제를 투여하기 어려운 경우가 많아, 현재도 생존율은 10%에 

불과하다. 이러한 미충족수요를 해결하기 위하여, 부작용은 적으면서 

효과적인 선택적 치료제를 개발하기 위한 연구가 진행되고 있으며, 

그 대표적인 예가 분화유도치료이다. Isocitrate dehydrogenase는 

isocitrate를 α-ketoglutarate로 변화시키는 효소이다. 급성골수성백혈병 

환자의 10-12%에서 IDH2 유전자 돌연변이가 발견된다. 변이된 IDH 

효소는 α-ketoglutarate를 β-hydroglutarate 시켜, 세포분화를 억제한다. 

AG-221은 IDH2 억제제로서 백혈병세포 분화유도를 통한 치료효과를 

보임으로써, 2017년 8월 IDH2 돌연변이가 확인된 재발성 또는 

불응성 급성골수성백혈병 환자 치료제로 미FDA 승인을 얻게 되었다. 

AG-221의 우수한 치료반응에도 불구하고, 단독요법으로 효능을 

보이지 않는 급성골수성백혈병 환자를 위한 복합치료의 필요성이 

제기되었다. 따라서, 본 연구는 IDH2 돌연변이가 확인된 

급성골수성백혈병 세포에서 대표적인 분화유도치료제인 all-trans-

retinoic acid (ATRA)와 AG-221 복합치료가 세포분화에 미치는 영향을 

확인하고, 관련 기전을 알아보고자 하였다. IDH2 돌연변이 
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급성골수성백혈병 세포에 AG-221과 ATRA를 복합처리시에 세포 내 

R-2-hydroxyglutarate (2-HG) 를 낮추고, 각 약제의 단독치료시보다 

현저한 세포분화를 유도하였다. AG-221과 ATRA를 복합처리시 

자가포식소체 형성과 관련한 자가포식 단백인 LC3-II 와 beclin-1 가 

증가하고, 자가융해소체의 제거와 연관된 자가포식 단백인 

p62/SQSTM1 의 감소는 관찰되지 않았다. 자가포식억제제인 3-

methyladenine (3-MA) 처리시 AG-221과 ATRA 복합처리에 의한 

세포분화의 감소를 보였다. 하지만, 자가융해소체 제거 억제제인 

bafilomycin A1 처리시에는 AG-221과 ATRA 복합처리에 의한 

세포분화에 영향을 미치지 않는다. 결과적으로 AG-221과 ATRA 

복합처리에 의한 세포분화는 초기단계의 자가포식과 연관되어 

있었다. IDH2 돌연변이 급성골수성백혈병 세포에서 AG-221과 ATRA 

복합처리시 phospho-MEK1/2, phospho-EKR1/2의 증가 및 MEK 억제제 

또는 RAF 억제제에 의한 세포분화 감소를 관찰함으로써 RAF-

1/MEK/ERK 경로의 활성화가 AG-221과 ATRA 유도 세포분화와 

관련이 있음을 확인하였다. 또한, Western blot analysis 를 통해 IDH와 

연관된 histone methylation 단백이 AG-221과 ATRA 복합처리시 

감소함을 관찰하였다.  

AG-221과 ATRA 복합치료는 정상세포의 부작용은 덜하고, 효과가 

있는 항암치료법으로, 급성골수성백혈병 치료에 있어서 중요한 

이슈인 고령 환자, 특히 현재의 유도요법을 적용할 수 없는 

환자에서 새로운 대안이 될 가능성이 있다. 또한, 관련 기전에 대한 

추가적인 연구를 통해 세포분화와 연관된 표적 개발은 

급성골수성백혈병 환자치료에 도움이 될 것으로 판단된다.  
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핵심되는 말 : isocitrate dehydrogenase 2 돌연변이 급성골수성 백혈병, 

isocitrate dehydrogenase 2 억제제, all-trans-retinoic acid, 복합치료, 세포분
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