
Short communication 1 

2 

Embelin potentiates venetoclax-induced apoptosis in acute myeloid leukemia cells 3 

4 

Catarina Sofia Mateus Reis e Silva a, Paola Cristina Branco a, Keli Lima a,b, Fabiana 5 

Lima Silva c, Paulo Roberto Hrihorowitsch Moreno c, Victor Guallar d,e, Leticia Veras 6 

Costa-Lotufo a, João Agostinho Machado-Neto a 7 

8 
a Department of Pharmacology, Institute of Biomedical Sciences, University of Sao 9 

Paulo, Sao Paulo, Brazil 10 
b Laboratory of Medical Investigation in Pathogenesis and Targeted Therapy in Onco-11 

Immuno-Hematology (LIM-31), Department of Hematology, Faculty of Medicine, 12 

University of Sao Paulo, Sao Paulo, Brazil 13 
c Institute of Chemistry, University of Sao Paulo, Sao Paulo, Brazil 14 
d Barcelona Supercomputing Center (BSC), Barcelona, Spain 15 
e Institució Catalana de Recerca i Estudis Avançats (ICREA), Barcelona, Spain. 16 

17 

Running title: Embelin-venetoclax combined effects in acute leukemia cells 18 

19 

Corresponding Author: 20 

João Agostinho Machado-Neto, PhD 21 

Department of Pharmacology 22 

Institute of Biomedical Sciences of the University of São Paulo 23 

Av. Prof. Lineu Prestes, 1524, CEP 05508-900, São Paulo, SP 24 

Phone: 55-11- 3091-7467; Fax: 55-11-3091-7322 25 

E-mail: jamachadoneto@usp.br26 

27 

This is an accepted manuscript published in Toxicology in Vitro vol 76.
The Final version can be found  at: https://doi.org/10.1016/j.tiv.2021.105207
© 2021 Elsevier Ltd. All rights reserved.  CC-BY-NC-ND



 2 

Abstract 28 

Acute myeloid leukemia (AML) belongs to a group of hematological cancer whose 29 

relapse cases are often associated with chemoresistance, impairing treatment success 30 

and contributing to a poor outcome. For this reason, there is an urgent need for the 31 

development of new therapeutic strategies Herein, we explore the combination of 32 

venetoclax, a BCL2 inhibitor, and embelin, an XIAP inhibitor, in the AML cell lines. 33 

Combinatory treatment of venetoclax and embelin potentiated cytotoxic effects of these 34 

drugs, demonstrating that both in combination present lower IC50 values than single 35 

treatment either with venetoclax or embelin alone in both cell lines analyzed. The 36 

combinatory treatment further increased the apoptosis-inducing properties of both 37 

compounds. Computer simulations suggest that embelin binds to both BIR2 and BIR3 38 

domains of XIAP, reinforcing this inhibitory apoptosis protein as embelin target. 39 

Although all AML cell lines presented similar basal levels of XIAP, the combinatory 40 

treatment effectively inhibited XIAP expression in OCI-AML3 cells. In conclusion, the 41 

inhibition of both apoptosis inhibitory players, BCL2 and XIAP, by venetoclax and 42 

embelin, respectively, potentiated their cytotoxic effects in AML cell lines. 43 

 44 
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1. Introduction 47 

Acute myeloid leukemia (AML) is characterized by clonal expansion of myeloid 48 

progenitors in the bone marrow and peripheral blood. It is a heterogeneous disease, 49 

whose genetic alterations are frequently associated with poor chemotherapeutic 50 

responses and disease relapse. Thus, it is necessary to search for new compounds and 51 

targets in order to overcome AML resistance (Kirtonia et al. 2020). Venetoclax (ABT-52 

199) is an oral bioavailability drug that selectively inhibits the anti-apoptotic protein 53 

BCL2. It was approved by the FDA, in 2016, for the treatment of chronic lymphocytic 54 

leukemia, presenting positive results in 70% of treated patients, especially as a first-line 55 

treatment. Recently, clinical trials indicated that venetoclax therapy displays effective 56 

results in unfavorable risk or elderly AML patient groups (DiNardo et al. 2020, 57 

DiNardo et al. 2019). Venetoclax activates intrinsic apoptosis, mediated by caspase 9 58 

(Konopleva et al. 2006). Despite the promising results, both chemoresistance and 59 

relapse have been reported (Pei et al. 2020) and this is linked to positive regulation of 60 

anti-apoptotic proteins, including those of the Inhibitory Apoptosis Proteins (IAP) 61 

family (Chen et al. 2020). 62 

Embelin (2,5-dihydroxy-3-undecyl-1,4- benzoquinone), a natural product 63 

isolated mainly from some species of Primulaceae, has been described to inhibit 64 

X‐linked inhibitor of apoptosis (XIAP) (Nikolovska-Coleska et al. 2004, Ogawa et al. 65 

1968). Among the IAPs, XIAP, also known as BIRC4, is recognized for its inhibitory 66 

activity of both initiator and executioner caspases. XIAP has three characteristic 67 

functional domains in N-terminal known as zinc finger baculoviral IAP repeats (BIRs), 68 

that bind to active caspases 9, 3 and 7 (Reis-Silva et al. 2020). Embelin binds to the 69 

BIR3 domain of the protein preventing its association with caspase 9 resulting in 70 

suppression of cell growth, proliferation, and migration in different tumor models 71 

(Prabhu et al. 2017). Its antitumor activity has been demonstrated for a variety of cancer 72 

types, including leukemia (Coyle et al. 2019). 73 

 Since the mechanisms that suppress the activation of caspases (i.e. XIAP) may 74 

attenuate the effects of venetoclax, contributing to the observed chemoresistance in 75 

treated patients, here we investigate whether embelin potentiates the effects of 76 

venetoclax in AML cellular models. 77 

 78 

2. Material and methods  79 

2.1. Cell culture and reagent chemicals 80 
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Acute myeloid leukemia cell lines, MOLM13, MV4-11, OCI-AML3, and Kasumi 1, 81 

were kindly provided by Prof. Eduardo Magalhães Rego (University of São Paulo, 82 

Ribeirão Preto, Brazil). Cell culture conditions were performed in accordance with the 83 

recommendations of the American Type Culture Collection (ATCC) and Leibniz 84 

Institute DSMZ-German Collection of Microorganisms and Cell Cultures (DSMZ). 85 

Venetoclax (ATB-199) was purchased from TargetMol (Target Molecule Corp., 86 

Boston, MA, USA) and prepared as a 50 mM stock solution in dimethyl sulfoxide 87 

(Me2SO4; DMSO) (Figure 1A). Embelin was isolated from the fresh ripe fruits of 88 

Myrsine umbellata Mart. (Primulaceae) collected at São José dos Alpes, Campos do 89 

Jordão (7°486’063” S, 452°648” W), Sao Paulo, Brazil (December 2014) as previously 90 

described with some modifications (Bisrat et al. 2014). The species was identified by 91 

Dr. Inês Cordeiro from Instituto de Botânica do Estado de São Paulo, São Paulo, Brazil, 92 

a voucher was deposited at the herbarium of the same institution (SILVA-3). Briefly, 93 

252 g of dried fruits were extracted with 70% ethanol in a turbo-extractor. The resulting 94 

extract was filtered, and the solvent evaporated under reduced pressure at 40°C, 95 

obtaining crude hydroethanolic extract. It was then successively partitioned between 96 

MeOH-water mixture (1:9) and n-hexane. The solution was completely evaporated to 97 

give the corresponding dried fraction. It was subjected to column chromatography on 98 

silica gel using step gradients of n-hexane-ethyl acetate to obtain twelve main fractions 99 

(Fh-1 to Fh-12). Fraction Fh-3 was purified by preparative TLC (n-hexane-ethyl acetate. 100 

1:1, v/v) to give embelin (Figure 1A).  101 

 102 

2.2. Cell viability assay 103 

The effects venetoclax and/or embelin on cell viability were investigated by 104 

methylthiazoletetrazolium (MTT) assays. Briefly, a total of 2×104 cells per well were 105 

plated in a 96-well plate and exposed to increasing concentrations of the venetoclax (Ø; 106 

0.1; 0.5; 1; 5; 10 and 50 µM) or embelin (Ø; 8.5; 17; 34; 85; 170 µM) for 48 h. For 107 

combined treatment analysis, Kasumi 1 and OCI-AML3 cells were treated with graded 108 

doses of venetoclax (0.1; 0.5; 1; 5; 10, 25 or 50 µM) and embelin (8.5; 17; 34; 85 or 170 109 

µM) alone or in combination with each other for 48 hours (Supplementary Table 1 and 110 

2) and data were illustrated using multiple experiment viewer (MeV) 4.9.0 software 111 

(Saeed et al. 2003). Then, after incubation, 10 µL MTT solution (5 mg/mL) (Thermo 112 

Fisher Scientific, San Jose, CA, USA) was added and incubated at 37ºC, 5% CO2 for 4 113 

h. The reaction was stopped by using 100µL of 0.1N HCl in anhydrous isopropanol. 114 
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Cell viability was evaluated by spectrophotometry measuring the absorbance at 570 nm 115 

(Thermo Fisher Scientific, USA). The inhibitory concentration of 50% (IC50) values 116 

was calculated using non-linear regression analysis on GraphPad Prism 8 (GraphPad 117 

Software, Inc., San Diego, CA, USA). 118 

 119 

2.3. Western blot analysis 120 

Total protein extraction was performed using a buffer containing 100 mM Tris (pH 7.6), 121 

1% Triton X-100, 150 mM NaCl, 2 mM PMSF, 10 mM Na3VO4, 100 mM NaF, 10 mM 122 

Na4P2O7, and 4 mM EDTA. Equal amounts of protein (30μg) were used from total 123 

extracts followed by SDS-PAGE and Western blot analysis with the indicated 124 

antibodies and was carried out using a SuperSignal TM West Dura Extended Duration 125 

Substrate System (Thermo Fisher Scientific, San Jose, CA, USA) and a G:BOX Chemi 126 

XX6 gel doc system (Syngene, Cambridge, UK). Antibodies directed against XIAP 127 

(#2042), caspase 3 (#9665), cleaved-caspase 3 (#9661), PARP1 (#9542) and α-tubulin 128 

(#2144) were from Cell Signaling Technology (Danvers, MA, USA). Antibody directed 129 

against γH2AX (sc-51748) was from Santa Cruz Biotechnology (Santa Cruz, CA, 130 

USA). 131 

 132 

2.4. Quantitative RT-PCR (qRT-PCR) 133 

Total RNA was obtained using TRIzol reagent (Thermo Fisher Scientific). cDNA was 134 

synthesized from 1 µg of RNA using a High-Capacity cDNA Reverse Transcription Kit 135 

(Thermo Fisher Scientific). Quantitative PCR (qPCR) was performed using a 136 

QuantStudio 3 Real-Time PCR System (Thermo Fisher Scientific) and a SybrGreen 137 

System for the following expressions: XIAP (FW: 138 

GACAGTATGCAAGATGAGTCAAGTCA; RV: GCAAAGCTTCTCCTCTTGCAG),  139 

HPRT1 (FW: GAACGTCTTGCTCGAGATGTGA; RV: 140 

TCCAGCAGGTCAGCAAAGAAT), and ACTB (FW: AGGCCAACCGCGAGAAG; 141 

RV: ACAGCCTGGATAGCAACGTACA). HPRT1 and ACTB were used as reference 142 

genes. Relative quantification values were calculated using the 2-ΔΔCT equation (Livak et 143 

al. 2001). A negative ‘No Template Control’ was included for each primer pair. 144 

 145 

2.5. Apoptosis assay 146 

A total of 1 × 105 cells per well were seeded in a 24-well plate in the presence of vehicle 147 

(Ø) or venetoclax (Kasumi 1: 1μM; OCI-AML3: 10μM) and/or embelin (Kasumi 1: 85 148 
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and 170 μM; OCI-AML3: 8.5 and 34 μM) for 48 hours. Next, the cells were washed 149 

with ice-cold PBS and resuspended in a binding buffer containing 1 μg/ml 7AAD and 1 150 

μg/ml APC labeled annexin V. All specimens were analyzed by flow cytometry (FACS 151 

Calibur; Becton Dickinson) after incubation for 15 min at room temperature in a light-152 

protected area. Ten thousand events were acquired for each sample. 153 

 154 

2.6. Computational docking 155 

Computational docking was modeled with Protein Energy Landscape Exploration 156 

(PELE) using a global and a refinement local sampling. The Global sampling is to find 157 

possible binding sites. For this, PELE uses larger ligand translations and rotations and 158 

starts multiple simulations (128 in this case) with the ligand covering the entire protein 159 

surface. The local one takes the best binding sites found in the global search and 160 

performs a local refinement, where the ligand is asked to perform smaller translations 161 

and rotations, which are coupled to more thorough side chain predictions and 162 

minimization of the whole complex.  163 

Herein, embelin bindings were modeled to two different BIR domains of XIAP 164 

protein. Therefore, a BIR2 conformation (PDB – 4WVS structure) with 1.4 Å resolution 165 

and a BIR3 conformation (PDB – 3CLX structure) with 1.4 Å resolution were used. 166 

Moreover, to confirm the binding site, the BIR3 domain was also modeled in its 167 

tetramer conformation (PDB – 3CLX structure). Default global and local protocols, as 168 

shown in the PELE web server, https://pele.bsc.es/pele.wt, were used. 169 

 170 

2.7. Statistical analysis  171 

Statistical analyses were performed using GraphPad Prism 8 (GraphPad Software, Inc.). 172 

For comparisons, ANOVA and Bonferroni post-test were used. A p value <0.05 was 173 

considered as statistically significant.  174 

 175 

3. Results 176 

 177 

3.1. Venetoclax and embelin promote different cytotoxic effects on leukemia cells 178 

In the present study, we confirmed that venetoclax was active against leukemia cell 179 

lines MOLM13, MV4-11, and Kasumi 1, with IC50 values ranging from lower than 0.1 180 

to 5 µM. By contrast, the OCI-AML3 cell line was resistant to venetoclax treatment, 181 
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with IC50 value of 40 µM (Figure 1B), corroborating with Lima et al. (2021). For this 182 

reason, Kasumi 1 and OCI-AML3 cells were selected for drug combination assays. 183 

Embelin treatment did not promote cytotoxicity in any cell line evaluated, with 184 

IC50 values superior to 170 µM. Even though it is possible to point out some cell lines 185 

that had a minimum drop in the cell viability, such as MOLM13 and OCI-AML3, the 186 

cell viability has not been compromised by 50% (Figure 1C).  187 

The baseline XIAP expression was evaluated in AML cell lines used in the 188 

present study. In the mRNA assay, it was seen that although all of them express XIAP 189 

at different levels, the differences were not statistically significant (Supplementary 190 

Figure 1A). Western blot assay also revealed that all AML cell lines expressed high 191 

XIAP levels (Supplementary Figure 1B). 192 

 193 

3.2. Venetoclax plus embelin combination potentiates cytotoxic effects on Kasumi 1 194 

and OCI-AML3 cells through induction of apoptosis 195 

In the combinatory treatment for Kasumi 1 cells, after 48h, IC50 values decreased from 196 

6.9 μM for venetoclax alone to 4 μM for venetoclax when combined to 85 μM embelin 197 

(Figure 2A). Upon a higher concentration of embelin (170 μM), the IC50 of venetoclax 198 

was further reduced to 1.8 μM, demonstrating that although embelin did not have 199 

cytotoxic properties, when the cells were treated with venetoclax, it increased the 200 

cytotoxicity of the BCL2 antagonist. Similar results were obtained with OCI-AML3 201 

cells, where the IC50 values reduced from 31.2 μM to 26.2 μM and 21.7 μM when 202 

venetoclax was combined to embelin at 8.5 μM and 34 μM, respectively (Figure 2B). 203 

The results obtained with OCI-AML3 were even more exciting because of the non-204 

responsive nature of the cell.  205 

To evaluate whether combinatory treatment promotes apoptosis in OCI-AML3 206 

and Kasumi1 cell lines, we treated cells with venetoclax at 10 μM combined with 207 

embelin at 8.5 or 24 μM for OCI-AML3 cells and venetoclax at 1.0 μM combined with 208 

embelin at 85 or 170 μM for Kasumi 1 cells for 48h. The concentration was chosen 209 

based on the cell viability assay. There was no increase in the number of apoptotic 210 

and/or necrotic cells in the presence of embelin based on the analysis of annexin-V 211 

externalization assay for both cell lines. Venetoclax, on the other hand, increased 212 

annexin V positive cells, which indicated the presence of an increasing number of 213 

apoptotic cells compared to the control in both tested cell lines. 214 
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While the lowest concentration of embelin (8.5 μM for OCI-AML3 cells and 85 215 

μM for Kasumi 1) did not change apoptosis-inducing effects of venetoclax, combined 216 

treatment with the highest concentration of embelin (34 μM for OCI-AML3 cells and 217 

170 μM for Kasumi 1) further increased apoptosis in the presence of venetoclax, 218 

indicating potentiating effects for both cell lines (Figure 2C-D).  219 

 220 

3.3. Embelin potentiates venetoclax effects through down-regulating XIAP and 221 

promoting DNA damage and apoptosis in OCI-AML3 cells 222 

Considering that in OCI-AML3 cells, the potentializing effects of embelin in 223 

venetoclax-induced apoptosis were more prominent, these cells were selected for 224 

molecular analysis. XIAP expression was reduced and γH2AX expression was induced 225 

upon the single treatment with embelin and venetoclax. However, embelin plus 226 

venetoclax induced a strong reduction of XIAP expression, caspase 3 and PARP1 227 

cleavage and H2AX phosphorylation, confirming the observed apoptosis induction 228 

(Figure 3A). 229 

  230 

3.4. Embelin binds to BIR2 and BIR3 domains of XIAP 231 

To better understand the binding between embelin and XIAP, we performed induced-fit 232 

docking studies using two BIR domains of XIAP, BIR2 (PDB 4WVS) and BIR3 233 

(3CLX) domains. These BIR domains were used due to the previous related activity of 234 

embelin in modulating XIAP (Prabhu et al. 2017). While affinity ranges are not too 235 

different, our simulations indicate better binding energy profiles along with more 236 

localized local minima for the BIR2 domain. The minimum interaction energy with 237 

predicted affinity is shown in Figure 3B, where we observe the global search in dark 238 

blue and the local refinement in cyan, where it is possible to measure the distance 239 

between the C1 carbon of embelin to the LEU 307 alpha carbon. The best interaction 240 

energy observed for BIR2 simulation was around -40kcal/mol, while the best interaction 241 

energy for BIR3 simulation was around -35Kcal/mol (circled in orange for both 242 

simulations). The simulation with best interaction energy for BIR2 is pointed at Figure 243 

3C. Other simulation using different values were performed demonstrating similar 244 

results regarding the binding site of embelin (Supplementary Figure 2). Moreover, since 245 

the 3CLX structure is a tetramer, a global simulation on the tetramer was performed, 246 

showing no major alteration regarding the binding modes with that of the BIR3 247 

monomer (Supplementary Figure 3).  248 
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 249 

4. Discussion 250 

Venetoclax, also named as ABT-199 or GDC-0199, was the first potent and highly 251 

selective BH3 mimetic antagonist of BCL2 (Souers et al. 2013). Since its approval for 252 

the treatment of chronic lymphocytic leukemia, venetoclax has been extensively 253 

studied, with over 150 clinical trial underway, mainly for the treatment of acute myeloid 254 

leukemia patients (www.clinicaltrials.org). Despite the promising results, survival rates 255 

for AML remains low, that is mainly caused due to resistance to chemotherapy and high 256 

rates of relapse. Combinatory therapy has been extensively studied and demonstrated 257 

better results (Liu et al. 2019, Nishi et al. 2020, Samra et al. 2020). Altogether, due to 258 

the multiplicity of phenotypes for AML, combinatory strategies have been exploited, 259 

and herein we described the positive combinatory effects of venetoclax and embelin, an 260 

XIAP inhibitor.  261 

Embelin itself benefits for AML treatment were already observed in Yang et al. 262 

(Yang et al. 2015) that demonstrated embelin sensitized AML cell to TRAIL through 263 

the repression of NFκB signal pathway, moreover, combined therapy of Ad-TRAIL and 264 

embelin was attractive for clinical application in the treatment of AML. In the current 265 

study, we demonstrated that embelin alone did not induce cytotoxicity, however, when 266 

combined with venetoclax, even in resistant-venetoclax cell lines, embelin potentiated 267 

the cytotoxic effects. This feature may be explained by the downregulation of XIAP 268 

induced by embelin. XIAP inhibitors, such as embelin and dequalinium chloride 269 

promoted an impaired clonogenic capacity of AML stem cells (Moreno-Martinez et al. 270 

2014), suggesting that XIAP is a promising target for AML. In addition, XIAP 271 

downregulation activated genes encoding proteasomal components, leading to the 272 

inhibition of proteasome degradation in AML cells. Both events, activation of caspases 273 

by targeting antiapoptotic proteins such as XIAP and inhibition of proteasome activity 274 

crosstalk, cooperate to the final antineoplastic effect in AML models (Carter et al. 275 

2013). Present results suggested a direct interaction of embelin with both BIR2 and 276 

BIR3 domain of XIAP proteins, both already recognized as promising targets for cancer 277 

therapy (Cossu et al. 2019, Lee et al. 2016, Schimmer et al. 2009). 278 

In summary, we found that venetoclax and embelin combination reduces the 279 

viability of AML cells by triggering apoptosis, XIAP down-regulation and induced 280 

DNA damage. Due to the low toxicity of embelin, this drug can be used in combination 281 

to reduce doses of venetoclax, which could minimize side effects with maintenance of 282 
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the therapeutic response or even reverse resistance mechanisms in AML patients. Our 283 

findings further highlight IAP-targeting drugs as a putative anticancer option for AML.  284 

 285 

Author’s contribution 286 

C.M.S.R.S. execution of experiments, data analysis and interpretation, and manuscript 287 

writing. P.C.B. data analysis and interpretation, and manuscript editing. K.L. data 288 

analysis and interpretation, and editing. F.L.S. and P.R.H.M. embelin purification, and 289 

manuscript writing and editing. V.G. molecular docking analysis, and manuscript 290 

writing and editing. L.V.C.-L. conceptualization, supervision, manuscript writing and 291 

editing. J.A.M.-N. conceptualization, formal analysis, supervision, manuscript writing 292 

and manuscript writing. All authors read and approved the final version of the 293 

manuscript.  294 

 295 

Declaration of competing interest 296 

The authors declare that there is no conflict of interest regarding the publication of this 297 

article. 298 

 299 

Acknowledgements 300 

The authors want to express their acknowledgements to Prof. Dr. Eduardo Magalhães 301 

Rego (University of São Paulo, Ribeirão Preto, Brazil) for providing leukemia cell lines. 302 

This work was supported by Fundação de Amparo a Pesquisa do Estado de Sao Paulo 303 

(FAPESP), Brazil, under processes 2019/23864-7, 2018/06522-2, 2017/09022–8 and 304 

2015/17177–6. This study was financed in part by the Coordenação de 305 

Aperfeiçoamento de Pessoal de Nível Superior - Brasil (CAPES) - Finance Code 001. 306 

 307 

Reference 308 

Bisrat, D., Mazumder, A., Asres, K., 2014. In vitro antimicrobial activity of a semi-309 

synthetic derivative of embelin. Ethiop Pharm J. 30, 50-56. 310 

Carter, B.Z., Mak, D.H., Wang, Z., Ma, W., Mak, P.Y., Andreeff, M., Davis, R.E., 311 

2013. XIAP downregulation promotes caspase-dependent inhibition of proteasome 312 

activity in AML cells. Leuk Res. 37, 974-9. 313 

Chen, K., Yang, Q., Zha, J., Deng, M., Zhou, Y., Fu, G., Bi, S., Feng, L., Xu-Monette, 314 

Z.Y., Chen, X.L., Dai, Y., Young, K.H., Xu, B., 2020. Preclinical evaluation of a 315 



 11 

regimen combining chidamide and ABT-199 in acute myeloid leukemia. Cell Death 316 

Dis. 11, 778. 317 

Cossu, F., Milani, M., Mastrangelo, E., Lecis, D., 2019. Targeting the BIR Domains of 318 

Inhibitor of Apoptosis (IAP) Proteins in Cancer Treatment. Comput Struct Biotechnol J. 319 

17, 142-150. 320 

Coyle, R., Slattery, K., Ennis, L., O'Sullivan M, J., Zisterer, D.M., 2019. The XIAP 321 

inhibitor embelin sensitises malignant rhabdoid tumour cells to TRAIL treatment via 322 

enhanced activation of the extrinsic apoptotic pathway. Int J Oncol. 55, 191-202. 323 

DiNardo, C.D., Jonas, B.A., Pullarkat, V., Thirman, M.J., Garcia, J.S., Wei, A.H., 324 

Konopleva, M., Dohner, H., Letai, A., Fenaux, P., Koller, E., Havelange, V., Leber, B., 325 

Esteve, J., Wang, J., Pejsa, V., Hajek, R., Porkka, K., Illes, A., Lavie, D., Lemoli, R.M., 326 

Yamamoto, K., Yoon, S.S., Jang, J.H., Yeh, S.P., Turgut, M., Hong, W.J., Zhou, Y., 327 

Potluri, J., Pratz, K.W., 2020. Azacitidine and Venetoclax in Previously Untreated 328 

Acute Myeloid Leukemia. N Engl J Med. 383, 617-629. 329 

DiNardo, C.D., Pratz, K., Pullarkat, V., Jonas, B.A., Arellano, M., Becker, P.S., 330 

Frankfurt, O., Konopleva, M., Wei, A.H., Kantarjian, H.M., Xu, T., Hong, W.J., Chyla, 331 

B., Potluri, J., Pollyea, D.A., Letai, A., 2019. Venetoclax combined with decitabine or 332 

azacitidine in treatment-naive, elderly patients with acute myeloid leukemia. Blood. 333 

133, 7-17. 334 

Kirtonia, A., Pandya, G., Sethi, G., Pandey, A.K., Das, B.C., Garg, M., 2020. A 335 

comprehensive review of genetic alterations and molecular targeted therapies for the 336 

implementation of personalized medicine in acute myeloid leukemia. J Mol Med (Berl). 337 

98, 1069-1091. 338 

Konopleva, M., Contractor, R., Tsao, T., Samudio, I., Ruvolo, P.P., Kitada, S., Deng, 339 

X., Zhai, D., Shi, Y.X., Sneed, T., Verhaegen, M., Soengas, M., Ruvolo, V.R., 340 

McQueen, T., Schober, W.D., Watt, J.C., Jiffar, T., Ling, X., Marini, F.C., Harris, D., 341 

Dietrich, M., Estrov, Z., McCubrey, J., May, W.S., Reed, J.C., Andreeff, M., 2006. 342 

Mechanisms of apoptosis sensitivity and resistance to the BH3 mimetic ABT-737 in 343 

acute myeloid leukemia. Cancer Cell. 10, 375-88. 344 

Lee, F.A., Zee, B.C., Cheung, F.Y., Kwong, P., Chiang, C.L., Leung, K.C., Siu, S.W., 345 

Lee, C., Lai, M., Kwok, C., Chong, M., Jolivet, J., Tung, S., 2016. Randomized Phase II 346 

Study of the X-linked Inhibitor of Apoptosis (XIAP) Antisense AEG35156 in 347 

Combination With Sorafenib in Patients With Advanced Hepatocellular Carcinoma 348 

(HCC). Am J Clin Oncol. 39, 609-613. 349 



 12 

Liu, F., Knight, T., Su, Y., Edwards, H., Wang, G., Wang, Y., Taub, J.W., Lin, H., Sun, 350 

L., Ge, Y., 2019. Venetoclax Synergistically Enhances the Anti-leukemic Activity of 351 

Vosaroxin Against Acute Myeloid Leukemia Cells Ex Vivo. Target Oncol. 14, 351-364. 352 

Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using 353 

real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods. 25, 402-8. 354 

Moreno-Martinez, D., Nomdedeu, M., Lara-Castillo, M.C., Etxabe, A., Pratcorona, M., 355 

Tesi, N., Diaz-Beya, M., Rozman, M., Montserrat, E., Urbano-Ispizua, A., Esteve, J., 356 

Risueno, R.M., 2014. XIAP inhibitors induce differentiation and impair clonogenic 357 

capacity of acute myeloid leukemia stem cells. Oncotarget. 5, 4337-46. 358 

Nikolovska-Coleska, Z., Xu, L., Hu, Z., Tomita, Y., Li, P., Roller, P.P., Wang, R., Fang, 359 

X., Guo, R., Zhang, M., Lippman, M.E., Yang, D., Wang, S., 2004. Discovery of 360 

embelin as a cell-permeable, small-molecular weight inhibitor of XIAP through 361 

structure-based computational screening of a traditional herbal medicine three-362 

dimensional structure database. J Med Chem. 47, 2430-40. 363 

Nishi, R., Shigemi, H., Negoro, E., Okura, M., Hosono, N., Yamauchi, T., 2020. 364 

Venetoclax and alvocidib are both cytotoxic to acute myeloid leukemia cells resistant to 365 

cytarabine and clofarabine. BMC Cancer. 20, 984. 366 

Ogawa, H., Natori, S., 1968. Hydroxybenzoquinones from Myrsinaceae plants - II. 367 

Distribution among Myrsinaceae plants in Japan. Phytochemistry. 7, 773-782. 368 

Pei, S., Pollyea, D.A., Gustafson, A., Stevens, B.M., Minhajuddin, M., Fu, R., 369 

Riemondy, K.A., Gillen, A.E., Sheridan, R.M., Kim, J., Costello, J.C., Amaya, M.L., 370 

Inguva, A., Winters, A., Ye, H., Krug, A., Jones, C.L., Adane, B., Khan, N., Ponder, J., 371 

Schowinsky, J., Abbott, D., Hammes, A., Myers, J.R., Ashton, J.M., Nemkov, T., 372 

D'Alessandro, A., Gutman, J.A., Ramsey, H.E., Savona, M.R., Smith, C.A., Jordan, 373 

C.T., 2020. Monocytic Subclones Confer Resistance to Venetoclax-Based Therapy in 374 

Patients with Acute Myeloid Leukemia. Cancer Discov. 10, 536-551. 375 

Prabhu, K.S., Siveen, K.S., Kuttikrishnan, S., Iskandarani, A., Tsakou, M., Achkar, 376 

I.W., Therachiyil, L., Krishnankutty, R., Parray, A., Kulinski, M., Merhi, M., Dermime, 377 

S., Mohammad, R.M., Uddin, S., 2017. Targeting of X-linked inhibitor of apoptosis 378 

protein and PI3-kinase/AKT signaling by embelin suppresses growth of leukemic cells. 379 

PLoS One. 12, e0180895. 380 

Reis-Silva, C.S.M., Barbosa, G.H., Branco, P.C., Jimenez, P.C., Machado-Neto, J.A., 381 

Costa-Lotufo, L.V., 2020. XIAP (X-linked inhibitor of apoptosis). Atlas Genet 382 

Cytogenet Oncol Haematol. 24, 424-443. 383 



 13 

Saeed, A.I., Sharov, V., White, J., Li, J., Liang, W., Bhagabati, N., Braisted, J., Klapa, 384 

M., Currier, T., Thiagarajan, M., Sturn, A., Snuffin, M., Rezantsev, A., Popov, D., 385 

Ryltsov, A., Kostukovich, E., Borisovsky, I., Liu, Z., Vinsavich, A., Trush, V., 386 

Quackenbush, J., 2003. TM4: a free, open-source system for microarray data 387 

management and analysis. Biotechniques. 34, 374-8. 388 

Samra, B., Konopleva, M., Isidori, A., Daver, N., DiNardo, C., 2020. Venetoclax-Based 389 

Combinations in Acute Myeloid Leukemia: Current Evidence and Future Directions. 390 

Front Oncol. 10, 562558. 391 

Schimmer, A.D., Estey, E.H., Borthakur, G., Carter, B.Z., Schiller, G.J., Tallman, M.S., 392 

Altman, J.K., Karp, J.E., Kassis, J., Hedley, D.W., Brandwein, J., Xu, W., Mak, D.H., 393 

LaCasse, E., Jacob, C., Morris, S.J., Jolivet, J., Andreeff, M., 2009. Phase I/II trial of 394 

AEG35156 X-linked inhibitor of apoptosis protein antisense oligonucleotide combined 395 

with idarubicin and cytarabine in patients with relapsed or primary refractory acute 396 

myeloid leukemia. J Clin Oncol. 27, 4741-6. 397 

Souers, A.J., Leverson, J.D., Boghaert, E.R., Ackler, S.L., Catron, N.D., Chen, J., 398 

Dayton, B.D., Ding, H., Enschede, S.H., Fairbrother, W.J., Huang, D.C., Hymowitz, 399 

S.G., Jin, S., Khaw, S.L., Kovar, P.J., Lam, L.T., Lee, J., Maecker, H.L., Marsh, K.C., 400 

Mason, K.D., Mitten, M.J., Nimmer, P.M., Oleksijew, A., Park, C.H., Park, C.M., 401 

Phillips, D.C., Roberts, A.W., Sampath, D., Seymour, J.F., Smith, M.L., Sullivan, G.M., 402 

Tahir, S.K., Tse, C., Wendt, M.D., Xiao, Y., Xue, J.C., Zhang, H., Humerickhouse, 403 

R.A., Rosenberg, S.H., Elmore, S.W., 2013. ABT-199, a potent and selective BCL-2 404 

inhibitor, achieves antitumor activity while sparing platelets. Nat Med. 19, 202-8. 405 

Yang, T., Lan, J., Huang, Q., Chen, X., Sun, X., Liu, X., Yang, P., Jin, T., Wang, S., 406 

Mou, X., 2015. Embelin sensitizes acute myeloid leukemia cells to TRAIL through 407 

XIAP inhibition and NF-kappaB inactivation. Cell Biochem Biophys. 71, 291-7. 408 

 409 

Figure legends 410 

 411 

Figure 1. Cell viability upon treatment with venetoclax and embelin in acute 412 

myeloid leukemia cell lines. (A) structures of embelin and venetoclax are illustrated. 413 

MOLM13, MV4-11, Kasumi 1 and OCI-AML3 cells were exposed to increasing 414 

concentrations of venetoclax (C) and embelin (D) for 48 hours. The values expressed 415 

represent the percentage of viable cells for each condition compared to the control (cells 416 

treated with vehicle [Ø]). The bar graphs represent the mean ± SD of at least four 417 
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independent experiments. The IC50 values are indicated in the graphs. The p-values and 418 

cell lines are shown in the graphs; * p <0.05, ** p <0.01, *** p <0.0001; ANOVA and 419 

Bonferroni post-test. 420 

 421 

Figure 2. Embelin potentiates venetoclax effects in Kasumi 1 and OCI-AML3 cells. 422 

Dose-response cytotoxicity for combined treatment were analyzed by 423 

methylthiazoletetrazolium (MTT) assay for Kasumi 1 (A) and OCI-AML3 (B) cells 424 

treated with graded concentrations of embelin and venetoclax alone or in combination 425 

with each other for 48 hours, as indicated. Values are expressed as the percentage of 426 

viable cells for each condition relative to untreated controls. Results are shown as the 427 

mean of at least three independent experiments. Note that the IC50 in Kasumi 1 for 428 

treatment with venetoclax alone was 6.9 μM while in the treatment combined reduced to 429 

4.0 and 1.8μM. Similarly, the IC50 in OCI-AML3 in treatment with only venetoclax 430 

was 31.2 μM while in the combined treatment reduced to 26. 2 μM and 21. 7μM. 431 

Apoptosis was detected by flow cytometry in Kasumi 1 (C) and OCI-AML3 (D) cells 432 

treated with embelin and/or venetoclax for 48 hours using an annexin V/7AAD staining 433 

method. Representative dot plots are shown for each condition; the upper and lower 434 

right quadrants (Q2 plus Q3) cumulatively contain the apoptotic population (annexin 435 

V+ cells). Bar graphs represent the mean±SD of at least three independent experiments 436 

quantifying apoptotic cell death. The p values and cell lines are indicated in the graphs; 437 

* p<0.05, ***p<0.0001; ANOVA test and Bonferroni post-test. 438 

 439 

Figure 3. Embelin increases venetoclax-induced XIAP reduction and caspase 3 440 

activation in OCI-AML3 and docking analysis between XIAP domains BIR2 and 441 

BIR3 and embelin. (A) Western blot analysis for the treatment in monotherapy and 442 

combination of embelin and venetoclax in OCI-AML3 cell line. The analysis was 443 

performed evaluating XIAP, α-tubulin, procaspase 3, cleaved-caspase 3, yH2AX, 444 

PARP1 in total cells extract from OCI-AML3 treated with embelin and venetoclax in 445 

concentrations of 34 μM and 10 μM for 48 hours. Membranes were reprobed with the 446 

antibody for the detection of α-tubulin. Note that embelin plus venetoclax strongly 447 

induced molecular markers of apoptosis and DNA damage in OCI-AML3 cells. Binding 448 

between embelin and XIAP BIR 2 and 3 domains using PELE. (A) Plotted graphic 449 

demonstrating the global search in dark blue and the local refinement in cyan. In the x 450 

axis, as a reference, it is the distance of the C1 (middle) carbon of embelin to the 451 
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LEU307 alpha carbon which was chosen due to the close proximity to the small 452 

molecule in the crystal. (B) Docked pose of embelin to the BIR2 domain (PDB- 4WVS) 453 

BIR3 (PDB- 3CLX) XIAP structure.  454 

 455 
456 
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