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A B S T R A C T   

The inhibition of bromo- and extraterminal domains (BET) has shown an anti-proliferative effect in triple 
negative breast cancer (TNBC). In this article we explore mechanisms of resistance to BET inhibitors (BETi) in 
TNBC, with the aim of identifying novel ways to overcome such resistance. Two cellular models of acquired 
resistance to the BET inhibitor JQ1 were generated using a pulsed treatment strategy. MTT, colony formation, 
and cytometry assays revealed that BETi-resistant cells were particularly sensitive to PLK1 inhibition. Targeting 
of the latter reduced cell proliferation, especially in resistant cultures. Quantitative PCR analysis of a panel of 
mitotic kinases uncovered an increased expression of AURKA, TTK, and PLK1, confirmed by Western blot. Only 
pharmacological inhibition of PLK1 showed anti-proliferative activity on resistant cells, provoking G2/M arrest, 
increasing expression levels of cyclin B, pH3 and phosphorylation of Bcl-2 proteins, changes that were accom-
panied by induction of caspase-dependent apoptosis. JQ1-resistant cells orthotopically xenografted into the 
mammary fat pad of mice led to tumours that retained JQ1-resistance. Administration of the PLK1 inhibitor 
volasertib resulted in tumour regression. These findings open avenues to explore the future use of PLK1 inhibitors 
in the clinical setting of BETi-resistant patients.   

1. Introduction 

Epigenetic alterations are increasingly becoming recognized as 
important pathophysiological factors contributing to the genesis of 
several neoplasias. Therefore, targeting epigenetics has become an 
attractive approach for the treatment of cancer [1] and, particularly, the 
inhibition of bromo- and extraterminal domains (BET) has gained spe-
cial interest [2]. Recently, BET inhibitors (BETi) have shown 
anti-tumour activity in different solid tumours by reducing the expres-
sion of several transcription factors (TFs) [2–4]. Indeed, some of these 
TFs are well known factors linked to the genesis of cancer, as is the case 

of c-MYC, and downregulation of their expression can induce tumour 
regression [5–8]. 

BETi have shown anti-proliferative activity in triple negative breast 
cancer (TNBC) [5,6]. We and others demonstrated that BETi provoked 
G1 arrest due to an increase in p27 [5]. In TNBC cell lines, BETi caused 
downregulation of other TFs, like DEPDC, FOXM1, and LMO4 [5]. 
Additional mechanisms of action have been also described, as those 
leading to the reduction of genes linked with hypoxia and angiogenesis 
[9]. When exploring potential combinations for clinical development, 
BETis have shown synergistic interactions with most chemotherapies 
used for the treatment of TNBC, opening the door for the design of 
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studies in humans with these therapies [5]. 
As for many other therapeutic interventions, the eventual develop-

ment of resistance to BETi is expected to limit their therapeutic efficacy. 
Indeed, several resistance mechanisms have been described for this 
family of compounds, including the presence of a stem-cell-like pheno-
type, the activation of kinases such as CSK1, or the reactivation of 
intracellular signalling pathways, like the MAPK route [6,10–14]. Other 
reports have described options to enhance the efficacy of BETi in 
non-resistant models, for example using agents that induce apoptosis, 
such as Bcl-2 inhibitors, or when combining with inhibitors of kinases 
involved in the regulation of mitosis, like PLK1 or AURKA [15–17]. 

In this context, we focused on two objectives: (i) to identify the 
mechanism of acquired resistance to BETi and (ii) to identify pharma-
cological vulnerabilities that would overcome this resistance. Using both 
in vitro and in vivo BETi-resistant models, hereby we demonstrate that 
inhibition of the mitotic kinase PLK1 produces G2/M arrest, caspase- 
dependent apoptotic cell death, and tumour regression in these 
models, suggesting that targeting PLK1 may provide a novel strategy to 
overcome BETi resistance in TNBC. These findings open the door for the 
development of clinical studies combining both agents, particularly in 
patients that have become resistant to BET inhibitors. 

2. Materials and methods 

2.1. Cell culture and drug compounds 

The TNBC cell lines MDA-MB-231 and HS578T, authenticated by 
STR profiling (Hospital Universitario de Salamanca), were used to 
develop BETi resistant models. Briefly, cells were exposed to pulses (72 
h, every week) of JQ1 (1–10 μm). The resistant models were established 
after 6 months approximately. All cells were grown in DMEM containing 
10% fetal bovine serum (FBS), 100 U/ml penicillin, 100 μg/ml strep-
tomycin, and 2 mM L-glutamine and maintained at 37 ◦C in a 5% CO2 
atmosphere. Cell culture media, supplements and rapamycin (mTORC1 
inhibitor) were obtained from Sigma Aldrich (St. Louis, MO, USA). JQ1, 
OTX015 (BETi), volasertib (PLK1 inhibitor), alisertib (AURKA inhibitor) 
and trametinib (MEK inhibitor) were from Selleckchem (Houston, TX, 
USA). RO3280 and Tak-960 (PLK1 inhibitor) were purchased from 
MedChemExpress (Monmouth Junction, NJ, USA). 

2.2. Cell proliferation, genetic interference and colony-formation 
experiments 

Cell proliferation was measured using MTT (3-(4, 5-dimethylthiazol- 
2-yl)-2, 5 diphenyltetrazolium bromide) (Sigma Aldrich). TNBC cells 
(10,000/well, 48-multiwell plates) were treated for three days with 
increasing concentrations of JQ1, OTX015, volasertib, RO3280, Tak- 
960, trametinib, rapamycin, or alisertib. For synergy studies, cells 
were treated with JQ1 alone or in combination with volasertib. Then, 
medium was replaced with phenol red-free DMEM containing MTT (0.5 
mg/ml) and incubated for 45 min at 37 ◦C. Medium was then removed 
and 0.5 ml dimethylsulfoxide (DMSO) (Thermo Fisher Scientific, Wal-
tham, MA, USA) was added to each well. Absorbance (A555 nm-A690 nm) 
was recorded in a multiwell plate reader (BMG labtech, Ortenberg, 
Germany). 

For lentiviral-based genetic interference of PLK1, 4 μg of the 
following plasmids: pMDLg/RRE, pRSV-Rev and pMD2.G (Addgene, 
Cambridge, MA, USA), along with 8 μg of the pLKO.1 lentiviral plasmid 
containing a scramble shRNA (sh-Control) or the indicated shRNA (sh- 
PLK1) (GE Dharmacon, Lafayette, CO, USA) were co-transfected into 
HEK293T cells using jetPEI® reagent (Polyplus-transfection, Illkirch, 
France). Twenty-four hours later, the HEK293T medium was replaced 
with fresh medium and 48 h after co-transfection, the medium con-
taining lentiviral particles was collected, filtered and used to infect 
MDA-MB-231 resistant to JQ1 cells (MDA-MB-231R), in the presence of 
6 μg/ml polybrene. MDA-MB-231R cells were cultured for 48 h to allow 

for efficient protein knockdown and were subsequently selected with 3 
μg/ml puromycin (Sigma-Aldrich) for another 48 h. Four different 
shRNA sequences targeting PLK1 were tested and the two achieving an 
efficient knockdown without showing cell toxicity were used. The effect 
of JQ1 on infected cells was evaluated by MTS assay. Cells were seeded 
(10,000 cells/well, 24-multiwell) and 24 h after were treated with JQ1 
(0.2, 0.4 and 1 μM). MTS was added and plates were incubated for 3 h, 
then, formazan was dissolved with isopropanol and 0.01 M HCl. 
Absorbance (A570 nm-A690 nm) was recorded in a multiwell plate reader 
(BMG labtech, Ortenberg, Germany). 

For the colony-forming assay, parental and resistant models were 
cultured at a density of 200,000 cells in 100 mm culture dishes. The 
following day, cells were treated with JQ1 (0.16 μM, 0.3 μM), volasertib 
(8 nM, 10 nM) or a combination of both for 24 h. Then, cells were 
trypsinized, counted and seeded in 6-multiwell plates (5000 cells/well). 
After 10 days, cells were fixed with glutaraldehyde (0.5%, for 15 min) 
and then stained with crystal violet (0.05%, for 10 min). Colonies were 
then counted assisted with Image J software. 

2.3. Flow cytometry analyses 

To evaluate the cell cycle, cells were grown in 35 mm dishes and 24 h 
later treated with JQ1 (0.16 μM), volasertib (8 nM) or the combination 
of both for an additional 12 h period. Then, cells were collected, washed 
twice with cold PBS, fixed in ice cold 70% ethanol for 30 min and 
subsequently centrifuged at 120×g for 5 min. Cell pellets were washed in 
PBS+2% BSA and treated with Propidium iodide/RNAse staining solu-
tion (Immunostep S.L., Salamanca, Spain) in the dark for 1 h at 4 ◦C. 
Samples were analysed using a FACSCanto II flow cytometer (BD Bio-
sciences, San Jose, CA, USA) and the data analysis was performed using 
the FACS Diva software. 

For apoptosis and caspase assays, cells were cultured at a density of 
200,000 per 35 mm dish. After 24 h, cells were pre-treated with QVD- 
OPh pan-caspase inhibitor (10 μM) for 45 min before adding JQ1 
(0.16 μM), volasertib (8 nM) or its combination for 48 h. Then, cells were 
trypsinized, pooled with the floating cells and washed twice with cold- 
PBS. After that, cells were stained with 5 μl of Annexin V-DT-634 
(Immunostep S.L.) in 1× Binding Buffer (10 mM HEPES, pH 7.4, 140 
mM NaOH, 2.5 mM CaCl2) for 1 h at room temperature in the dark. 

2.4. Caspase-3 activity assays 

MDA-MB-231 parental cells (MDA-MB-231S) and MDA-MB-231R 
were lysed and protein concentration was determined by the BCA 
assay (Thermo Fisher Scientifics). Then, 50 μg of cell lysates were placed 
in 96-well plates. Caspase reaction buffer (50 mmol/l HEPES pH 7.4, 
300 mmol/l NaCl, 2 mmol/l EDTA, 0.2% CHAPS, 20% sucrose, 20 
mmol/l DTT, and 10 μmol/l fluorescently labeled caspase substrate Ac- 
DEVD-AFC) was added to each well containing cell lysates. The plate 
was shaken to mix the solution and incubated at 37 ◦C for 1 h. Signals 
were measured at 400/505 nm in a fluorescent reader (BioTek, 
Winooski, VT, USA). 

2.5. Immunofluorescence 

Cells grown on glass coverslips were washed and fixed in 4% para-
formaldehyde for 10 min at room temperature. Monolayers were rinsed 
twice with PBS and blocked in PBS containing 0.1% Triton X-100 and 
4% BSA for 1 h, and subsequently incubated overnight at 4 ◦C with anti- 
β-tubulin (1:250, Santa Cruz Biotechnology, Dallas, TX, USA) or anti- 
Nucleoporin p62 (1:250, BD Biosciences). Coverslips were washed 
three times with PBS and incubated with an anti-mouse Alexa Fluor 568 
(1:1000) antibody for 60 min. DAPI (300 nM) was added for 10 min and 
washed twice with PBS before mounting. Fluorescence confocal imaging 
was performed using a Zeiss LSM 710 confocal microscope. For the 
mitotic arrest analysis, 10 random images were obtained from each 
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coverslip in three independent experiments and percentage of mitotic 
arrest was calculated. 

2.6. Preparation of cell lysates and Western blot 

Cells were grown at a density of 500,000 cells/100 mm dish, main-
tained overnight in DMEM+10% FBS, and treated later with JQ1 (0.16 
μM), volasertib (8 nM) and the combination for 12, 24 and 48 h. Then, 
cells were washed with cold PBS and lysed in cold lysis buffer (20 mM 
Tris–HCl [pH 7.0], 140 mM NaCl, 50 mM EDTA, 10% glycerol, 1% 
Nonidet P-40, 1 μM pepstatin, 1 μg/ml aprotinin, 1 μg/ml leupeptin, 1 
mM PMSF, 1 mM sodium orthovanadate, 25 mM β-glycerophosphate 
and 50 mM NaF). Insoluble material was removed by centrifugation at 
10,000×g for 10 min. 

For Western blotting, 50 μg protein was determined by 6%–15% 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
and transferred to polyvinylidene difluoride membranes (Merck milli-
pore, Darmstadt, Germany). Blots were blocked for 1 h in 1× Tris- 
buffered saline (TBS, 100 mM Tris [pH 7.5], 150 mM NaCl) contain-
ing 0.05% Tween 20 and 1% of bovine serum albumin. Then, mem-
branes were incubated overnight with the following primary human 
monoclonal/polyclonal antibodies: anti-Bcl-xL (610211) (BD Bio-
sciences), anti-GAPDH (sc-166574), anti-cyclin B (sc-245), anti-Bcl-2 
(#sc-783), anti-Mcl-1 (sc-819), anti-β-actin (sc-47778) (Santa Cruz 
Biotechnology), anti-APAF-1 (#8969), anti-caspase-8 (#9746), anti- 
caspase-9 (#9502), anti-cleaved caspase-3 (#9664), anti-p(S139) 
H2AX (#2577), anti-p(Y15)CDK1 (#9111), anti-p27 (#3686), anti- 
cyclin E (#4129), anti-PLK1 (#4513), anti-Wee1 (#13084), anti-TTK 
(#5469), anti-AURKA (#3875T), anti-pERK1/2 (#9106), anti-pS6 
(#2215) (Cell Signalling Technologies, Beverly, MA, USA), anti-pH3 
(06-570), and anti-calnexin (SPA-860) (Stressgen Bioreagents, San 
Diego, CA, USA). Protein-bound primary antibodies were identified 
using horseradish peroxidase-coupled secondary antibodies (anti-rabbit 
or anti-mouse obtained from Bio-Rad (Hercules, CA, USA) and GE 
Healthcare (Buckinghamshire, United Kingdom), respectively) diluted 
1:5000 in 1× TBS containing 0.05% Tween and incubated for 30 min at 
room temperature. Protein bands were detected using ECL Plus Western 
Blotting Detection System (GE Healthcare). 

The phosphorylation status of a set of receptor tyrosine kinases 
(RTKs) and downstream signalling nodes was evaluated with the 
PathScan RTK Signalling Antibody Array Kit, Cell Signalling Technol-
ogy. Antibody array membranes were incubated with 150 μg of protein 
lysates. Quantitation of the different RTKs and cell signalling in-
termediates in the membranes was performed using the ImageJ analysis 
software (NIH image) and expressed as the % of pixel density (OD/ 
mm2). The pixel density of the background was subtracted from the pixel 
density of each spot, and the average of duplicate spots was determined. 

2.7. Quantitative PCR 

Total RNA was obtained using the RNeasy Mini Kit (Qiagen, Hilden, 
Germany). After extraction, concentration and purity were determined 
using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scien-
tific) and, subsequently, 1 μg of total RNA was reverse-transcribed using 
RevertAid H Minus First Strand cDNA synthesis Kit (Thermo Fisher 
Scientific) in a thermocycler (Bio-Rad) under the following reaction 
conditions: 65 ◦C for 5 min, 42 ◦C for 60 min and 70 ◦C for 10 min. The 
cDNAs were then subjected to a real-time PCR analysis using Fast SYBR 
Green Master Mix in StepOnePlus Real-Time PCR system (Applied Bio-
systems, Foster city, CA, USA). Primer sequences used were as follows:  

18s forward 5′- GAGGATGAGGTGGAACGTGT-3′

18s reverse 5′- TCTTCAGTCGCTCCAGGTCT-3′

AURKA forward 5′- ATATCTCAGTGGCGGACGAG-3′

AURKA reverse 5′- AAGCAGTATCCTACAGGGCG-3′

AURKB forward 5′- CTAAGGATGGCCCAGAAGGAG-3′

AURKB reverse 5′- TTGTGAAGTGCCGCGTTAAG-3′

BUB1 forward 5′- CACTTGGGACTGTTGATG -3′

BUB1 reverse 5′- TGGATAGGAACTCACTGGT-3′

BUB1B forward 5′- GGATGGGTCCTTCTGGAAACT-3′

BUB1B reverse 5′- CACTGAAAGAGCAAAGCCCC-3′

CDK1 forward 5′- AAATTGAGCGGAGAGCGACG-3′

CDK1 reverse 5′-TGGCTACCACTTGACCTGTAG-3′

PBK forward 5′-GCGGTGAGACTCTGGACTGA-3′

PBK reverse 5′-AACGGAGAGGCCGGGATATT-3′

PLK1 forward 5′-TGACTCAACACGCCTCATCC-3′

PLK1 reverse 5′-GCTCGCTCATGTAATTGCGG-3′

MAPK6 forward 5′-ATGTGGCATCGCAGTCTCTT-3′

MAPK6 reverse 5′-CCCAAGAGTGAAACAGGAGC-3′

NEK2 forward 5′-AGTTCCTGTCTCTGGCAAGT-3′

NEK2 reverse 5′-AGGTCCTTGCACTTGGACTTAG-3′

TTK forward 5′-TCAAGGAACCTCTGGTGTCA-3′

TTK reverse 5′-AAGACAGGTTGCTCAAAAGTGG-3’                               

An initial step was performed at 95 ◦C for 10 min, followed by 40 
cycles of 95 ◦C for 15 s and finished by 60 ◦C for 1 min. Each sample was 
analysed in triplicates and cycle threshold (Ct) values of transcripts was 
determined using StepOne Software v.2.1. The Ct values were calculated 
using 18s as reference. MDA-MB-231S cells were used as control to 
calculate the Ct value and to determine the X-fold mRNA expression. 

2.8. In vivo studies 

BALB/c-nu/nu mice (female, 5 weeks) were orthotopically injected 
with 2.5 × 106 cells/flank into the mammary fat pads. In a first 
approach, animals were inoculated with MDA-MB-231S and MDA-MB- 
231R and, next, treated with volasertib (20 mg/kg, i.v. every three 
days) or vehicle (i.v. every three days) (n = 7 animals/group) [18]. In a 
second approach, mice were injected with MDA-MB-231R cells and 
treated with JQ1 (50 mg/kg, i.p. daily) (n = 14). After a week, mice were 
randomized into two groups (n = 7) to either continue under this 
compound regimen or receive volasertib (20 mg/kg, i.v. every three 
days for nine days). Tumours were measured every three days and 
tumour volumes were calculated using the following formula: V = (L ×
W2)/2, where V = volume mm3, L = length (mm) and W = width (mm). 
All the treatments started when the mean volume of tumours for the 
groups reached to 100–150 mm3. Mice with tumours that did not reach a 
volume of 60 mm3 after three weeks of the inoculation were discarded. 
Mice were sacrificed by CO2 inhalation and tumours were immediately 
weighed and stored at − 80 ◦C. For biochemical analyses, tumours were 
minced, washed with PBS, and homogenized with Dispomix (L&M 
Biotech, Holly Springs, NC, USA) in ice-cold lysis buffer (1.5 ml/100 mg 
of tumour). This homogenate was centrifuged at 10,000×g for 20 min, 
and the supernatants were transferred to new tubes. This study was 
reviewed and approved by the Animal Experimentation Ethics Com-
mittee of Castilla-La Mancha University (Procedure PR-2017-03-07). 
Mice were controlled at the animal facility following local legal guide-
lines. Before i.v. treatments, animals were anaesthetized with sevo-
flurane to reduce stress. 
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2.9. Statistical analysis 

We used the student’s t-test for independent samples. The level of 
significance was considered 95%, therefore, p values lower than 0.05 
were considered statistically significant: *p < 0.05; **p < 0.01 and ***p 
< 0.001. Calculations were made with statistical softwares SPSS version 
22 (IBM SPSS Statistics) and GraphPad Prism 7.0. 

All results (unless indicated) are presented as the mean ± SD of three 
independent experiments, each of them performed in triplicate. 

3. Results 

3.1. Generation of resistant models to BETis and biochemical 
characterization 

To generate BETi-resistant MDA-MB-231 and HS578T cells, we used 
a pulsed treatment strategy with the BETi JQ1 administered as shown in 
Fig. 1A. Once cell lines became resistant, we confirmed that they also 
displayed cross-resistance to the alternative BETi OTX015 (Fig. 1B and 
C). JQ1-resistant cell lines were named MDA-MB-231R and HS578TR. 

Activation of intracellular signalling pathways has been associated 
with resistance to BETi, and inhibition of those pathways can augment 
the efficacy of this family of compounds [13,14]. To investigate this 
hypothesis in resistant models of TNBC, a phosphoproteomic array was 
performed to evaluate the phosphorylation status of 39 proteins. Phos-
phorylation of ribosomal protein S6 and ERK1/2 was observed in both 
parental and resistant cell lines, being this activation more evident in the 
resistant model (Fig. 2A and B). Subsequently, we explored the effect 

that pharmacological inhibition of these signalling pathways, with 
rapamycin and trametinib, mTORc1 and MEK1/2 inhibitors respec-
tively, would have on cell survival. Both inhibitors produced a sub-
stantial decrease in MTT metabolization, although no differences were 
found between parental (sensitive) and resistant cells (Fig. 2C and 
Supplementary Fig. 1). To further investigate the molecular mechanisms 
implicated in this acquired resistance, we next evaluated the levels of 
several mitotic kinases that have been described as potential modifiers 
of the effect of JQ1 [15–17]. Evaluation of mRNA expression levels by 
qRT-PCR showed a significant increase of PLK1, AURKA, and TTK in the 
resistant model when compared to the sensitive one. This increase was 
also validated by Western blot, confirming that resistant cells display 
higher protein levels of these kinases (Fig. 2D and E). No significant 
differences were found for the rest of the kinases studied, among them 
CDK1, PBK, NEK2, AURKB, MAPK6, BUB1B, and BUB1 (Fig. 2D). 

3.2. Pharmacological inhibition of PLK1 has a more profound anti- 
proliferative effect in the resistant models 

In this context, we studied the impact on resistant cells of the clinical 
stage inhibitors volasertib, alisertib and AZ3146, directed against PLK1, 
AURKA and TTK, respectively. Although all three inhibitors affected 
MTT metabolization, only the PLK1 inhibitor, volasertib, displayed a 
marked differential effect on the resistant cells when compared to the 
parental (Fig. 2F). We validated the antiproliferative action using two 
different PLK1 inhibitors, RO3280 and Tak-960 (Supplementary Fig. 2). 
Altogether, this set of experiments confirmed that pharmacological in-
hibition of PLK1 displayed a differential effect in parental and BETi- 

Fig. 1. TNBC cells can develop resistance to the BETi. A. Graphical description of the procedure by which lines resistant to JQ1 were generated. B and C. Dose 
response MTT assays were used to validate the resistance of MDA-MB-231R and HS578TR to JQ1 (B) and to another BETi, OTX015 (C). *p < 0.05; **p < 0.01; ***p 
< 0.001. 
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resistant cell lines, while inhibition of other altered kinases failed to do 
so. To verify the importance of PLK1 in the resistance to BETi in our 
models, a genetic approach was used. Western blotting analyses showed 
efficient lentiviral-mediated knockdown of PLK1 in the resistant model 
(Fig. 2G). Decreasing PLK1 augmented the antiproliferative action of 
JQ1 in the resistant cells (Fig. 2G). Together, these results indicate that 
inhibition of PLK1 rescues sensitivity to JQ1. 

3.3. The combination of JQ1 and volasertib does not improve the effect of 
volasertib as a single agent 

We next aimed to explore the effect of the combination of volasertib 
and JQ1 in TNBC BETi-resistant cell lines. The drug combination dis-
played a marked effect in the resistant models when compared to 
treatment with JQ1 alone and was similar to the activity observed in the 
sensitive cells (Fig. 3A and Supplementary Fig. 3A). However, when 
compared to the use of volasertib as a single agent, no significant dif-
ferences were found in the resistant models, in sharp contrast to the 
sensitive ones. In line with these results, while a synergistic effect was 

Fig. 2. JQ1-Resistant TNBC cell lines are sensitive 
to PLK1 inhibition. A. Phospho-RTK profile in MDA- 
MB-231S and R. Quantification of signal intensity: 
increment of blue is correlated with higher levels of 
RTK-phosphorylation. B. Activation profile was 
confirmed with Western blot. C. Effect on cell prolif-
eration of MEK (trametinib) and mTORc1 (rapamy-
cin) inhibitors in parental and resistant cell lines after 
72 h of treatment. D. mRNA levels of selected genes 
were determined by quantitative rt-PCR in MDA-MB- 
231S and MDA-MB-231R cells. PCR conditions and 
primer sequences are described in “Material and 
Methods”. E. Protein levels of AURKA, PLK1 and TTK 
were analysed by Western blot. F. Cell lines were 
treated with AURKA, PLK1, and TTK inhibitors (ali-
sertib, volasertib, and AZ3146) for 72 h and cell 
viability was evaluated by MTT assay. G. Four 
shRNAs-pLKO.1 targeting PLK1 (shRNA-PLK1) and a 
shRNA-pLKO.1 (shRNA-C) were delivered to MDA- 
MB-231R through lentivirus infection. PLK1 protein 
levels were analysed by Western blot. β-actin was used 
as a loading control (left panel). Analysis of the effect 
of JQ1 on cells with decreased PLK1. MTS assays in 
response to JQ1 at the indicated doses were per-
formed on selected stable clones 72 h post-treatment. 
Statistical differences were calculated between MDA- 
MB-231R sh-RNA-C and MDA-MB-231R shRNA-PLK1 
#3 and #4. *p < 0.05; **p < 0.01; ***p < 0.001. (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   

C. Nieto-Jimenez et al.                                                                                                                                                                                                                         



Cancer Letters 491 (2020) 50–59

55

observed in sensitive cells [15], no synergistic interaction was identified 
in the resistant models (Fig. 3B and Supplementary Fig. 3B). Colony 
formation assays supported the relevant activity of the combination in 
both cell models but, in agreement to the previous result, volasertib as a 
single agent was able to exert the same effect that the combination in 

resistant cells (Fig. 3C and Supplementary Fig. 3C). 

3.4. Volasertib alone leads to G2/M arrest in BETi-resistant cells 

To gain insights into the mechanism of action of volasertib in the 

Fig. 3. The combined inhibition of BET 
and PLK1 does not improve the effect of 
volasertib as a single agent in TNBC 
resistant cells. A. Antiproliferative effect of 
the combination of JQ1 and volasertib. 
Sensitive and resistant cells were treated at 
the indicated doses of the drugs for 72 h. B. 
Quantitation of synergistic anti-proliferative 
effect of JQ1 and volasertib in MDA-MB- 
231S and MDA-MB-231R cells. Combina-
tion indexes (CI) for the different drug 
combinations were obtained using CalcuSyn 
program and plotted. Means and ±SD are 
indicated in the table. The combinations are 
indicated by the numbers 1, 2 and 3, where 1 
(JQ1 0.12 μM + volasertib 6 nM), 2 (JQ1 
0.14 μM + volasertib 7 nM) and 3 (JQ1 0.16 
μM + volasertib 8 nM). C. Colony-forming 
capacity of parental and resistant cells 
upon 24 h exposure to JQ1 (0.16 μM), vol-
asertib (8 nM), and combination of both. *p 
< 0.05; **p < 0.01; ***p < 0.001.   

Fig. 4. Cell cycle analyses of JQ1 and volasertib in normal and resistant cell lines. A. DNA histograms generated by flow cytometry show the distribution of cell 
populations in each phase of cell cycle for MDA-MB-231S and R cells treated with JQ1 (0.16 μM), volasertib (8 nM) and the combination for 12 h. The percentage of 
cell populations in G0/G1, S, or G2/M are indicated over the histogram. B. Expression of proteins involved in cell cycle in both cell lines treated for 12 and 24 h with 
JQ1, volasertib, and the combination. C. Quantification of the percentage of mitotic arrest is shown in the histogram. Control and JQ1-treated cells did not show 
mitotic arrest, while it could be observed in cells treated with volasertib, or the combination of both inhibitors. *p < 0.05; **p < 0.01; ***p < 0.001. 
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resistant models, we explored its effect as a single agent or in combi-
nation with JQ1 in MDA-MB-231R. Volasertib alone induced a clear 
arrest in G2/M, even more prominent than that observed in parental 
cells (Fig. 4A). Accordingly, combination of both agents induced a 
marked increment in G2/M arrest for sensitive cells while this increment 
was less pronounced for resistant cells, in line with previous results. At 
the biochemical level, we observed a striking increase in the expression 
of pH3 in MDA-MB-231R following volasertib exposure. This increase 
was only observed in the parental model at the latter time point of the 
combination, but in a much lesser extent (Fig. 4B). To further confirm 
the effect of PLK1 inhibition on mitosis in the resistant cells, existence of 
mitotic arrest was investigated. As it can be seen in Fig. 4C, again, 
volasertib exerted a higher effect on mitotic arrest in the resistant model. 
When administered with JQ1, no significant differences were found, 
contrary to what was observed for the parental cell line. 

3.5. Combination of volasertib and JQ1 induces apoptosis in MDA-MB- 
231R 

Next, we investigated if the high mitotic arrest observed in resistant 
cells exposed to volasertib or to its combination with JQ1 could lead to 
apoptosis. To explore this idea, parental and MDA-MB-231R cells were 
treated with volasertib, JQ1, or the combination of both. The combi-
nation significantly increased apoptosis in MDA-MB-231R, compared to 
parental MDA-MB-231 (Fig. 5A). But more strikingly, although single 
treatment with volasertib had a modest effect in parental cells, treat-
ment with volasertib alone induced a significant pro-apoptotic action in 
the resistant model, at comparable levels to those produced by the 
combination. To get further insights into the molecular mechanisms by 
which volasertib as a single agent or in combination with JQ1 induces 
cell death in the resistant model, a panel of apoptotic mediators was 
evaluated in MDA-MB-231R cells at 24 and 48 h post-treatment. First, 
analysis of Bcl-2, Bcl-xL and Mcl-1 revealed that treatment with vola-
sertib, alone or in combination, resulted in phosphorylation of Bcl-2 and 
Bcl-xL, as evidenced by robust mobility shifts observed in the immu-
noblots. Loss of expression of Mcl-1 at both time points was also 
observed (Fig. 5B). Evaluation of the apoptotic cascade in response to 
volasertib treatments indicated a slight decrease of APAF-1, caspase-8 

and caspase-9, indicative of their cleavage. Cleavage of PARP and H2AX 
phosphorylation showed a marked time-dependent increase (Fig. 5B). In 
agreement with the results observed in Fig. 5B, a caspase activity assay 
further confirmed that both volasertib as a single agent and in combi-
nation with JQ1 notably augmented caspase-3 activity in the resistant 
model (Fig. 5C). The pan-caspase inhibitor QVD-OPh (QVD) was effec-
tive in partially preventing the apoptotic action of the combination in 
the resistant model, suggesting the involvement of caspases in the pro- 
apoptotic effect of the combination (Fig. 5D). 

3.6. PLK1 inhibition with volasertib prevents in vivo tumour growth in a 
TNBC BETi-resistant model 

To explore the antitumoral properties of volasertib in an in vivo 
model either MDA-MB-231 or MDA-MB-231R cells were orthotopically 
injected. In a first approach, we evaluated the effect of volasertib as a 
single agent. Treatment with volasertib slowed tumour growth in the 
sensitive model, although it did not completely block tumour progres-
sion (Fig. 6A, left panel, and Supplementary Fig. 4A). Conversely, ani-
mals bearing JQ1-resistant tumours showed a marked volume reduction 
after just three doses of volasertib. Remarkably, volasertib treatment led 
to tumour regression in the resistant model, decreasing tumour sizes up 
to those observed at the initiation of the treatment (Fig. 6A, right panel, 
and Supplementary Fig. 4A). No signs of toxicity were detected in the 
animals treated with volasertib in either the sensitive or the resistant 
model (Supplementary Fig. 4B). 

In another set of experiments, we intended to mimic a scenario that 
better reflected the clinical setting where patients will eventually 
receive volasertib once they have been treated with JQ1. Thus, MDA- 
MB-231R-xenografted mice were pre-treated with JQ1 for one week 
before starting volasertib treatment. Tumours in animals treated with 
volasertib showed a clear tumour regression, when compared with JQ1- 
treated animals, in which tumours continued growing (Fig. 6B and C). 
Again, no changes in animal weight or any other signs of toxicity were 
observed during treatments (Supplementary Fig. 5). Lastly, to confirm 
the mechanism of action observed for volasertib in vitro (Fig. 4B), tu-
mours were resected and processed for protein extraction. As previously 
observed in the in vitro studies, a significant increase of the levels of pH3 

Fig. 5. Mechanism of apoptosis in BET 
inhibitors resistant cells. A. Cell death 
following JQ1 (0.16 μM) and volasertib (8 
nM) treatments (48 h) in both cell lines were 
evaluated by flow cytometry with annexin V 
staining. B. Expression of proteins involved 
in apoptotic cell death was evaluated by WB 
in MDA-MB-231R cells treated with JQ1, 
volasertib, and combination for 24 and 48 h 
as described in “Material and Methods”. 
β-actin was used as a loading control. D. Cell 
lines were treated with both compounds for 
48 h. Caspase 3 activity was measured by 
fluorescence and data were represented 
referred to control. E. MDA-MB-231R cells 
were treated with the indicated concentra-
tions of drugs for 48 h in the presence or 
absence of the pan-caspase inhibitor QVD- 
OPh. Subsequently, cells were stained with 
Annexin V-DY-634 and analysed by flow 
cytometry. Histogram represents the per-
centage of cells positive for Annexin V 
staining. *p < 0.05; **p < 0.01; ***p <
0.001.   

C. Nieto-Jimenez et al.                                                                                                                                                                                                                         



Cancer Letters 491 (2020) 50–59

57

were found in samples treated with the PLK1 inhibitor when compared 
to those following JQ1 treatment, confirming the mechanism of action 
described in TNBC BETi-resistant cell lines (Fig. 6D). 

4. Discussion 

Resistance to targeted therapies is a major problem in cancer. In the 
present article we investigated the potential mechanism of acquired 
resistance to BETi in TNBC and, through the identification of PLK1 as a 
target to overcome this resistance, described a strategy that may be used 
to enhance the efficacy of BETi in this subtype of breast cancer patients. 
This finding is translationally relevant as compounds of this family are 
currently in clinical development [15]. Our work also highlights the 
limitation of BETi as single agents and suggests their combination with 
PLK1 inhibitors. Through a pulsed treatment strategy with the BETi JQ1 
for several months, we generated two JQ1-resistant cellular models, 
MDA-MB-231R and HS578TR, derived from classical TNBC cell lines, 
which displayed BETi resistance in vitro and in vivo. Using these models, 
we identified the inhibition of PLK1 as a vulnerability that induces a 
potent anti-proliferative effect in resistant cells. 

Other groups have described the synergistic interaction between 
inhibitors of PI3K or the MAPK pathway and BETi [13,14,19,20]. In this 
context, we explored if activation of intracellular signalling mediators 
could be involved in resistance to BETi in our cellular models. We 

observed that resistant cells had basal phosphorylation of S6 and 
ERK1/2 compared to the parental ones, data in line with previous re-
ports [13,14,19,20]. However, administration of a MEK inhibitor or a 
mTOR inhibitor did not induce a distinctive inhibition of proliferation 
between the resistant and the parental models, suggesting that intrinsic 
activation of these pathways is not the main reason for the lack of ac-
tivity of BETi in our resistant models. 

When exploring TNBC-associated mitotic kinases, with a special 
focus on those for which pharmacological inhibitors are currently in 
clinical development, we observed a significant upregulation of TTK, 
PLK1, and AURKA at the transcriptomic level. This increase in the 
resistant model was also observed at the protein level. However, only 
pharmacological inhibition of PLK1, was able to reduce proliferation in 
a more marked fashion in the resistant cells; besides, this effect was 
produced at nanomolar doses. A genetic approach intended to target 
PLK1 in resistant cells showed that a complete genetic interference of 
PLK1 induced cell lethality. This result was not completely unexpected, 
as PLK1 knockout mice have been found to be embryonic lethal [21]. 
However, knockdown of PLK1 in the resistant model, which reduced the 
expression of this kinase to levels similar to those observed in parental 
lines, partially reverted the resistance to JQ1. Globally these data sup-
port the idea that PLK1 inhibition might be a successful way to overcome 
resistance to BETi. 

Treatment with the PLK1 inhibitor volasertib arrested the resistant 

Fig. 6. Volasertib decreases tumour growth in 
JQ1-resistant cells in vivo. A. Mice engrafted with 
MDA-MB-231S and MDA-MB-231R cells were treated 
with volasertib (20 mg/kg I.V.) and controls with 
excipient (10% HCL 0.1 N in PBS). Tumour volumes 
were serially measured using the following formula: V 
= (L × W2)/2, where V = volume (mm3), L = length 
(mm), and W = width (mm). Mean of tumour volume 
± SEM at each point was represented. B. In vivo effect 
on tumour growth after JQ1 (50 mg/kg) and JQ1 
followed by volasertib (20 mg/kg) administration. 
Animals were treated daily with JQ1 intraperitone-
ally for 2 weeks and volasertib was administrated 
intravenously every three days (days of first treat-
ment dose are marked with arrows). C. At the end of 
each treatment the tumours were collected and 
weighed. A t-student test was used to calculate sta-
tistically significant differences. D. Expression levels 
of different proteins involved in cell cycle in BETi- 
resistant TNBC tumours after JQ1 and volasertib 
administration. Tumours samples were minced, 
washed with cold PBS, and homogenized in lysis 
buffer. Protein expression was evaluated by Western 
blot as described before. Calnexin was used as a 
loading control. Densitometry was measured with 
ImageJ software. *p < 0.05; **p < 0.01; ***p <
0.001.   
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cells in G2/M and induced apoptotic cell death similarly to its combi-
nation with JQ1. A clear phosphorylation of pH3, a surrogate marker of 
mitotic arrest, was observed only in the resistant model and not in the 
parental one. By contrast, single treatment with JQ1 was not able to 
induce any remarkable modification in pH3. These findings, in addition 
to the important proportion of cells arrested at G0/G1 in the resistant 
models, suggests that the BETi-resistant cells would be more sensitive to 
the inhibition of certain components necessary to the formation of the 
mitotic spindle, like PLK1 [22,23]. Our results also demonstrate that 
volasertib can trigger caspase-dependent apoptotic cell death in 
JQ1-resistant cells. This inhibitor provoked an activation of the 
apoptotic proteases cascade, leading to cleavage of the initiator 
caspases-8 and -9 and the effector caspase-3, which also displayed an 
increase activity upon PLK1 inhibitor treatment. The DNA damage 
associated markers PARP and H2AX were also altered by volasertib 
treatment. These data, together with the effect of the caspase inhibitor, 
suggest that volasertib can trigger caspase-dependent apoptotic cell 
death. 

Finally, the developed resistant cellular models were evaluated in 
vivo using orthotopic breast cancer models. Administration of volasertib 
following JQ1 exposure was able to revert tumour progression in ani-
mals. Moreover, we confirmed that resistant cells were more sensitive to 
volasertib as a single agent than the parental ones. 

Other works have explored the activity of PLK1 inhibitors or BET 
inhibitors as single agents in breast cancer and particularly in the triple 
negative subtype [5,9,24]. In those studies, PLK1 inhibition induced a 
strong mitotic arrest, meanwhile JQ1 administration arrested cells is 
G0/G1 [5,6,9,24]. These results are in line with the findings reported 
here with the BETi resistant model, when evaluating the compounds as 
single agents. Of note a minor number of studies have reported the effect 
of BETi and PLK1 inhibitors in combination, either volasertib or other 
PLK1-targeting compounds. In these works, the combination induced a 
higher effect in TNBC, medulloblastoma and castration-resistant pros-
tate cancer demonstrating the efficacy and safety of the combination 
[25,26]. In these publications, the combination did not induce a toxicity 
effect that was not tolerated at the given doses, and no signs of phar-
macokinetic interaction were reported, as no increase in side effects or 
reduction in efficacy was observed [25,26]. Some of the molecular 
mechanism of action of the reported articles included the reduction of 
relevant TFs that play a key role in the genesis of these tumours like the 
androgen receptor in prostate cancer [26]. Globally, our article confirms 
the synergistic interaction observed between these drugs but in a model 
of BET resistant TNBC. 

In conclusion, we describe a vulnerability of tumours resistant to 
BETi, providing a strategy that could be exploited in patients. Given the 
fact that both BETi and volasertib are currently in clinical development, 
the design of a clinical study in humans to explore the activity of PLK1 
inhibitors in patients resistant to BETi is an open opportunity. 
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