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Abstract

Triple-negative breast cancer (TNBC) is an aggressive, highly recurrent breast cancer sub-

type, affecting approximately one-fifth of all breast cancer patients. Subpopulations of treat-

ment-resistant cancer stem cells within the tumors are considered to contribute to disease

recurrence. A potential druggable target for such cells is the maternal embryonic leucine-

zipper kinase (MELK). MELK expression is upregulated in mammary stem cells and in undif-

ferentiated cancers, where it correlates with poor prognosis and potentially mediates treat-

ment resistance. Several MELK inhibitors have been developed, of which one, OTSSP167,

is currently in clinical trials. In order to better understand how MELK and its inhibition influ-

ence TNBC, we verified its anti-proliferative and apoptotic effects in claudin-low TNBC cell

lines MDA-MB-231 and SUM-159 using MTS assays and/or trypan blue viability assays

together with analysis of PARP cleavage. Then, using microarrays, we explored which

genes were affected by OTSSP167. We demonstrate that different sets of genes are regu-

lated in MDA-MB-231 and SUM-159, but in both cell lines genes involved in cell cycle, mito-

sis and protein metabolism and folding were regulated. We identified p53 (TP53) as a

potential upstream regulator of the regulated genes. Using western blot we found that

OTSSP167 downregulates mutant p53 in all tested TNBC cell lines (MDA-MB-231, SUM-

159, and BT-549), but upregulates wild-type p53 in the luminal A subtype MCF-7 cell line.

We propose that OTSSP167 might have context-dependent or off-target effects, but that

one consistent mechanism of action could involve the destabilization of mutant p53.

Introduction

Triple-negative breast cancer (TNBC) is a breast cancer (BC) subtype characterized by highly

undifferentiated, aggressive, and metastatic cells. Since TNBC lacks expression of the receptors
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currently used for targeted treatment (ER and HER2), it is treated with conventional surgery,

radiation, and chemotherapy. Although TNBC is sufficiently chemosensitive, patients with

this subtype have a higher risk of recurrence within the first three years and a poorer prognosis

if the cancer metastasizes [1, 2]. There is a major need for new therapeutic targets for this sub-

type, and several have been proposed, including poly-ADP ribose polymerase (PARP), cell

cycle checkpoint proteins, and phosphoinositide 3-kinase (PI3K) pathway proteins. However,

small molecule inhibitors of these targets are only effective in certain subpopulations of TNBC

patients [3].

TNBC is a heterogeneous disease with several subclasses, including basal-like 1 or 2 (BL

1/2), immunomodulary (IM), mesenchymal (M), mesenchymal stem-like (MSL), luminal

androgen receptor (LAR) and claudin-low [4]. Relative to other TNBC subtypes, claudin-low

is characterized by a low expression of epithelial tight-junction claudin proteins, mucin 1

(MUC1), EPCAM and E-cadherin (CDH1), and high expression of epithelial-to-mesenchy-

mal transition (EMT) markers, along with cancer stem cell (CSC) characteristics [5, 6]. It is

hypothesized that the combination of these factors predisposes this TNBC population to

become invasive and resistant to treatment [7, 8]. Cells with CSC characteristics are thought

to re-propagate tumors after resisting conventional cancer treatment, thereby contributing

to TNBC’s high rates of recurrence. Consequently, it is of specific interest to target these

cells.

The maternal embryonic leucine-zipper kinase (MELK) is an interesting target for

TNBC and its CSC populations. High MELK expression correlates with poor prognosis in

breast cancers [9] and MELK is included in three different multi-gene expression profiles

that predict BC aggressiveness, prognosis, and therapy response in the clinical setting [10].

MELK has been found to be essential for mitotic progression in TNBC [11], and we have

previously shown that MELK expression is high in non-tumorigenic murine mammary

stem-like cells, but disappears when the cells are induced to differentiate [12]. Additionally,

in multipotent neural progenitors (MNPs), MELK is considered to be a marker of self-

renewal [13] and MELK depletion sensitizes colorectal cancer cells to radiation or 5-FU

treatment [14].

A competitive type I kinase inhibitor, OTSSP167 (OTS167) has been designed to inhibit

MELK activity [15], and its efficacy has been explored in several cancers including in TNBC

cell lines [11, 15, 16]. Several phase I clinical trials with OTS167 are in process for solid cancers,

leukemia, and TNBC (clinicaltrials.gov). In the present study, we aim to better understand

how this inhibitor and MELK impacts TNBC cells by exploring the genome-wide impact of

OTS167 treatment in claudin-low TNBC cells, in order to begin to elucidate corresponding

mechanisms and effects.

Methods and materials

Cell lines and culture materials

MDA-MB-231 (HTB-26), MCF-7 (HTB-22), T47D (HTB-133) and MCF10A (CRL-10317)

cell lines were obtained from the American Type Culture Collection (ATCC, Rockville, MD,

USA). SUM-159 and BT-549 cell lines were gifts (Melissa Landis, Houston Methodist Research

Institute and Christoforos Thomas, University of Houston). Cell culture media and fetal

bovine serum (FBS) were obtained from Invitrogen (Invitrogen, Carlsbad, CA, USA).

MDA-MB-231 was cultured in DMEM/F-12 1:1 mixture, SUM-159 and MCF-7 in DMEM

alone, and BT-549 in RPMI media. All media contained Phenol Red, 10% (v/v) FBS, and 1%

(v/v) penicillin streptomycin. Cells were treated with indicated concentrations of OTS167

kinase inhibitor (Chemscene, Junction, NJ) or vehicle (DMSO).
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Proliferation assays

MTS and trypan blue exclusion assays were used to assess cell proliferation or cell survival. We

used CellTiter96 AQueous One Solution (Promega, Madison, WI, USA) in quintuplet biologi-

cal replicates, according to the manufacturer’s protocol. The EC50 of OTS167 in each cell line

was calculated using the nonlinear regression (Curve Fit) function in Graph Pad Prism. Stan-

dard trypan blue exclusion assays were performed in biological triplicates after 72h treatment

with OTS167, using the Countess automated cell counter (Invitrogen). The two-tailed Stu-

dent’s t-test was used for statistical testing, and results were considered significant if p<0.05.

RNA extraction

Total RNA was extracted with TRIzol (Invitrogen) and purified with RNeasy spin columns

(Qiagen, Chatsworth, CA, USA) with on-column DNAse I digestion (Qiagen), according to

standard protocol. Quantitative and qualitative RNA analyses were performed using Nano-

Drop 1000 spectrophotometer (NanoDrop, Wilmington, DE, USA) and the Agilent 2100

BioAnalyzer (Agilent technologies, Palo Alto, CA, USA), respectively. Samples with RNA

integrity (RIN) number greater than 9.0 were used for microarray analyses.

Quantitative real-time PCR (qPCR) analysis

Complementary DNA (cDNA) was synthesized from 1 μg of total RNA using Superscript III

(Invitrogen) according to standard protocol. qPCR was performed in 7500 Fast Real-Time

PCR System (Applied Biosystems, Foster City, CA, USA) with Fast SYBR-Green Master mix

(Applied Biosystems) according to the manufacturer’s protocol. Data for MDA-MB-231 repre-

sents triplicate experiments, while data for the other three cell lines represent one experiment.

Triplicate technical replicates were used for each experiment. Primers were designed using

NCBI Primer BLAST and evaluated for secondary structures using the OligoAnalyzer tool

(IDT, Coralvile, NA, USA). All primers were obtained from IDT and their target specificity

was verified with melting curve analysis. Primer sequences are available upon request. The

ΔΔCt method was used to determine differential gene expression using 36b4 (RPLP0), 18S

(from RNA45S5), or GAPDH as reference genes. The two-tailed Student’s t-test was used for

statistical testing, and results were considered significant if p<0.05.

Western blot analysis

Whole cell lysate was prepared using RIPA Buffer supplemented with Roche Complete Mini

Protease Inhibitor Cocktail (Sigma Aldrich, St. Louis, MO, USA) and protein quantified using

the Pierce 660 Protein Assay Kit (Thermo Fischer Scientific, Rockford, IL, USA), according to

manufacturers’ protocols. Approximately 30 μg of total protein was loaded onto pre-cast 10%

polyacrylamide gels (Bio-Rad, Hercules, CA, USA) for SDS electrophoresis. Subsequently, pro-

teins were transferred to nitrocellulose membranes (Millipore, Billerican, MA, USA), blocked

with 10% non-fat milk in Tris-buffered saline Tween-20 (TBST), washed and probed with

1:800 rabbit polyclonal anti-MELK (Cell Signaling Technologies, Danvers, MA, CN: 2274),

1:1000 mouse monoclonal anti-MELK (SAB4300692, Sigma-Aldrich), 1:1000 mouse monoclo-

nal anti-p53 (sc-126, Santa Cruz Biotechnologies, Dallas, TX), 1:1000 rabbit polyclonal anti-

PARP (9542, Cell Signaling) or 1:6000 mouse monoclonal anti-β-actin (A2228, Sigma Aldrich)

primary antibodies in 1% non-fat milk TBST overnight at 4˚C. The washed membranes were

probed with 1:2000 species-specific secondary antibodies conjugated with horseradish peroxi-

dase (GE Healthcare, Little Chalfont, UK) for 2h at room temperature. After incubating in

Western Bright ECL chemiluminescent substrate (ThermoFisher Scientific), the membranes
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were exposed to x-ray film and developed. Densitometric analysis (ImageJ software version

10.2) was used for quantification. OTS167-treated cells were analyzed after 48 or 92h.

Microarray and data analysis

Spotted 70-mer arrays covering 36,000 genes and variants (full protein-coding genome) were

used (Human Genome OpArray, Microarray, Inc., Huntsville, AL, USA), as previously

described [17], and platform information, data and protocols is available at NCBI GEO (acces-

sion number [GSE68693]). RNA isolated after 48h and 72h treatments were analyzed in bio-

logical and technical duplicates. Slides were scanned using Gene Pix 4300A scanner and

analyzed using GenePix Pro 6.0 software (Molecular Devices, Sunnyvale, CA, USA). R soft-

ware (version 3.3.2) and the limma package [18] were used to filter and normalize data, per-

form dye-swaps, generate M values log2(fold change) for each slide, and perform statistical

analyses (Bonferroni correction). Genes were considered differentially expressed if p-

value < 0.05 and M>|0.4|). Pathway Studio software (Elselvier, Philadelphia, PA) was used to

assess overrepresented gene ontologies and enriched transcription factor networks among dif-

ferentially expressed genes for each cell line. p< .05 was considered significantly enriched.

Analysis of clinical databases

Breast Cancer Gene-Expression Miner v4.0 (bc-GenExMiner v4.0) database [19] was used to

evaluate expression in 5,349 clinical samples. Gene expression data was included from all avail-

able clinical tumors, comparing expression in 1,144 tumors classified as basal-like with 4,205

tumors classified as not basal-like. Box and whiskers plots are displayed, along with Welch’s

tests, as detailed by the database.

Results

MELK is highly expressed in TNBC

We first confirmed the expression of MELK mRNA in six breast cell lines (characteristics listed

in Table 1), including three TNBC claudin-low subtype cell lines (MDA-MB-231, BT-549 and

SUM-159), two Luminal A (MCF-7 and T47D), and the non-tumorigenic MCF10A. We con-

firmed that MELK mRNA expression was significantly higher in the MDA-MB-231 and BT-

549 TNBC cell lines compared to the Luminal A cell lines (Fig 1A), confirming previous

reports [11, 20]. After applying two different anti-MELK antibodies towards protein isolated

from MDA-MB-231 cells, we found that one of them (from Cell Signaling Technologies)

detected two bands (74kDa and 52kDa), while the other (from Sigma-Aldrich) detected only

the smaller band (Fig 1B). Since the full-length isoform of MELK is 74kDa, we decided to use

the Cell Signaling polyclonal antibody, which has been applied in MELK studies previously

[21], for the remainder of our study. Using the data available on MELK isoforms, we

Table 1. Molecular subtype, p53 mutational status and other key mutations of breast cancer cell lines used in this study.

Cell Line Name Molecular Subtype p53 Status Mutations

MDA-MB-231 TNBC / Claudin Low mt R280K KRAS, BRAF, CDKN2A

BT-549 TNBC / Claudin Low mt R249S PTEN, RB1

SUM-159 TNBC / Claudin Low mt R158InF HRAS, PIK3CA

T-47D ER+ / Luminal A mt L194F PIK3CA

MCF-7 ER+ / Luminal A WT PIK3CA, CDK2NA

MCF-10A Non-cancerous WT

doi:10.1371/journal.pone.0172832.t001
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hypothesize that the smaller band detected by both antibodies is the 52kDa splice variant of

MELK. We further used the Breast Cancer Gene-Expression Miner to evaluate MELK mRNA

levels in clinical samples. Comparing MELK expression from basal-like tumors (n = 1,144)

with not basal-like tumor (n = 4,205), we confirm significantly increased MELK expression in

the basal-like BC cohort (p<0.0001; Fig 1C). This supports previously published data gener-

ated from 392 BC samples in the TCGA BC collection [11].

OTS167 reduces proliferation of TNBC cells and impacts MELK mRNA

levels

To explore the pharmacological inhibition of MELK in vitro, we focused on the kinase inhibi-

tor OTS167 which is currently in clinical trials [22]. OTS167 has been reported to inhibit

MELK with an EC50 of 8 nM—70 nM depending on the cell line [15]. To determine and vali-

date the effective dose for use in our study, we performed MTS assays in MDA-MB-231 and

SUM-159 with increasing concentrations of OTS167. Using these assays, we concluded that

OTS167 had EC50 values of 22.0 nM in MDA-MB-231 (Fig 2A) and 67.3 nM in SUM-159

Fig 1. MELK is increased in TNBC cell lines and clinical samples. (A) MELK is upregulated in the TNBC

cell lines MDA-MB-231 and BT-549 compared to the Luminal A subtypes MCF-7 and T47D. (B) Western blot

using two different MELK antibodies. In lysates from MDA-MB-231 cells, both the Sigma Aldrich and Cell

Signaling Technologies antibodies detect a band near 52 kDa, but only the latter antibody detects the proposed

full-length MELK isoform near 74 kDa. (C) MELK expression in basal-like and/or TNBC tumors (n = 1,144)

compared with not basal-like tumors (n = 4,205). MELK mRNA level showed a significant increase in basal-

like/TNBC tumors, p-value (Welch’s) < 0.0001.

doi:10.1371/journal.pone.0172832.g001
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Fig 2. OTS167 reduces proliferation and regulates MELK transcript but not protein levels in TNBC cells. MTS assays were performed in

(A) SUM-159 and (B) MDA-MB-231 cells treated with 5 nM to 100 nM OTS167 for 48h. EC50 values were calculated using the Nonlinear

Regression (Curve Fit) function. Western blots revealed that OTS167 did not significantly alter MELK protein levels in the TNBC cell lines or

MCF-7 following 48h treatment (densitometric data from two experiments). (C) The MELK 52 kDa variant was highly expressed in the TNBC cell

lines but not in luminal A MCF-7. (D) qPCR demonstrated that MELK transcripts were downregulated by OTS167 in MDA-MB-231 and BT-549,

but upregulated in SUM-159 after 48h and 72h. Significance was calculated using the Student’s two-tailed t-test: p < 0.05 (*), p < 0.01 (**), and

p < 0.001 (***).

doi:10.1371/journal.pone.0172832.g002
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(Fig 2B). These doses are 10-fold higher than what has been found previously [15]. For the

remainder of our studies, we used the average of the EC50 values from MDA-MB-231 and

SUM-159 (45 nM) as well as a ten-fold lower concentration (4.5 nM) to study potential low-

dose effects.

As MELK is stabilized via autophosphorylation [23], we hypothesized that its competitive

inhibitor OTS167 would lead to its degradation. Following 48h treatment with OTS167, we

did not find a significant reduction of total MELK protein levels (52 kDa and 74 kDa) in any of

the cell lines tested, although a trend of decreasing levels appear in MDA-MB-231 and

SUM159 cells (Fig 2C). Incidentally, we noted that the 52 kDa band was present in all three

TNBC cell lines but not detected in Luminal A MCF-7 cells (Fig 2C). MELK transcripts, how-

ever, were significantly reduced in a dose-dependent manner in MDA-MB-231 and BT549,

but not in SUM-159 (Fig 2D). Performing siRNA of MELK, we noted that the mRNA levels

were reduced but the protein levels remained stable [data not shown]. We concluded that

there were transcriptional feedback effects of the inhibitor and that these effects were promi-

nent in MDA-MB-231 and BT-549 cells, but that the protein appeared stable and did not show

reduced levels within 72h.

OTS167 induces context-specific transcriptomic changes but common

biological functions in MDA-MB-231 and SUM-159

Since MELK is anticipated to modify the phosphorylation state and thereby activity of several

transcription factors, we performed microarrays to explore the transcriptomic effects of

OTS167 and to identify its impact on corresponding signaling pathways. After treating

SUM-159 and MDA-MB-231 with 4.5 nM and 45 nM OTS167 for 72h, RNA was extracted

and microarray analysis performed [GEO accession #GSE68693]. At the lower concentra-

tion, 4.5 nM, few genes were detected as significantly regulated (data not shown) and thus,

the remainder of the analysis focused on the 45 nM treatments. Treatment with 45 nM

OTS167 resulted in 101 significantly regulated genes in MDA-MB-231 and 464 in SUM-159,

with only 12 genes regulated in both cell lines (Fig 3A). Next, we explored which types of bio-

logical processes were affected by OTS167 in each cell line, searching for enriched Gene

Ontology (GO) biological processes among all the upregulated (Table 2) and downregulated

(Table 3) genes, respectively. We found that while many genes were regulated differently

between the cell lines, were involved in same biological processes. Among upregulated genes

in both cell lines, processes including mitosis/cell cycle/cell division, cellular response to

DNA damage stimulus/DNA repair, apoptotic process and chromatin modification were

enriched. Among downregulated genes, we found enrichment of cellular protein metabolic

process, tRNA aminoacylation, protein transport, protein folding, small molecule metabolic

process and angiogenesis functions. Thus, the microarray analysis identifies which biological

functions are affected, and supports that the inhibitor mediates similar functions in both cell

lines.

Microarray analysis indicates that effects are mediated via transcription

factors B-MYB and FOXM1

To further understand the potential mechanisms of OTS167, we explored predicted expression

regulators of the upregulated (Table 4) and downregulated (Table 5) genes for each cell line

separately. We identified B-MYB (MYBL2, v-myb avian Myeloblastosis viral oncogene homo-

log-like 2) and FOXM1 (Forkhead Box M1) as transcription factors whose targets were differ-

entially expressed upon treatment with OTS167. Previous research has demonstrated that

FOXM1 phosphorylation is influenced by MELK [24]. Thus, we propose that OTS167 modifies

Transcriptomic analysis of MELK inhibitor in TNBC
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activity of B-MYB and FOXM1. We further explored the expression of FOXM1 after OTS167

treatment and as demonstrated in Fig 3B, total FOXM1 protein levels are decreased upon 20

nM and 45 nM 48h-OTS167 treatments in both MDA-MB-231 and SUM-159, which con-

firmed our hypothesis.

Fig 3. Differentially expressed genes identified by microarrays. A) Graphical representation of

significantly regulated genes in MDA-MB-231 compared with SUM-159 cells after treatment with 45 nM

OTS167 for 72h. Genes were considered regulated if p<0.05 and M > |0.4|. B) FOXM1 was identified as an

enriched transcriptional regulator of the differentially expressed genes. FOXM1 total protein level was

confirmed to decrease significantly upon OTS167 treatments. Cells were treated with different concentrations

of OTS167 for 48h, and 20nM of OTS167 was sufficient to decrease FOXM1 protein levels in MDA-MB-231

and 45 nM in SUM-159 cells. Actin used a loading control, and densitometric data for relative band density is

noted below.

doi:10.1371/journal.pone.0172832.g003

Transcriptomic analysis of MELK inhibitor in TNBC
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qPCR confirms differentially expressed genes

To confirm our microarray data, we randomly selected ten genes identified as differentially

expressed in MDA-MB-231 and SUM-159 for further qPCR analysis, and also assessed the

expression of selected genes in treated BT-549 cells. We confirmed the microarray data for 6/10

genes in MDA-MB-231 (Fig 4A) and 10/10 for SUM-159 (Fig 4B). Further, we found that

although RAB18 (Ras-related small GTPase 18) and RASSF1 (Ras-association domain family

member) were only detected as upregulated in the MDA-MB-231 microarray, they were also

significantly upregulated in SUM-159 (Fig 4A and 4B). Additionally, TGM2 (transglutaminase

2), YWHAE (tyrosine 3-monooxygenase/ tryptophan 5-monooxygenase activation protein,

epsilon) and GADD45A (growth arrest and DNA-damage-inducible, alpha), were identified as

regulated in the MDA-MB-231 microarray, and were similarily regulated in BT-549 cells (Fig

4A and 4C). In SUM-159, however, GADD45A was regulated in the opposite direction (Fig 4B).

Table 2. Biological processes enriched among OTS167 upregulated genes.

GO Bioprocess Genes p-value

MDA-MB-231/SUM-159

Mitosis 11/8 2.71E-05/ 1.29E-05

Cellular response to DNA damage stimulus 10/6 1.79E-03/ 4.05E-03

Cell Cycle 13/13 2.00E-03/ 5.47E-07

Cell Division 8/8 9.00E-03/ 5.56E-05

DNA repair 8/8 9.87E-03/ 6.24E-05

Apoptotic process 13/7 1.60E-02/ 3.27E-02

Chromatin modification 6/4 2.15E-02/ 1.73E-02

MDA-MB-231 Only

Transcription, DNA-templated 40 5.88E-06

Neg. regulation of cell-matrix adhesion 4 6.31E-06

Neg. regulation of transcription from RNA poly II promoter 4 4.77E-04

Neg. regulation of transcription, DNA-templated 13 4.96E-04

Positive regulation of protein ubiquination 4 9.35E-04

Positive regulation of calcium ion import 2 3.37E-03

Phosphorylation 13 4.25E-03

Regulation of cell differentiation 5 7.60E-03

DNA recombination 4 1.06E-02

SUM-159 Only

Nucleosome assembly 9 6.41E-09

G1-S transition of mitotic cell cycle 7 3.03E-06

DNA replication 6 5.28E-05

Telomere maintenance via recombination 3 1.19E-04

Nuclear migration 2 3.73E-04

Cytokine-mediated signaling pathway 5 2.42E-03

mRNA processing 5 8.12E-03

RNA splicing 4 2.82E-02

Intracellular signal transduction 5 3.63E-02

Gene lists of differentially expressed genes from MDA-MB-231 and SUM-159 after 72h treatment (45nM)

were analyzed separately. Corresponding biological processes, as classified by Gene Ontology, that were

significantly enriched in both cell lines are listed at the top; along with number of genes regulated in each cell

lines and corresponding p-value, respectively. Processes enriched in only one of the cell line listed below.

doi:10.1371/journal.pone.0172832.t002
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Although not identified as changed in the microarray analysis, we also included B-MYB

and FOXM1 on the basis of their indications of target genes’ regulators (Table 4), as described

above. We found that upon OTS167 treatment, B-MYB and FOXM1 transcripts were upregu-

lated in SUM-159, while B-MYB was downregulated in MDA-MB-231 (Fig 4A and 4B). Thus,

although FOXM1 protein was reduced upon treatment in both cell lines (Fig 3B), its transcript

was upregulated in SUM-159. Taken together, OTS167 treatment resulted in different patterns

of gene expression in the different TNBC cell lines, with some overlaps, and one gene, RAB18,

was consistently upregulated in a dose-dependent manner in all three.

OTS167 influences cell morphology, proliferation and apoptosis

Many of the genes regulated upon OTS167 treatment were enriched within proliferation, apo-

ptosis and morphology. Proliferation has previously been reported to be reduced by OTS167

[15] and did so also in our experiment (Fig 2A and 2B). Using trypan blue exclusion assay, we

Table 3. Biological processes enriched among OTS167 downregulated genes.

GO Bioprocess Genes p-Value

MDA-MB-231/SUM-159

Cellular protein metabolic process 18/7 2.37E-06/ 7.19E-04

tRNA aminoacylation 3/1 1.74E-04/ 3.42E-02

Protein transport 16/5 3.77E-04/ 3.64E-02

Protein folding 6/5 9.48E-03/ 2.18E-04

Small molecule metabolic process 26/11 7.19E-04/ 1.95E-03

Angiogenesis 6/3 3.19E-02/ 3.56E-02

MDA-MB-231 Only

Gene expression 26 1.47E-09

RNA metabolic process 15 1.76E-08

Apoptotic process 22 1.27E-05

Translational initiation/ elongation/ termination 9 1.29E-05

Tissue regeneration 4 2.60E-04

Glutathione metabolic process 4 1.60E-03

RNA splicing 9 2.99E-03

Ras signal transduction 4 6.33E-03

Protein stabilization 4 7.75E-03

SUM-159 Only

Cellular amino acid biosynthetic process 4 3.50E-06

ER unfolded protein response 4 1.08E-04

Platelet activation 5 3.62E-04

Response to ER stress 3 3.65E-04

Cell redox homeostasis 3 7.75E-04

ECM organization 5 1.51E-03

Cell migration 4 1.66E-03

Wound healing 3 5.23E-03

Innate Immune Response 6 1.27E-02

Gene lists of differentially expressed genes from MDA-MB-231 and SUM-159 after 72h treatment (45nM)

were analyzed separately. Corresponding biological processes, as classified by Gene Ontology, that were

significantly enriched in both cell lines are listed at the top; along with number of genes regulated in each cell

lines and corresponding p-value, respectively. Processes enriched in only one cell line listed below.

doi:10.1371/journal.pone.0172832.t003
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confirmed that 45 nM OTS167 significantly reduced total cell number relative to control in

MDA-MB-231 (Fig 5A) and SUM-159 (Fig 5B), with no significant difference in the ratio of

live/dead cells. Using western blot, however, we identified significant PARP cleavage upon

treatment with OTS167 (45 nM, 48h) in MDA-MB-231 and BT-549, but not in SUM-159 (Fig

5C). In MCF-7 cells, we observed low levels of PARP cleavage (N.S.), but noted an increase of

full-length PARP (Fig 5C).

Additionally, we noticed drastic morphological changes in all three TNBC cell lines as well

as in the MCF-7 luminal A cell line upon treatment with OTS167, (Fig 6). Within 24h follow-

ing 45 nM treatments, it appeared as if cells had developed dendritic processes and/or were

losing focal adhesions. These changes were also evident with the lower (4.5 nM) OTS167 con-

centration in all cell lines except SUM-159. Together, the reduced cell number, increased apo-

ptosis, and morphological changes suggest that OTS167 has clear effects on several major

signaling pathways identified in the microarray.

OTS167 treatment decreases mutant p53 protein

After analyzing the microarray data for enriched expression regulators, we identified p53

(TP53) as regulator of upregulated genes in SUM-159 and of downregulated genes in

MDA-MB-231 (Tables 4 and 5). Since p53 is disproportionately mutated in TNBC relative to

Table 4. Expression regulators of OTS167-upregulated genes.

Name Symbol Genes p-Value

MDA-MB-231/SUM-159

CCAAT Factors - 9/6 4.38E-04/ 8.63E-04

B-Cell CLL/Lymphoma 2 BCL2 3/5 9.97E-03/ 4.65E-04

MDA-MB-231 Only

Androgen Receptor AR 11 1.12E-03

Myeloblastosis viral oncogene homolog MYB 7 1.75E-03

Histone deacetylase 1 HDAC1 7 5.24E-03

Heat Shock 70kDa Protein 5 HSPA5 4 5.92E-03

Cyclin-dependent kinase inhibitor family CDKN 3 6.38E-03

Mitogen-activated protein kinase kinase 1 MAP2K1 7 8.53E-03

Telomerase reverse transcriptase TERT 4 1.02E-02

cAMP responsive element binding protein 1 CREB1 14 1.13E-02

SRC proto-oncogene, non-receptor RTK SRC 8 1.82E-02

SUM-159 Only

Retinoblastoma-Associated Protein family E2F 8 1.08E-04

Kirsten Rat Sarcoma Viral Oncogene Homolog KRAS 6 1.35E-04

Erb-B2 Receptor Tyrosine Kinase 2 ERBB2 6 1.62E-04

Avian Myelocytomatosis Viral Oncogene Homolog MYC 10 4.07E-04

Forkhead Box M1 FOXM1 6 6.16E-04

Retinoblastoma 1 RB1 5 9.92E-04

NF-Kappa-B P65 Subunit RELA 7 1.00E-03

Tumor Protein p53 TP53 12 1.66E-03

Retinoblastoma-Associated Protein 1 E2F1 7 1.72E-03

Transcription factors whose targets were enriched among upregulated genes (72h, 45nM) in MDA-MB-231 and SUM-159, respectively. Regulators

enriched in both cell lines listed on top, along with target genes differentially expressed per each cell line and corresponding p-values. Regulators with

targets significantly enriched in only one cell line are listed below.

doi:10.1371/journal.pone.0172832.t004
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other BCs, we evaluated its expression and regulation by OTS167 at both mRNA and protein

level. As described previously, p53 is mutated in MDA-MB-231, SUM-159 and BT-549, but

wild type (WT) in MCF-7 (Table 1). We found that mutant p53 transcripts were significantly

downregulated in all three TNBC cell lines upon treatment with 45nM OTS167 for 48h (Fig

7A). Correspondingly, mutant p53 protein decreased significantly in all three TNBC cell lines

after this treatment (Fig 7B). In MCF-7 cells, however, the same treatment resulted in an

increase of WT p53 protein. As a control, we performed a western blot of MDA-MB-231 cells

at a later time point (96h) and at different confluences (70% and 90%). Again, we found that

OTS167 decreased mutant p53 protein levels and that this was independent of cell density (Fig

7C). These observations indicate that OTS167 treatment downregulates mutant p53 but upre-

gulates WT p53 in BC.

Discussion

Kinases can phosphorylate transcription factors and thereby modulate their activity. The goal

of our study was to explore the underlying mechanisms of the MELK kinase inhibitor OTS167

in claudin-low TNBC cells. Microarray analyses of MDA-MB-231 and SUM-159 cells after

Table 5. Expression regulators of OTS167-downregulated genes.

Name Symbol Genes p-Value

MDA-MB-231/SUM-159

SMAD family member 2 SMAD2 7/5 1.28E-02/ 1.77E-03

Eukaryotic translation initiation factor 2, subunit 1α EIF2S1 4/3 1.62E-02/ 4.74E-03

MDA-MB-231 Only

Proteasome endopeptidase complex - 24 1.94E-06

SMAD family member 3 SMAD3 9 1.29E-05

SMAD family member 4 SMAD4 9 6.10E-05

Noggin NOG 8 9.52E-05

Wingless-type MMTV integration family member 2 WNT2 4 7.50E-04

Mitogen-activated protein kinase family MAPK 22 2.68E-03

Tumor protein p53 TP53 21 4.63E-03

Phosphatase and tensin homolog PTEN 8 5.29E-03

Epidermal growth factor EGF 18 5.30E-03

Transforming growth factor β1 TGFB1 30 8.43E-03

Nuclear factor κB NF-κB 25 9.88E-03

Insulin-like growth factor 1 IGF1 16 1.08E-02

SUM-159 Only

Activating transcription factor 6 ATF6 7 2.22E-08

Activating transcription factor 4 ATF4 7 3.40E-06

Avian Myelocytomatosis viral oncogene homologue MYC 10 1.28E-04

Nitric oxide synthase 2 NOS2 5 3.32E-04

Platelet-derived growth factor β PDGFB 3 1.02E-03

Bone morphogenetic protein 3 BMP3 2 1.26E-03

Early growth response 1 EGR1 6 4.41E-03

Brain-derived neurotrophic factor BDNF 6 8.02E-03

Transcription factors whose targets were enriched among downregulated genes (72h, 45nM) in MDA-MB-231 and SUM-159, respectively. Regulators

enriched in both cell lines listed on top, along with target genes differentially expressed per each cell line and corresponding p-values. Regulators with

targets significantly enriched in only one cell line are listed below.

doi:10.1371/journal.pone.0172832.t005
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Fig 4. qPCR confirms gene expression changes identified in the microarrays. (A) MDA-MB-231, (B) SUM-159, and (C) BT-549 after 48h

and 72h treatments of 45 nM and 4.5 nM OTS167. Significance was calculated using the Student’s two-tailed t-test: p < 0.05 (*), p < 0.01 (**),

and p < 0.001 (***). Data for MDA-MB-231 consists of three experiments, data for SUM-159 represents one experiment and data for BT-549

represents two experiments. All experiments were performed in triplicates.

doi:10.1371/journal.pone.0172832.g004
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treatment with 45 nM OTS167 or vehicle identified primarily different gene expression pat-

terns in the two cell lines. However, genes with functions in processes such as cell cycle and

apoptosis were overrepresented in both gene expression profiles. Since transcription factors

are expressed at varying levels in different cell lines and may have cell-specific activity, the

same genes are not necessarily expected to be regulated following OTS167 treatment. Our data

indicate several common transcription factors whose activity changes pointing towards a gen-

eral mechanism whereby OTS167 and MELK affect claudin-low TNBC.

From the microarray analysis, we identified p53 as a potential common upstream regulator

of OTS167 effects. MDA-MB-231, SUM-159 and BT-549 all harbor homozygous mutant p53

Fig 5. OTS167 treatment reduces total cell number and induces apoptosis. 45 nM treatments in (A) MDA-MB-231 and (B)

SUM-159 significantly reduces total cell number but not the ratio of viable cells, as measured using trypan blue assay after 72h. (C)

Apoptosis was identified by PARP cleavage after 48h treatments with either 4.5 nM or 45 nM OTS167. PARP was significantly

cleaved in MDA-MB-231 and BT-549, but not in SUM-159 after 48h 45 nM OTS167 treatment (densitometric data from two

experiments). MCF-7 displayed faint PARP cleavage after 45 nM treatment, but also an increase in full-length PARP. Significance

was calculated using the Student’s two-tailed t-test: p < 0.05 (*), p < 0.01 (**).

doi:10.1371/journal.pone.0172832.g005
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[25, 26], and we found that OTS167 decreased its levels in all. WT p53 in the luminal A MCF-7

cell line, however, was increased upon the same treatment. Several investigators have proposed

that MELK is involved in the function of p53, and MELK has been reported to decrease WT

p53 in glioblastoma U87 cells [27]. Our finding that MELK inhibition significantly decreased

mutated p53, both at the transcriptional and protein level, is novel and could have a clinical

impact. Mutated p53 protein is more stable than WT, and while being unable to act as a tumor

suppressor, it can exhibit gain-of-function characteristics. Many studies have proposed a func-

tional link between CSCs and mutated p53 [28]. Contrary to WT p53, which is known to con-

trol stem cell populations and induce differentiation, mutated p53 can upregulate drug

resistance pathways and has been correlated with stem cell transcriptional signatures in breast

cancer [28, 29]. When mutant p53 is silenced in TNBC, this results in apoptosis and reduced

expression of pro-survival genes [30–32]. As discussed previously, the claudin-low breast can-

cer cell subpopulation has CSC characteristics and is disproportionally mutated in p53. Since

CSCs have been found to be disproportionately resistant to conventional cancer therapies and

are hypothesized to contribute to cancer recurrence [33], one potential approach to eliminate

these cells in therapy is to target the pathways responsible for their phenotype. Our data sup-

port that MELK inhibition may be useful in this respect.

We also found that OTS167 affects several other genes that may be linked to the claudin-

low phenotype. The highly conserved RabGTPase RAB18 was significantly upregulated in

Fig 6. OTS167 results in morphological changes. MDA-MB-231, BT-549, SUM-159 and MCF-7 cells imaged after 24h treatment.

The morphological changes are evident in each cell line tested after 45 nM OTS167 concentration, and in three cell lines (not SUM-

159) at 4.5 nM. Phase-contrast images were taken at 40x magnification.

doi:10.1371/journal.pone.0172832.g006
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MDA-MB-231, SUM-159 and BT-549 upon treatment. This is in agreement with the increase

of RAB18 transcripts observed as Melk decreased during mouse mammary stem cell differenti-

ation [12] Accordingly, we observed that differentiation was a process enriched amongst upre-

gulated genes from the MDA-MB-231 microarray upon MELK inhibition (Table 2). Another

gene, TGM2, was significantly and dose-dependently downregulated by OTS167 in

Fig 7. OTS167 reduces transcript and protein levels of mutant p53. (A) qPCR reveals that mutant p53 transcript is

significantly downregulated in MDA-MB-231, BT-549 and SUM-159 after 48h and 72h (45 nM) OTS167 treatment. (B)

Western blots show that mutant p53 protein is significantly reduced in MDA-MB-231, BT-549 and SUM-159, but WT p53

is increased in MCF-7 (48h, 45 nM OTS167, densitometric data from three experiments). (C) p53 protein reduction is

independent of cell density (MDA-MB-231, 96h, 45nM OTS167). Significance was calculated using a Student’s two-tailed

t-test: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).

doi:10.1371/journal.pone.0172832.g007

Transcriptomic analysis of MELK inhibitor in TNBC

PLOS ONE | DOI:10.1371/journal.pone.0172832 February 24, 2017 16 / 22



MDA-MB-231 and BT-549 cells. TGM2 promotes EMT and treatment resistance and is a

potential target for CSC populations. Silencing of TGM2 in MDA-MB-231 has been shown to

reverse EMT [34] and lower expression of TGM2 is associated with increased sensitivity to

chemotherapeutic agents in breast cancer [34, 35]. We also noted significant decreases in

PLAU expression in MDA-MB-231 cells. Like TGM2, PLAU is a known mediator of metasta-

sis and invasion and is highly expressed in several TNBC cell lines, including MDA-MB-231

[36, 37]. Thus, it is possible that OTS167 treatment results in reduced stemness of TNBC cells

through decrease of mutated p53, TGM2 and PLAU levels, and upregulation of RAB18.

Changes in morphology were noted in all cells upon OTS167 treatment (Fig 5). Our obser-

vations correlate well with the cytoskeletal changes resulting from MELK knockdown in gas-

tric cancer [38] and glioblastoma cells [39], and from OTS167 treatment in non small-cell lung

cancer [40]. Since OTS167 treatment reduces cell number, stress due to dysregulation of focal

adhesions can result in a similar phenomenon as anoikis, from which the cell cannot resolve

and eventually leads to apoptosis. Further research could confirm whether these morphologi-

cal changes align with processes such as differentiation and/or senescence as a result of treating

cells with OTS167.

We found some divergent functional effects upon OTS167 treatment in MDA-MB-231 and

SUM-159. While OTS167 reduced cell proliferation in both cell lines, SUM-159 cells had a

higher EC50, no significant PARP cleavage, and a different gene signature upon treatment

compared to MDA-MB-231. Levels of MELK transcripts were lower in SUM-159 compared to

MDA-MB-231 and BT-549 (Fig 1), which possibly explains why its inhibition generated

weaker effects on apoptosis and proliferation. Since we found that apoptosis was a biological

process significantly enriched for among upregulated genes in the SUM-159 microarray

(Table 2), it is possible that SUM-159 was undergoing caspase-independent apoptosis or that

the concentration of OTS167 was too low to induce PARP cleavage.

Additionally, there is evidence that SUM-159 is more resistant to OTS167 relative to

MDA-MB-231 and BT-549. For example, the MELK transcript was upregulated in response to

OTS167 treatment in SUM-159 cells, while it was repressed in both MDA-MB-231 and BT-

536 (Fig 2C). In addition to p53 we found an alteration in FOXM1-linked pathways. FOXM1

is a transcription factor known to upregulate MELK in basal-like breast cancers [11] and

MELK inhibition has been reported to downregulate FOXM1 in other cancers [40, 41]. We

hypothesized a FOXM1-MELK positive-feedback mechanism, where MELK stabilizes FOXM1

and FOXM1 induces MELK expression. We then found that OTS167 treatment decreases

FOXM1 total protein levels in both SUM-159 and MBA-MD-231 cells, which supports this

hypothesis. As shown in Fig 3B, this decrease appeared stronger and occurred at lower concen-

trations in MDA-MB-231 cells (20 nM) than in SUM-159 cells (45 nM,). It is possible that the

upregulation of FOXM1 transcript upon OTS167 treatment noted in SUM-159 cells only

opposes the reduction of the protein levels, contributing the decreased sensitivity of these cells

to treatment. FOXM1 is considered to be an important protein target in cancer diagnosis and

therapy, and there are new drugs in the process of being developed that can modulate the func-

tion of FOXM1 in the context of carcinogenesis [42]. For this reason, the effect of OTS167

decreasing FOXM1 levels could be clinically significant.

We found that while OTS167 decreased mutant p53 in the TNBC cell lines, it dose-depen-

dently upregulated GADD45A (a p53 target) in MDA-MB-231 and BT-549 while downregu-

lating it in SUM-159. Studies have shown that GADD45A exhibits context-dependent effects,

in that it stimulates proliferation in MYC-driven breast cancers but induces apoptosis and

senescence in Ras-driven breast cancers [43]. Since MDA-MB-231 and SUM-159 have activat-

ing mutations in KRAS and HRAS respectively [44], it is possible that GADD45A could be

functioning as a tumor suppressor in these cell lines. The fact that GADD45A is
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downregulated in SUM-159 as a result of OTS167 treatment and that it is presumably pro-apo-

ptotic in this context could further explain why we did not observe PARP cleavage in these

cells. Taken together, our observations suggest that the SUM-159 cell line is less sensitive to

OTS167 and possibly resisting treatment through the upregulation of other signaling path-

ways. In SUM-159 we also observed the upregulation of several genes associated with the cell

cycle which are frequently upregulated in TNBC and correlate with poor prognosis (including

Ki67/MKI67 [45], TOP2A [46], MCM6 [47], NUSAP1 [48], RRM2 [49], and PCNA [50]).

Although these genes bring the therapeutic efficacy of OTS167 into question in this context,

other genes that correlate with poor prognosis in BC were downregulated (including HYOU

[51], NUPR1 [52], RAB3D [53], and PSAT1 [54]). Despite the upregulation of several cell

cycle genes in SUM-159, we noted a clear reduction of proliferation and cell number after

OTS167 treatment. One possibility is that treatment with OTS167 induces cell cycle arrest. In

fact, research in glioblastoma has demonstrated that silencing MELK induces G1/S cell cycle

arrest in U87 cells, which is accompanied by a senescence-like phenotype [39]. Likewise, it has

been found that a different MELK inhibitor (MELK-T1) decreases the proportion of cells in S

phase relative to control while increasing their number in G1 in MCF-7 cells [55]. We detected

only 113 genes as regulated in MDA-MB-231, which is a low number of genes. When fewer

genes are regulated, there is a risk of more background noise being recorded as differential

expression (false positives). We could not confirm all genes detected as regulated in the micro-

array with qPCR, and we conclude that a portion of the 113 genes is likely false positives.

As a result of the divergent effects in MDA-MB-231 and SUM-159, we were also concerned

with the specificity of OTS167. OTS167 functions by competing for ATP binding in the active

site of MELK [56]. Inhibitors targeting such highly-conserved regions of kinases are generally

not highly selective in their mechanism of action and their efficacy relies on the abundance of

the target relative to the other affected kinases [57, 58]. OTS167 at very high concentrations

(10 μM) has been shown to decrease the activity of up to 210 kinases [59]. Since RNA-seq data

indicate that several of these kinases are expressed at high levels in these two cell lines [60], it is

plausible that some cell-specific effects identified in our study result from off-target effects

rather than selective inhibition of MELK, even though the concentrations used in our study

are far lower. For example, the kinase Aurora B is more highly expressed than MELK in these

cell lines according to RNA-seq data [60], and has recently been confirmed as a target for

OTS167 [61]. In our study the inhibitor appeared to induce more similar effects in BT-549 and

MDA-MB-231, and future studies may explore the genome-wide effects in this cell line. Fur-

thermore, the effect of OTS167 on wild-type p53 should be tested in other WT p53 breast can-

cer cell lines to establish whether it is similarly upregulated. Exploring additional time points

and shorter intervals after treatment, would also be useful to identify how soon after treatment

the transcriptional effects can be recorded. Possibly, this could help differentiate between

direct and indirect effects. In our study, the concentrations required for the EC50 were higher

than what has been reported previously [15]. This may be due to using OTS167 manufactured

from different vendors, methodological considerations, or variability in cell line sensitivity in

different labs.

In conclusion, we here describe the effect of the MELK inhibitor OTS167 in different clau-

din-low TNBC cells, and describe, for the first time, its genome-wide effects. The changes in

gene expression identified by our microarray translate into biological processes affecting pro-

liferation, DNA repair, apoptosis and angiogenesis, and point to specific transcription factors

as key mediators. Specifically, we identify that OTS167 treatment in three different claudin-

low TNBC cell lines leads to an upregulation of RAB18 and a downregulation of mutant p53.

We confirm reduction of proliferation and increase of apoptosis, along with morphological

changes upon treatment with the inhibitor. We further propose that OTS167 might be
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operating in part through different signaling pathways in SUM-159 and MDA-MB-231, which

could reflect context-dependent and/or off-target effects.
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19. Jézéquel P, Campone M, Gouraud W, Guérin-Charbonnel C, Leux C, Ricolleau G, et al. bc-GenExMi-

ner: an easy-to-use online platform for gene prognostic analyses in breast cancer. Breast Cancer Res

Treat. 2012; 131(3):765–75. doi: 10.1007/s10549-011-1457-7 PMID: 21452023

20. Speers C, Zhao SG, Kothari V, Santola A, Liu M, Wilder-Romans K, et al. Maternal Embryonic Leucine

Zipper Kinase (MELK) as a Novel Mediator and Biomarker of Radioresistance in Human Breast Cancer.

Clin Cancer Res. 2016; 22(23):5864–75. doi: 10.1158/1078-0432.CCR-15-2711 PMID: 27225691

21. Lin M-L, Park J-H, Nishidate T, Nakamura Y, Katagiri T. Involvement of maternal embryonic leucine zip-

per kinase (MELK) in mammary carcinogenesis through interaction with Bcl-G, a pro-apoptotic member

of the Bcl-2 family. Breast Cancer Research. 2007; 9(1):R17. doi: 10.1186/bcr1650 PMID: 17280616

22. Ganguly R, Mohyeldin A, Thiel J, Kornblum HI, Beullens M, Nakano I. MELK-a conserved kinase: func-

tions, signaling, cancer, and controversy. Clinical and translational medicine. 2015; 4:11. doi: 10.1186/

s40169-014-0045-y PMID: 25852826

23. Beullens M, Vancauwenbergh S, Morrice N, Derua R, Ceulemans H, Waelkens E, et al. Substrate spec-

ificity and activity regulation of protein kinase melk. Journal of Biological Chemistry. 2005; 280:40003–

11. doi: 10.1074/jbc.M507274200 PMID: 16216881

24. Joshi K, Banasavadi-Siddegowda Y, Mo X, Kim SH, Mao P, Kig C, et al. MELK-dependent FOXM1

phosphorylation is essential for proliferation of glioma stem cells. Stem Cells. 2013; 31:1051–63. doi:

10.1002/stem.1358 PMID: 23404835

25. Grigoriadis A, Mackay A, Noel E, Wu PJ, Natrajan R, Frankum J, et al. Molecular characterisation of cell

line models for triple-negative breast cancers. BMC Genomics. 2012; 13:1.

26. Walerych D, Napoli M, Collavin L, Del Sal G. The rebel angel: Mutant p53 as the driving oncogene in

breast cancer. Carcinogenesis. 2012; 33:2007–17. doi: 10.1093/carcin/bgs232 PMID: 22822097

27. Gu C, Banasavadi-Siddegowda YK, Joshi K, Nakamura Y, Kurt H, Gupta S, et al. Tumor-specific activa-

tion of the C-JUN/MELK pathway regulates glioma stem cell growth in a p53-dependent manner. Stem

Cells. 2013; 31:870–81. doi: 10.1002/stem.1322 PMID: 23339114

Transcriptomic analysis of MELK inhibitor in TNBC

PLOS ONE | DOI:10.1371/journal.pone.0172832 February 24, 2017 20 / 22

http://dx.doi.org/10.1073/pnas.0905718106
http://dx.doi.org/10.1073/pnas.0905718106
http://www.ncbi.nlm.nih.gov/pubmed/19666588
http://dx.doi.org/10.1093/jnci/djn123
http://dx.doi.org/10.1093/jnci/djn123
http://www.ncbi.nlm.nih.gov/pubmed/18445819
http://dx.doi.org/10.3390/ijms141121551
http://www.ncbi.nlm.nih.gov/pubmed/24185907
http://dx.doi.org/10.2147/BCTT.S88434
http://www.ncbi.nlm.nih.gov/pubmed/27022301
http://dx.doi.org/10.1186/bcr2256
http://www.ncbi.nlm.nih.gov/pubmed/19426500
http://dx.doi.org/10.1083/jcb.200412115
http://www.ncbi.nlm.nih.gov/pubmed/16061694
http://dx.doi.org/10.1016/j.bbrc.2011.07.060
http://dx.doi.org/10.1016/j.bbrc.2011.07.060
http://www.ncbi.nlm.nih.gov/pubmed/21806965
http://dx.doi.org/10.18632/oncotarget.790
http://www.ncbi.nlm.nih.gov/pubmed/23283305
http://dx.doi.org/10.18632/oncotarget.7685
http://dx.doi.org/10.18632/oncotarget.7685
http://www.ncbi.nlm.nih.gov/pubmed/26918358
http://dx.doi.org/10.1210/me.2010-0452
http://www.ncbi.nlm.nih.gov/pubmed/21493669
http://dx.doi.org/10.1093/nar/gkv007
http://dx.doi.org/10.1093/nar/gkv007
http://www.ncbi.nlm.nih.gov/pubmed/25605792
http://dx.doi.org/10.1007/s10549-011-1457-7
http://www.ncbi.nlm.nih.gov/pubmed/21452023
http://dx.doi.org/10.1158/1078-0432.CCR-15-2711
http://www.ncbi.nlm.nih.gov/pubmed/27225691
http://dx.doi.org/10.1186/bcr1650
http://www.ncbi.nlm.nih.gov/pubmed/17280616
http://dx.doi.org/10.1186/s40169-014-0045-y
http://dx.doi.org/10.1186/s40169-014-0045-y
http://www.ncbi.nlm.nih.gov/pubmed/25852826
http://dx.doi.org/10.1074/jbc.M507274200
http://www.ncbi.nlm.nih.gov/pubmed/16216881
http://dx.doi.org/10.1002/stem.1358
http://www.ncbi.nlm.nih.gov/pubmed/23404835
http://dx.doi.org/10.1093/carcin/bgs232
http://www.ncbi.nlm.nih.gov/pubmed/22822097
http://dx.doi.org/10.1002/stem.1322
http://www.ncbi.nlm.nih.gov/pubmed/23339114


28. Mizuno H, Spike BT, Wahl GM, Levine AJ. Inactivation of p53 in breast cancers correlates with stem

cell transcriptional signatures. Proc Natl Acad Sci U S A. 2010; 107:22745–50. doi: 10.1073/pnas.

1017001108 PMID: 21149740

29. Shetzer Y, Solomon H, Koifman G, Molchadsky A, Horesh S, Rotter V. The paradigm of mutant p53-

expressing cancer stem cells and drug resistance. Carcinogenesis. 2014; 35:1196–208. doi: 10.1093/

carcin/bgu073 PMID: 24658181

30. Braicu C, Pileczki V, Pop L, Petric RC, Chira S, Pointiere E, et al. Dual targeted therapy with p53 sirna

and epigallocatechingallate in a triple negative breast cancer cell model. PLoS ONE. 2015; 10.

31. Bae YH, Shin JM, Park HJ, Jang HO, Bae MK, Bae SK. Gain-of-function mutant p53-R280K mediates

survival of breast cancer cells. Genes and Genomics. 2014; 36:171–8.

32. Lim LY, Vidnovic N, Ellisen LW, Leong CO. Mutant p53 mediates survival of breast cancer cells. Br J

Cancer. 2009; 101:1606–12. doi: 10.1038/sj.bjc.6605335 PMID: 19773755

33. Al-Ejeh F, Smart CE, Morrison BJ, Chenevix-Trench G, López JA, Lakhani SR, et al. Breast cancer
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