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Abstract— Acquired drug resistance reduces the effectiveness of anticancer therapy and leads to cancer pro-

gression. Selective inhibition of anti-apoptotic proteins of the Bcl-2 family using BH3-mimetics is a promising 

treatment strategy for cancer patients. Recently, antagonists of the anti-apoptotic protein Mcl-1 have been 

actively studied in clinical trials. However, like other BH3-mimetics, they can lose their effectiveness due to 

the development of acquired resistance. We have found that cancer cells develop resistance to Mcl-1 inhibition 

through increased gene expression of other anti-apoptotic proteins, such as Bcl-2 or Bcl-xL, thereby becom-

ing less Mcl-1-dependent. Alterations in cellular metabolism have also accompanied the development of this 

resistance. We have shown that combining the Mcl-1 antagonist S63845 with various anticancer compounds 

can overcome the resistance of malignant cells to its action. 
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INTRODUCTION

During carcinogenesis, tumor cells undergo vari-

ous adaptations that allow them to evade the body’s 

defense mechanisms. One of the distinctive features 

of malignant clones, which enables them to actively 

divide and invade surrounding tissues and organs, 

is their avoidance of various types of programmed 

cell death (PCD), including apoptosis, a process that 

plays a vital role in protection against cancer [1-3]. 

The limited sensitivity of tumor cells to apoptosis un-

derlies the progression of many oncological diseases; 

therefore, triggering this type of PCD is a rational 

strategy for anticancer therapy [4, 5].

Apoptosis is a strictly genetically controlled pro-

cess. There are two primary pathways for initiating 

apoptosis: the extrinsic (receptor-dependent) pathway 

and the intrinsic (mitochondrial) pathway. The  key 

event in the intrinsic apoptotic pathway is mitochon-

drial outer membrane permeabilization (MOMP), 

which leads to the release of cytochrome  c and other 

proapoptotic factors from the intermembrane space, 

thereby promoting cell death [4,  5]. The proteins of 

the Bcl-2 (B-cell leukemia/lymphoma protein-2) family 

control MOMP. The functional activity of the mem-

bers of this family is accomplished through the for-

mation of various protein–protein complexes. Some 

proteins are responsible for MOMP activation, while 

other proteins inhibit this process [6-10]. According 

to their properties, the proapoptotic proteins of the 

Bcl-2 family are divided into two categories: regula-

tory BH3-only (Bcl-2 homology domain) and effector 

proteins [8, 10-12]. The latter include the multidomain 

proteins Bak (Bcl-2 homologous antagonist killer) and 

Bax (Bcl-2 associated X protein), which, upon activa-

tion, are capable of forming pores in the outer mito-

chondrial membrane (OMM) through the formation 

of homo- and hetero-oligomers. In the absence of 
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apoptotic stimuli, Bax is located in the cytoplasm, and 

Bak is located on the OMM in monomeric form [13, 

14]. The regulatory BH3-only proteins contain only 

one BH domain in their structure, possess various 

intracellular localizations (cytoplasm, OMM, cytoskel-

eton, etc.), and can perform two functions. Firstly, all 

proteins in this subgroup are capable of neutralizing 

the action of anti-apoptotic proteins; however, their 

interaction profiles and inhibitory capacities vary 

significantly among the different members of the 

Bcl-2 family. Secondly, some BH3-only proteins (Bim 

[Bcl-2-interacting mediator of cell death], tBid [trun-

cated form of the Bid protein]) can also activate the 

effector proteins Bak and Bax with varying degrees 

of efficiency [15-18]. The anti-apoptotic proteins (Bcl-2, 

Mcl-1, Bcl-xL, etc.) localized on the OMM and in the 

cytoplasm promote cell survival by binding both ef-

fector and regulatory proapoptotic members of the 

Bcl-2 family [8, 15, 19, 20]. Thus, the proteins of the 

Bcl-2 family participate in forming a three-component 

control system of MOMP, which determines the sub-

sequent fate of cells [8, 15, 21].

The anti-apoptotic proteins of the Bcl-2 family 

represent attractive targets for anticancer therapy, 

as an increase in their levels often underlies the re-

sistance of tumor cells to apoptosis, leading to a de-

crease in the effectiveness of many chemotherapeu-

tic agents [8, 22-24]. Over the past decades, highly 

selective small-molecule inhibitors of anti-apoptotic 

proteins of the Bcl-2 family have been actively de-

veloped. According to their mechanism of action, 

these inhibitors serve as “exogenous” analogs of the 

regulatory BH3-only proteins, which is why they are 

referred to as BH3-mimetics [8, 25]. To date, one drug 

from this group of compounds (Venetoclax, a selec-

tive antagonist of the Bcl-2 protein) has already been 

approved for clinical use in many countries to treat 

chronic lymphocytic leukemia (CLL) [8, 26].

Among all proteins of the Bcl-2 family respon-

sible for cell survival, Mcl-1 (Myeloid cell leukemia 

protein-1) attracts special attention. This protein is 

important for maintaining embryogenesis and ho-

meostasis in various cell types, as well as for regu-

lating the cell cycle [9, 27]. Its gene is expressed in 

all tissues of the human body [20]. It is worth noting 

that Mcl-1 is important for mitochondrial homeosta-

sis [28]. The molecular weight of Mcl-1 (37.2  kDa) is 

significantly higher than that of other anti-apoptotic 

proteins due to the presence of an N-terminal region 

containing its mitochondrial localization sequence, as 

well as PEST sequences (proline [P], glutamic acid [E], 

serine [S], and threonine [T]-rich sequences), which 

are regions enriched in residues of proline, glutam-

ic acid, serine, and threonine. The presence of PEST 

sequences is a feature of short-lived proteins, which 

also distinguishes Mcl-1 [20, 29, 30]. In recent years, 

various negative modulators of Mcl-1 have been dis-

covered at the transcriptional, translational, and post-

translational levels [20,  29]. In particular, we have 

previously found that Mcl-1 in tumor cells undergoes 

proteasomal degradation under conditions of nutrient 

limitation, independent of autophagy [31]. Addition-

ally, there are peculiarities in the Mcl-1 interactions 

with other members of the Bcl-2 family. For example, 

Mcl-1 has low affinity for the effector protein Bax 

and higher affinity for Bak [30,  32]. We have also 

demonstrated a key role of Bak in apoptosis induced 

by selective Mcl-1 antagonists [33]. In addition, the 

BH3-only protein Noxa binds to Mcl-1, facilitating its 

proteasomal degradation [34].

Various Mcl-1 protein antagonists (S64315/MIK665, 

AZD5991, AMG176, PRT1419, etc.) have been actively 

studied in clinical trials over the past few years [35]. 

However, to date, they have not been able to replicate 

the success of Venetoclax for several reasons. Firstly, 

suppression of the anti-apoptotic proteins of the Bcl-2 

family can lead to serious side effects, since all of 

them perform multiple physiological functions. In 

particular, the use of Bcl-xL antagonists caused severe 

thrombocytopenia [8, 36], and recently it was found 

that Mcl-1 suppression results in impaired hemato-

poiesis and cardiotoxicity [35]. Secondly, Mcl-1 antag-

onists often possessed low efficacy in clinical trials, 

which may be due to the development of acquired 

resistance by tumor cells to Mcl-1 inhibition [35].

The development of drug resistance with subse-

quent loss of treatment efficacy is a serious problem 

arising with the use of most modern drugs, partic-

ularly antitumor agents [37]. This phenomenon has 

also been observed with the use of BH3-mimetics. For 

example, possible causes of cancer cell resistance to 

Venetoclax have been characterized in detail, includ-

ing metabolic and proliferative adaptations of malig-

nant clones, emergence of mutations in the genes of 

the target protein Bcl-2 and its proapoptotic partner 

Bax, compensatory effects (increased levels of other 

anti-apoptotic proteins), etc. [38,  39]. However, in the 

case of Mcl-1 antagonists, this issue has not been suf-

ficiently studied. Therefore, this work aims to con-

duct a detailed study of the possible causes of the 

emergence of drug resistance of tumor cells to the 

action of selective Mcl-1 antagonists using S63845 as 

an example (its derivative S64315/MIK665 is being 

studied in the clinic [40]), as well as potential ways 

to overcome it.

MATERIALS AND METHODS

Cell lines and culture conditions. HeLa cervi-

cal adenocarcinoma, H23 lung adenocarcinoma, and 

SK-N-Be(2)c neuroblastoma cell lines (all obtained 
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from the Department of Toxicology at Karolinska In-

stitutet, Stockholm, Sweden) were used in this study. 

Cells were grown in a CO2 incubator (5%  CO2) at 37°C 

using a Dulbecco’s Modified Eagle Medium (DMEM) 

(#C410p, PanEco, Russia) supplemented with gluta-

mine and glucose (4.5  g/L), 10% bovine calf serum 

(#11965092, Gibco, USA), an antibiotic (penicillin, 

100  U/mL), and an antifungal agent (streptomycin, 

100  U/mL) (#15240062, Gibco). Cells were routinely 

checked for the absence of mycoplasma. Cells with 

70-80% confluency were used in the experiments. 

Cells were counted using a Beckman Z2 Coulter 

counter (Beckman Coulter Life Sciences, USA).

Reagents. Following cell cultivation for 24-36  h, 

the culture medium was replaced with a fresh medi-

um and the following chemical compounds were add-

ed: Mcl-1 antagonist S63845 (Active Biochem, China), 

DNA-damaging agent cisplatin (Teva Pharmaceutical, 

Israel), Bcl-2 and Bcl-xL antagonists – Venetoclax 

and A1331851, respectively (both from Selleckchem, 

USA), P-glycoprotein inhibitors Zosuquidar and Ver-

apamil, GSK3 (Glycogen synthase kinase  3) inhibitor 

CHIR99021, ATP synthase inhibitor oligomycin, proto-

nophore carbonyl cyanide-m-chlorophenylhydrazone 

(CCCP), inhibitors of electron transport chain (ETC) 

complexes  I (rotenone) and II (thenoyltrifluoroace-

tone, TTFA), and the MDM2 [Mouse double minute 2 

homolog] antagonist Nutlin-3a (all from Sigma, USA). 

All drugs were used at concentrations indicated in 

the respective figures. Control cells were supplement-

ed with the solvent that corresponds to the used re-

agent.

Mcl-1 downregulation by RNA interference. 

After washing with phosphate-buffered saline (#P061, 

PBS, PanEco), the cells were incubated with 1  ml of 

transfection mixture prepared by mixing Opti-MEM 

transfection medium (#31985070, Gibco), 3  μl of Li-

pofectamine RNAiMAX transfection agent (Invitrogen, 

USA), and siRNA to Mcl-1 (50  μM) in an amount re-

quired to achieve working concentration (100  nM). 

The sense and antisense sequences of the strands of 

siRNA to Mcl-1 are 5′-GCATCGAACCATTAGCAGAdTdT-3′ 

and 5′-TCTGCTAATGGTTCGATGCdTdT-3′. Control siRNA 

#1 D-001810-01 (Dharmacon Reagents, UK) was used 

as a non-targeting siRNA. Incubation time was 24  h.

Western blot analysis. The cell pellet obtained 

after cell detachment by scraping was washed with 

cold PBS and centrifuged. Next, cells were resuspend-

ed in 30-60  µl of a RIPA lysis buffer (Bio-Rad, USA) 

and incubated for 20 min on ice. After centrifugation 

(20,000g, 20  min, 4°C), a portion of the supernatant 

was collected to measure protein concentration in 

the cell lysates using a Pierce BCA Protein Assay Kit 

(#23225, Thermo Fisher Scientific, USA), and samples 

for Western blot analysis were prepared from the 

remaining supernatant as described previously [41].

Antibodies. Primary antibodies for detection 

of the following proteins were used in the experi-

ments: Bcl-2 (sc-7382) from Santa Cruz (USA); PARP 

[poly(ADP-ribose) polymerase] (ab74290), tubulin 

(ab4074), and vinculin (ab123002) (all from Abcam, 

UK); p89 PARP cleaved (#5625), caspase-3 (#9662), 

p19/17 caspase-3 cleaved (#9661), Bak (#6947), Bax 

(#2772), Bcl-xL (#2764), Mcl-1 (#5453), MDR1 [multi-

drug resistance protein  1] (#12683), GAPDH (#2118), 

GSK3a (#4337), and GSK3b (#9315) (all from Cell Sig-

naling, USA). Secondary antibodies used were anti- 

mouse (#515-035-062) or anti-rabbit IgG (#111-035-144) 

horseradish peroxidase-conjugated antibodies from 

Jackson ImmunoResearch (USA). Dilutions of all anti-

bodies were chosen according to the manufacturer’s 

recommendations.

The changes in protein levels were determined 

using densitometric analysis. Image processing was 

performed with ImageJ  1.53t. Protein levels were 

normalized to the corresponding gel loading proteins 

(tubulin, vinculin, GAPDH); statistical analysis was 

performed using the Mann–Whitney U-test.

Flow cytometry. During sample preparation, 

cells were trypsinized, washed twice with cold PBS, 

and centrifuged (500g, 5  min, 4°C).

(a) Annexin V-FITC [f luorescein isothiocyanate] 

(annexin) and propidium iodide (PI) double stain-

ing assay. After resuspending the cell pellet in PBS 

(700  µl/1,000,000 cells), approximately 200,000 cells 

were removed and added to 200  µl of 1x annexin- 

binding buffer (BD Biosciences, USA). Next, cell pop-

ulations were analyzed using BD FACSCanto II flow 

cytometer (BD Biosciences, USA) and BD FACSDiva 

(BD Biosciences, USA) and FlowJo (FlowJo LLC, USA) 

software, as described previously [42]. The percent-

age of dead cells was calculated from all cells that 

were stained with annexin (apoptosis), PI (necrosis), 

or both dyes (late apoptosis); the percentage of viable 

cells was calculated from the cell population that was 

not stained with either annexin or PI [43].

(b) SubG1 test. Cells were fixed in a cold 70% eth-

anol solution in PBS at −20°C for 24  h, washed, and 

resuspended in PBS. Next, PI (50  μg/mL) and RNase 

A (100  μg/mL) were added, and the cells were incu-

bated in the dark at room temperature for 10  min. 

The analysis was performed similarly to that for the 

annexin and PI double staining (a). The proportion of 

cells in the subG1 phase correlates with the intensity 

of apoptosis induction and reflects the percentage of 

cell death [43,  44]. For both flow cytometry methods, 

10,000 cells were analyzed in all samples during ex-

periments.

Real-time polymerase chain reaction (RT-PCR). 

Total RNA was isolated from the cell pellet using 

TRIzol reagent (#15596018, Thermo Fisher Scientific), 

and cDNA was obtained by reverse transcription 
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using the MMLV RT kit (Eurogen, Russia) according 

to the manufacturer’s instructions. The qPCRmix-HS 

SYBR (Eurogen), specific primers for Bcl-2, Bcl-xL, and 

the transcription factor TATA-binding protein were 

added to the cDNA samples. The primer sequences 

are listed in Table  S1, the Online Resource  1. Next, 

mRNA expression was assessed using the CFX96 

Real-Time PCR Detection System (Bio-Rad). Tran-

script analysis was performed using the Pfaffl meth-

od [45]. Bcl-2 and Bcl-xL mRNA concentrations were 

normalized to the mRNA level of the TATA-binding 

protein.

Cell metabolism analysis. Cells were seeded 

in 96-well plates in a standard DMEM culture medi-

um. After reaching 70-80% confluency, the cells were 

washed and incubated in an assay medium (DMEM 

without phenol red, calf serum, sodium pyruvate, 

and glucose) for 1-3  h at 37°C. To analyze respira-

tion, sodium pyruvate (1  mM) and glucose (10  mM) 

were added to the same medium. Experiments were 

performed in real time using a Seahorse XF analyz-

er (Agilent, USA). To test respiration (the first three 

measurements), oligomycin (1  μM), carbonyl cyanide 

m-chlorophenylhydrazone (CCCP, 1  μM), and rotenone 

(1  μM) were added to the cells. To assess glycolysis, 

D-glucose (10  mM), oligomycin (1  μM), and 2-deoxy-

glucose (50  mM) were added to the wells. Data were 

normalized to the protein levels in each well.

Clonogenic activity assay. Cells (1000 per well) 

were seeded in triplicate in 6-well plates (Nunc, The 

Netherlands). After culturing (10-14 days), cells were 

washed twice with PBS, fixed with paraformaldehyde 

(4% in PBS), and stained with crystal violet (0.5% in 

aqueous solution). Plates were visualized using the 

ChemiDoc XRS+ system (Bio-Rad) and analyzed using 

ImageJ 1.53t.

Gene sequencing. To identify potential mutations 

in the BAK1 and MCL1 genes, Sanger sequencing and 

next-generation sequencing (NGS) were employed, re-

spectively.

(a) Sanger sequencing. For BAK1 sequencing, ge-

nomic DNA was isolated from the original and Mcl-1 

inhibition-resistant HeLa, H23, and SK-N-Be(2)c cell 

lines using the QIAamp DNA Mini Kit (#56304, Qia-

gen, Germany). Fragments of exons 2-6 of BAK1 were 

amplified by RT-PCR and sequenced using the Sanger 

method. The primer sequences are listed in Table  S1, 

the Online Resource  1.

(b) NGS of MCL1 was performed as described pre-

viously [46].

Cell viability assessment. For the experiments, 

cells (5,000) were seeded in 96-well plates. Cell cultiva-

tion and induction were performed using a standard 

DMEM culture medium with appropriate reagents. 

Cell viability was analyzed 24  h after induction using 

the MTS assay or Alamar Blue assay.

(a) MTS assay. After induction, cells were treat-

ed with 20  µl of MTS reagent (CellTiter 96 AQueous 

One Solution Cell Proliferation Assay, #G3580, Prome-

ga, USA), incubated for 2.5-3  h at 37°C, and analyzed 

spectrophotometrically using Varioskan Flash instru-

ment (Thermo Fisher Scientific) at 480  nm.

(b) Alamar Blue assay. After induction, the cul-

ture medium was replaced with a fresh medium con-

taining 10% Alamar Blue reagent (#DAL1100, Thermo 

Fisher Scientific). Samples were incubated for 3-4  h 

at 37°C, and fluorescence was measured using 

Varioskan Flash instrument (Thermo Fisher Scientif-

ic) at wavelengths of 560  nm (excitation) and 590  nm 

(emission).

Statistical analysis was performed using the 

Mann–Whitney U-test. Data processing and statistical 

analysis were performed using Microsoft Excel and 

GraphPad Prism  6 (GraphPad Software, USA). Data in 

histograms are presented as mean ±  standard devia-

tion (n = 4); *  p  <  0.05.

RESULTS

Generation of cancer cells with acquired re-

sistance to the BH3 mimetic S63845. To study po-

tential mechanisms underlying the development of 

acquired resistance to selective Mcl-1 antagonists in 

cancer cells, three cell lines of different origins (HeLa 

cervical adenocarcinoma, H23 lung adenocarcinoma, 

and SK-N-Be(2)c neuroblastoma) were selected based 

on their inherent sensitivity to Mcl-1 inhibition  [33]. 

It is worth noting that all cancer cells used in this 

study are characterized by impaired functional ac-

tivity of the transcription factor p53. The H23  [47] 

and SK-N-Be(2)c [48] cell lines contain mutant p53 

protein. In contrast, in HeLa cells, the functional ac-

tivity of the wild-type p53 protein is suppressed due 

to the presence of the E6 protein of human papil-

lomavirus (HPV) type  18, which leads to rapid deg-

radation of p53 [49]. The presence of wild-type p53 

protein could maximize the effectiveness of BH3-mi-

metics [50]; however, its absence or altered function-

al activity does not prevent the initiation of cancer 

cell death upon exposure to these drugs due to their 

mechanism of action. Moreover, Venetoclax, which is 

approved for clinical use, can also be used as a ther-

apeutic option for patients with CLL and 17p deletion 

or TP53 mutation [51].

A “pulse” method was used to generate resistant 

cells reproducing effects of chemotherapeutic courses 

in patients that determine its clinical significance [52]. 

This method includes culturing of the original cell 

lines with gradually increasing concentrations of the 

drug, alternating with drug-free cell culture. Nano-

molar concentrations of S63845 (from 125 to  500  nM) 
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Fig.  1. Generation of HeLa, H23, and SK-N-Be(2)c cancer cells with acquired resistance to the Mcl-1 antagonist S63845. 
HeLa-Res, H23-Res, and SK-N-Be(2)c-Res are cancer cells resistant to S63845 (hereinafter). The figure was created using 
Servier Medical Art (https://smart.servier.com/) under a CC BY  4.0 license (https://creativecommons.org/licenses/by/4.0/).

were used in the first stage, and micromolar (up to 

1  μM for H23 and up to 3  μM for HeLa and SK-N-

Be(2)c) concentrations of this BH3-mimetic were used 

in the second stage. Both stages consisted of three 

cycles. Each cycle sequentially included incubation 

of cells with S63845 for 24  h, culturing cells without 

S63845 addition for 96  h, and the reseeding of sur-

viving cells (Fig.  1).

Resistance to Mcl-1 inhibition in the selected 

models was tested using two independent approach-

es: Western blot (WB) analysis and flow cytometry. 

Both parental and developed cells were treated with 

S63845 at concentrations ranging from 250  nM to 

3  μM. According to the results of WB analysis, in 

all cases, the developed cells were characterized by 

lower sensitivity to the BH3-mimetic as compared to 

parental cells (Fig.  2a; Fig.  S1a; Fig.  S2a in the On-

line Resource  1). Cell death was assessed during WB 

analysis based on the degree of cleavage of two key 

apoptosis markers: the effector caspase-3 and its sub-

strate, the repair protein PARP [43,  53]. The greatest 

differences in the response to S63845 were observed 

in cells treated with micromolar concentrations (1 

and 3  μM) in all lines. In resistant cells, there was a 

marked decrease in the cleavage of full-length forms 

of caspase-3 and PARP and accumulation of their 

fragments – p19/17 caspase-3 and p89 PARP (Fig.  2a; 

Fig.  S1a; Fig.  S2a in the Online Resource  1). Flow cy-

tometry results confirmed the presence of acquired 

resistance to S63845 in the derived HeLa (Fig.  S1b in 

the Online Resource  1), H23 (Fig.  S2b in the Online 

Resource  1), and SK-N-Be(2)c cells (Fig.  2b). In partic-

ular, upon incubation with S63845 (3  μM), the num-

ber of subG1 fractions was more than 2-fold lower in 

resistant SK-N-Be(2)c cells compared to the wild-type 

cells (Fig.  2b).

It is worth noting that the increased concentra-

tion of the Mcl-1 antagonist S63845 from 1 to 3  μM 

did not influence the level of H23 cell death. More-

over, the reduced sensitivity to S63845 in resistant 

H23 cells persisted up to a concentration of 1  μM 

BH3-mimetic. In contrast, the use of 3  μM S63845 led 

to overcoming this type of resistance, which distin-

guishes this cell model from HeLa and SK-N-Be(2)c 

cell lines (Fig.  S2,  a,  b in the Online Resource  1).

Assessment of the contribution of the an-

ti-apoptotic proteins Bcl-xL and Bcl-2 to the devel-

opment of acquired tumor cell resistance to the 

BH3-mimetic S63845. We have previously shown that 

not only the initial insensitivity but also the acquired 

resistance of tumor cells to Mcl-1 inhibition can be 

mediated by high levels of the anti-apoptotic protein 

Bcl-xL [33]. Here, densitometric analysis of the WB 

data revealed that not only could Bcl-xL levels be sig-

nificantly increased in resistant cells compared to pa-

rental cells, as was observed in the HeLa-Res cell line 

(Fig.  S1c in the Online Resource  1), but also that the 

level of another anti-apoptotic protein, Bcl-2, could be 

increased, as was observed in SK-N-Be(2)c-Res cells 

(Fig.  2c). Moreover, the development of resistance 

to Mcl-1 inhibition may not be accompanied by the 

changes in the levels of other anti-apoptotic proteins, 

as was observed in H23-Res cells (Fig.  S2c in Online 

Resource  1). Furthermore, in all three cell models, 

the Mcl-1 protein level in resistant cells remained 

unchanged compared to parental tumor lines (Fig.  S3 

in the Online Resource  1). It was hypothesized that, 

as tumor cell lines develop resistance to Mcl-1 inhi-

bition, cells with increased expression of Bcl-xL and 

Bcl-2 protein genes are accumulated compared to the 

original cells. The data of RT-PCR analysis of mRNA 

levels for these anti-apoptotic proteins confirmed this 
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Fig. 2. Analysis of the efficacy of the BH3-mimetic S63845 (0.25-3 μM, 24 h) in SK-N-Be(2)c and SK-N-Be(2)c-Res cells. Results 
of WB  (a), subG1  (b), and densitometric analysis of Bcl-xL and Bcl-2 in SK-N-Be(2)c and SK-N-Be(2)c-Res cells  (c). Data are 
presented as mean ± standard deviation, n = 4; *  p  < 0.05, n.s. – not significant (U-test).

hypothesis: the increased Bcl-xL and Bcl-2 mRNA lev-

els compared to the original cell lines were observed 

in HeLa-Res and SK-N-Be(2)c-Res cells, respectively 

(Fig.  3,  a,  b).

The observed changes in the Bcl-2 protein pro-

file in resistant cells may indicate a reduced role 

of Mcl-1 in maintaining their viability compared to 

other anti-apoptotic proteins. This was confirmed by 

assessing cell death triggered by Mcl-1 suppression 

using RNA interference. The WB and flow cytometry 

analysis data revealed that two cell models with ac-

quired resistance to S63845, where increased levels 

of Bcl-xL (HeLa) or Bcl-2 (SK-N-Be(2)c) were observed, 

and were characterized by lower sensitivity to the ge-

netic Mcl-1 suppression (Fig. 4, a, b, d, e). At the same 

time, compared with the parental H23 line, in H23-

Res cells, where the profile of Bcl-2 family proteins 

remained unchanged, the proportion of dead cells 

upon Mcl-1 silencing did not change (Fig.  4,  c,  f).

The results obtained clearly demonstrate a 

compensatory phenomenon observed among differ-

ent members of the Bcl-2 family: inhibition of one 
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Fig. 3. Analysis of Bcl-xL and Bcl-2 mRNA levels in HeLa and HeLa-Res  (a) and SK-N-Be(2)c and SK-N-Be(2)c-Res  (b) cells. 
Data are presented as mean ±  standard deviation, n  =  4; *  p  <  0.05, n.s. – not significant (U-test).

anti-apoptotic protein could lead to an increase in 

the expression of genes encoding other cell surviv-

al proteins, resulting in the emergence of acquired 

resistance [8, 35]. However, the example of H23 cells 

clearly illustrates the multifactorial nature of drug 

resistance development: an increase in gene expres-

sion encoding Bcl-2 or Bcl-xL proteins is a probable, 

but not the only reason, underlying resistance to the 

action of selective Mcl-1 antagonists.

Assessing the contribution of P-glycoprotein to 

the development of acquired cancer cell resistance 

to the BH3-mimetic S63845. The development of 

drug resistance could be accompanied by increased 

expression of genes encoding multidrug resistance 

proteins, such as P-glycoprotein (MDR1). Proteins of 

this group are located on the plasma membrane and 

mediate the ATP-dependent reverse transport of many 

substances from cells [54, 55]. This phenomenon has 

also been demonstrated for Mcl-1 antagonists, partic-

ularly for S63845, which was used in this study [56].

To prevent the development of tumor cell re-

sistance to the BH3-mimetic S63845 due to its ex-

port during the development of resistance (Fig.  1), 

the MDR1 inhibitor Verapamil (50  μM) was added 

to the cells, combined with the Mcl-1 antagonist. 

In addition, comparative WB analysis of cell death 

was performed in the original and the Mcl-1 inhibi-

tion-resistant cells using a combination of S63845 and 

another MDR1 inhibitor, Zosuquidar (Fig.  S4 in the 

Online Resource  1). MDR1 was undetectable in both 

HeLa/H23 and HeLa-Res/H23-Res cells. Furthermore, 

Zosuquidar alone did not induce cell death in either 

wild-type or resistant HeLa and H23 cells, nor did 

it enhance S63845-mediated cell death in these cell 

models (Fig.  S4, a, b in the Online Resource  1).

In SK-N-Be(2)c neuroblastoma cells, MDR1 was 

present in both parental and S63845-resistant cells; 

however, its content in the latter cells did not in-

crease, as determined by densitometric analysis. As 

in other cell types, Zosuquidar did not induce death 

as a single agent, but it equally effectively enhanced 

S63845-dependent apoptosis (~2-fold decrease in cell 

viability according to the MTS assay) in both SK-N-

Be(2)c and SK-N-Be(2)c-Res cells without overcom-

ing resistance of neuroblastoma cells to the Mcl-1 

antagonist (Fig.  S4,  c-e in the Online Resource  1). 

Thus, an increase in MDR1 does not underlie ac-

quired resistance of tumor cells to the BH3-mimetic 

S63845.

A search for possible mutations in BAK1 

and MCL1 as causes of acquired cancer cell re-

sistance to the BH3-mimetic S63845. Investigation 

of the Bcl-2 antagonist Venetoclax revealed, among 

other factors, that mutations in the target protein 

gene or the Bax effector protein gene could lead 

to the development of tumor cell resistance to this 

BH3-mimetic [38,  39]. Taking this data into account, 

we searched for possible mutations in the Bak ef-

fector protein gene, since Mcl-1 has a higher affin-

ity for Bak, while Bcl-2 preferentially interacts with 

Bax [15]. Using Sanger sequencing, it was found that 

in two of the three S63845-resistant cell populations 

(HeLa-Res and H23-Res), there is a single mutation, 

BAK1(NM_001188.4):c.309G>A p.(Thr103=), compared 

to the original lines (HeLa and H23, respectively). 

This mutation is located in exon 4 of BAK1 and is a 

synonymous single-nucleotide substitution that does 

not affect the protein structure. No changes in BAK1 

were observed in resistant SK-N-Be(2)c neuroblasto-

ma cells.
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Fig. 4. Analysis of cell death induced by genetic silencing of Mcl-1 using RNA interference. Results of WB  (a-c), flow cytom-
etry with annexin and PI double staining  (d,  f ), and subG1  (e) in HeLa/HeLa-Res (a,  d), SK-N-Be(2)c/SK-N-Be(2)c-Res  (b,  e), 
and H23/H23-Res  (c,  f ) cells. Transfection period: 24  h. NT (non-target) – non-target siRNA. Data are presented as mean 
±  standard deviation, n  =  4; *  p  <  0.05, n.s. – not significant (U-test).

HeLa/HeLa-Res and H23/H23-Res cell lines were 

subsequently examined for mutations in MCL1 using 

NGS; however, no changes in MCL1 were detected. 

Additionally, not only an increase in the anti-apop-

totic proteins but also a decrease in the proapoptotic 

proteins (primarily the Bak and Bax effector proteins) 

of the Bcl-2 family could mediate acquired chemo-

therapy resistance, as has been demonstrated, for ex-

ample, after treatment with the monoclonal antibody 

drug Rituximab [57]. In our study, WB analysis of 

all three models did not reveal any significant chang-

es in Bak and Bax protein levels in resistant cells 

compared to parental cells (Fig.  S5 in the Online Re-

source  1).

Comparative assessment of proliferative ac-

tivity and metabolism in parental and resistant 

to the BH3-mimetic S63845 cells. Malignant clones 

are capable of altering their proliferative activity and 

developing various metabolic adaptations during the 

development of resistance to chemotherapy. We ini-

tially analyzed potential changes in proliferation rate 

in cell populations resistant to Mcl-1 suppression us-

ing a clonogenic assay. In all three models, there was 

no statistically significant change in the proliferation 
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Fig. 5. Assessment of proliferative activity. Results of clonogenic assay for parental and S63845-resistant HeLa  (a), H23  (b), 
and SK-N-Be(2)c  (c) cells. Data are presented as mean ±  standard deviation, n  =  4; *  p  <  0.05, n.s. – not significant (U-test).

Fig. 6. Basal glycolysis (a-c) and respiration  (d-f) in parental and S63845-resistant HeLa  (a,  d), H23 (b,  e), and SK-N-Be(2)
c (c, f ) cells. Data are presented as mean ± standard deviation, n = 4 (e); n = 3 (a-d, e); * p < 0.05, n.s. – not significant (U-test).

rate of resistant cells compared to the wild-type cells 

(Fig.  5,  a-c).

Next, parental and S63845-resistant cells from 

all three lines were examined for possible metabolic 

changes using the Seahorse technology (Fig.  6).

In all three experimental models, basal glycolytic 

activity was unchanged in resistant clones compared 

to the original cell lines (Fig.  6,  a-c). Basal respiration 

also remained unchanged in the HeLa/HeLa-Res and 

SK-N-Be(2)c/SK-N-Be(2)c-Res pairs (Fig.  6,  d,  f ). How-

ever, a significant increase in cellular respiration 

was observed in resistant H23 cells compared to the 

parental H23 line (Fig.  6e), which likely contributes 

to the development of acquired resistance to Mcl-1 

inhibition.

Analysis of the efficiency of cisplatin and other 

BH3-mimetics in overcoming cancer cell resistance 

to Mcl-1 inhibition. To overcome acquired cancer cell 

resistance to the BH3-mimetic S63845, it is worthwhile 

to combine this compound with other chemothera-

peutic agents. We previously demonstrated that com-

bining the DNA-damaging agent cisplatin or selective 
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Fig. 7. Evaluation of the efficacy of cisplatin (a,  c) and Venetoclax (b,  d) in overcoming resistance of SK-N-Be(2)c cells to 
S63845. WB  (a,  b), MTS assay  (c), and subG1  (d) results. Incubation period: 24  h. Data are presented as mean ± standard 
deviation, n = 4; *  p < 0.05, n.s. – not significant (U-test).

antagonists of the anti-apoptotic proteins Bcl-2/Bcl-xL 

with S63845 can effectively overcome cancer cell 

resistance to the latter in HeLa and H23 cells [33]. 

In  our work, similar results were obtained in SK-N-

Be(2)c cells (Fig.  7; Fig.  S6 in the Online Resource  1).

Thus, cisplatin (Fig.  7,  a,  c), Venetoclax (Fig.  7, b,  d), 

and the BH3-mimetic to Bcl-xL A1331851 (Fig.  S6,  a-c 

in the Online Resource  1), when used in combination 

with S63845, enhanced the cytotoxicity of the latter 

and led to the comparable induction of cell death 

in both parental and Mcl-1 inhibition-resistant neu-

roblastoma cells, overcoming this type of resistance. 

Furthermore, as we have previously shown in other 

models [33], co-inhibition of Mcl-1 and Bcl-xL using 

the corresponding BH3-mimetics at low concentra-

tions (100  nM) led to the pronounced activation of 

apoptosis in SK-N-Be(2)c and SK-N-Be(2)c-Res cells af-

ter just 6  h (Fig.  S6a in the Online Resource  1).

Analysis of the efficiency of the GSK3 inhib-

itor to overcome cancer cell resistance to Mcl-1 

inhibition. GSK3 is a serine–threonine protein ki-

nase involved in regulating multiple intracellular 

signaling pathways. For example, in addition to its 

primary function of controlling glycogen metabolism, 

GSK3 plays a key role in carcinogenesis by activating 

the NF-κB signaling pathway, one of the key path-

ways that promotes cell survival. Activation of the 

NF-κB-dependent cascade could lead to inhibition of 

apoptosis, promote survival of malignant clones, and 

underlie resistance to chemotherapy. Therefore, GSK3 

is a promising target for anticancer therapy [58-60]. 

Earlier studies have demonstrated the ability of GSK3 

to regulate Mcl-1 [61,  62]. Therefore, a combination 

of inhibitors of both proteins could be effective in 

the induction of cancer cell death. Here, we assessed 

the feasibility of using CHIR99021, an inhibitor of 

the two major GSK3 isoforms GSK3α and GSK3β, to 

overcome cancer cell resistance to the BH3-mimetic 

S63845 (Fig.  8,  a,  b).

WB and flow cytometry analyses revealed that 

CHIR99021, used as a single agent, did not induce 

cell death in either parental or S63845-resistant HeLa 

cells. However, it did enhance S63845-mediated cell 

death in wild-type and, especially, in resistant HeLa 

clones, thereby overcoming resistance of this line to 

Mcl-1 inhibition (Fig.  8). Similar results were observed 

in H23/H23-Res (Fig.  S7, a, c in the Online Resource 1) 

and SK-N-Be(2)c/SK-N-Be(2)c-Res (Fig.  S7,  b,  d in the 

Online Resource  1) cells, as determined by WB and 

the MTS assay.
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Fig. 8. Evaluation of the efficacy of the GSK3 inhibitor CHIR99021 in overcoming resistance of HeLa cells to S63845. Results 
of WB   (a) and flow cytometry with annexin and PI double staining  (b). Incubation period: 24  h. Data are presented as 
mean ± standard deviation, n  =  4; *  p  <  0.05, n.s. – not significant (U-test).

Analysis of the efficiency of MDM2 antagonist 

and inhibitors of cellular respiration in overcom-

ing resistance of H23 cells to Mcl-1 inhibition. The 

transcription factor p53 is a critical tumor suppressor; 

however, its functional activity is typically suppressed 

in tumor cells due to either MDM2, a negative p53 

regulator, or mutations in the structure of the p53 

gene. In the first case, MDM2 antagonists, which 

have been actively studied in clinical trials over the 

past few years, could be utilized. In the second case, 

reactivators of mutant p53 could be used [63-65]. 

However, it has been found that MDM2 antagonists 

can also exhibit antitumor activity in cells regardless 

of the presence of p53 and its status [66-68]. Here, 

using the H23 cells, we found that the MDM2 antago-

nist Nutlin-3a, progenitor of this group of compounds 

[69], alone did not cause death of the original and 

S63845-resistant cells. However, it enhanced the cy-

totoxicity of S63845 in resistant clones, thereby over-

coming their resistance to Mcl-1 inhibition (Fig.  S8 in 

the Online Resource  1).

Next, we analyzed the feasibility of targeting cel-

lular respiration to overcome the resistance of H23 

cells to Mcl-1 inhibition. For this purpose, the ATP 

synthase inhibitor oligomycin, the protonophore CCCP, 

and inhibitors of ETC complexes  I (rotenone) and II 

(TTFA) were used (Fig.  9, Fig.  S9 in the Online Re-

source  1).

According to the results of WB analysis and 

the Alamar Blue assay, we found that only rotenone 

alone reduced the viability of the original H23 cells 

(Fig.  9,  b,  d). At the same time, rotenone, TTFA, and 

oligomycin statistically significantly reduced viability 

of resistant H23 cells (by 10-25%) according to the 

Alamar Blue assay; however, according to the WB 

results, they did not cause cleavage of the apoptotic 

markers (caspase-3 and/or PARP protein) (Fig.  9, 

Fig.  S9 in the Online Resource  1). Since the Alamar 

Blue assay, like the MTT/MTS tests, evaluates not only 

the direct viability of cells, but also their metabol-

ic and proliferative activities  [70], it can be assumed 

that the above-mentioned agents in H23-Res cells 

suppressed their metabolism, but did not cause ini-

tiation of their death at the indicated concentrations. 

As noted above, the level of respiration in resistant 

H23 cells is higher than in parental H23 cells, and, 

therefore, suppression of respiration affected their 

ability to proliferate. In combination with the Mcl-1 

antagonist S63845, all compounds, except CCCP, slight-

ly enhanced cytotoxicity in parental H23 cells and 

more significantly increased S63845-induced death in 

H23-Res cells (Fig.  9, Fig.  S9 in the Online Resource  1), 

thereby overcoming resistance to Mcl-1 inhibition 

and confirming the contribution of metabolic alter-

ations to this type of resistance.

DISCUSSION

The development of acquired drug resistance to 

chemotherapeutic agents is one of the most important 

problems in oncology, as decreased sensitivity of ma-

lignant clones to therapy leads to cancer progression 

and subsequent death of patients. As previously noted, 
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Fig. 9. Evaluation of the efficacy of TTFA (a,  c) and rotenone (b, d) in overcoming resistance of H23 cells to S63845. Results 
of WB (a, b) and Alamar Blue assay  (c,d). Incubation period: 24 h. Data are presented as mean ±  standard deviation, n  = 4; 
*  p  <  0.05, n.s. – not significant (U-test).

inhibition of anti-apoptotic proteins of the Bcl-2 fam-

ily represents a promising approach for treating can-

cer patients. Approximately 20 years ago, the first 

non-selective BH3-mimetic, ABT-737, was developed, 

followed by the development of selective antagonists 

of Bcl-2, Bcl-xL, and Mcl-1. However, limited effica-

cy and observed side effects have not allowed these 

BH3-mimetics, except for Venetoclax, to be approved 

for clinical use to date [9]. It should be noted that 

various approaches to inhibit anti-apoptotic proteins 

of the Bcl-2 family, including Mcl-1, are in progress 

[10]. For example, in 2025, a study was launched 

to evaluate the new compound S227928 in patients 

with myelodysplastic syndrome, acute myeloid leu-

kemia (AML), and chronic myelomonocytic leukemia, 

both as an individual agent and in combination with 

Venetoclax (NCT06563804). S227928 is the Mcl-1 an-

tagonist S64315/MIK665 conjugated to a monoclonal 

antibody that targets the membrane protein CD74, 

the gene of which is actively expressed in AML cells 

[40]. Establishing potential reasons for resistance to 

Mcl-1 inhibition and identifying approaches to over-

come it may contribute to the successful completion 

of clinical trials for this group of compounds in the 

future. To generate cell populations resistant to Mcl-1 

inhibition, we selected three cell lines of different or-

igins (HeLa, H23, and SK-N-Be(2)c), which are high-

ly sensitive to the suppression of this protein [33]. 

There are two main strategies for obtaining resistant 

clones. The first involves culturing tumor cells with 

high concentrations of chemotherapeutic agents for 

several months. In this case, the clones most adapted 

to therapy survive; however, this scheme could lead 

to artifactual results, since such conditions are not 

present in the patient’s body. Another strategy in-

volves alternating short periods of incubation of the 

original cells with gradually increasing concentra-

tions of anticancer agents and drug-free periods. This 

“pulse” approach was chosen in our study, as it mim-

ics the course of treatment for cancer patients [52, 

70, 71].

Subsequent analysis revealed that in all three 

cell lines, the observed resistance to the Mcl-1 an-

tagonist S63845 is not associated with MDR1-linked 

drug efflux systems. In two of the three cell models 

of this type of resistance, clones with increased ex-

pression of the genes encoding other anti-apoptotic 

proteins, Bcl-2 in SK-N-Be(2)c cells or Bcl-xL in HeLa 



RESISTANCE TO MCL-1 INHIBITION 2021

BIOCHEMISTRY (Moscow) Vol. 90 No. 12 2025

cells, were generated. Moreover, these resistant cells 

became less sensitive to death triggered by the genet-

ic silencing of Mcl-1. Thus, survival of resistant SK-

N-Be(2)c and HeLa cells depends less on Mcl-1 and 

more on other Bcl-2 family anti-apoptotic proteins, 

clearly demonstrating the aforementioned compen-

satory phenomenon of these proteins. Earlier studies 

have revealed that the loss of cancer cell sensitivity 

to Venetoclax is accompanied by increased levels of 

the Bcl-xL and Mcl-1 proteins [8, 20, 35].

While studying the mechanisms of malignant 

clones’ resistance to Venetoclax, it was suggested that 

the Bcl-2 protein could mutate and alter its struc-

ture, thus preventing binding of Venetoclax to its 

target and neutralizing the anti-apoptotic activity 

of Bcl-2 [8, 72]. Novel Bcl-2 antagonists, triggering 

cell death in Venetoclax-resistant cells, have already 

been developed [73]. Furthermore, mutations could 

occur in the Bax protein gene, which primarily in-

teracts with Bcl-2, disrupting functional activity of 

the effector protein and blocking initiation of apop-

tosis [38]. In our study, no mutations were detected 

that affected the structure and function of either 

Mcl-1 or its proapoptotic partner Bak. Currently, lit-

tle data on mutations in the Mcl-1 structure have 

been found that could interfere with its inhibition 

by selective antagonists. Mutations in the MCL1 and 

BAK genes, which are rare in tumors [35,  74], ap-

pear to be an unlikely cause of this type of resis-

tance; however, this issue requires further clarifica-

tion [35].

The presence of drug resistance is often charac-

terized not only by the decrease in cell death activa-

tion but also by metabolic adaptations and changes 

in proliferation rates, and both modifications could 

change in opposite directions. Indeed, previously we 

found that resistance to cisplatin is accompanied by 

a decrease in proliferation and metabolism of mutant 

clones [70], while the opposite pattern was observed 

in the case of resistance to the MDM2 antagonist 

RG7388 [46]. In other models of cisplatin resistance, 

resistant clones could switch either to the predomi-

nantly anaerobic type of metabolism, increasing gly-

colysis and slowing oxidative phosphorylation, or to 

an aerobic type with opposite metabolic changes [75]. 

Here, proliferative activity of wild-type and S63845-re-

sistant cells has not changed, and no changes in gly-

colysis occurred. Only in resistant H23 cells was an 

increase in cellular respiration detected. Since the 

profile of anti-apoptotic proteins of the Bcl-2 family 

remained unchanged, the detected metabolic adapta-

tion could determine resistance to Mcl-1 inhibition. 

Its importance for the survival of H23 cells was con-

firmed by us using various inhibitors of cellular res-

piration, which enhanced the cytotoxicity of S63845 

and led to overcoming the resistance to its action.

Finally, combining various chemotherapeutic 

agents is a rational approach in clinical practice, al-

lowing both to prevent the development of acquired 

resistance by using reduced concentrations of each 

drug, thereby reducing the toxic effect on healthy 

cells, and to overcome the formed resistance by 

enhancing the cytotoxic effect compared to mono-

therapy. A promising direction is the combined use 

of various BH3-mimetics, which could reduce the 

above-mentioned compensatory phenomenon. In ad-

dition, combinations of BH3-mimetics and DNA-dam-

aging agents, or MDM2 antagonists, have the poten-

tial for high therapeutic effect [35]. The feasibility of 

combining S63845 with Venetoclax, a Bcl-xL antag-

onist, cisplatin, and MDM2 antagonists was demon-

strated by us in various experimental models, both 

in this study and in several previous studies [33, 46]. 

For example, it has recently been shown that the 

MDM2 antagonist RG7388 could induce both apopto-

sis and pyroptosis, mediated by, among other factors, 

reactive oxygen species (ROS) in H23 cells expressing 

mutant p53 protein [76]. Since we have demonstrat-

ed that H23-Res cells exhibit increased cellular res-

piration, potentially resulting in higher ROS levels, 

it is likely that the mechanism described above for 

RG7388 explains the effect of overcoming H23 cell 

resistance to S63845 when combined with the MDM2 

antagonist Nutlin-3a. In addition, we demonstrated for 

the first time the effectiveness of the combination of 

selective GSK3 and Mcl-1 antagonists in overcoming 

cancer cell resistance to the action of the latter.

CONCLUSION

Three cell types, HeLa, H23, and SK-N-Be(2)c, were 

used to study possible reasons for acquired resistance 

of cancer cells to the BH3-mimetic S63845, the Mcl-1 

antagonist. Various potential mechanisms for avoid-

ing cell death during Mcl-1 inhibition were identified 

in resistant populations: increased expression of the 

Bcl-xL or Bcl-2 genes was found in HeLa and SK-N-

Be(2)c cells, respectively, and no changes in the levels 

of anti-apoptotic Bcl-2 family proteins were observed 

in H23 cells. However, an increased cellular respira-

tion was detected in H23 cells, clearly demonstrating 

multifactorial mechanisms underlying acquired drug 

resistance. No mutations that could alter the structure 

or function of Mcl-1 or its proapoptotic partner, Bak, 

were found in all selected cell lines. Cell proliferative 

activity was unchanged in S63845-resistant cell lines, 

and metabolic adaptations were detected only in H23 

cells. Use of the MDM2 antagonist Nutlin-3a or inhibi-

tors of cellular respiration (oligomycin, rotenone, and 

TTFA) enhanced cytotoxicity of S63845 in resistant H23 

cells, which led to overcoming resistance to  its action. 
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Finally, in addition to combining S63845 with cispla-

tin or BH3 mimetics, the feasibility of combining the 

Mcl-1 antagonist with the GSK3 inhibitor CHIR99021 

was demonstrated in all models.
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caspase-3
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