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Abstract

The definitive characterization of common cancer stem cell (CSCs) subpopulations in breast

cancer subtypes with distinct genotypic and phenotypic features remains an ongoing chal-

lenge. In this study, we have used a non-biased genome wide screening approach to identify

transcriptional networks that may be specific to the CSC subpopulations in both luminal and

basal breast cancer subtypes. In depth studies of three CSC-enriched breast cancer cell

lines representing various subtypes of breast cancer revealed a striking hyperactivation of

the mevalonate metabolic pathway in comparison to control cells. The upregulation of meta-

bolic networks is a key feature of tumour cells securing growth and proliferative capabilities

and dysregulated mevalonate metabolism has been associated with tumour malignancy

and cellular transformation in breast cancer. Furthermore, accumulating evidence suggests

that Simvastatin therapy, a mevalonate pathway inhibitor, could affect breast cancer pro-

gression and reduce breast cancer recurrence. When detailing the mevalonate pathway in

breast cancer using a single-cell qPCR, we identified the mevalonate precursor enzyme,

HMGCS1, as a specific marker of CSC-enriched subpopulations within both luminal and

basal tumour subtypes. Down-regulation of HMGCS1 also decreased the CSC fraction and

function in various model systems, suggesting that HMGCS1 is essential for CSC-activities

in breast cancer in general. These data was supported by strong associations between

HMGCS1 expression and aggressive features, such as high tumour grade, p53 mutations

as well as ER-negativity in lymph node positive breast cancer. Importantly, loss of HMGCS1

also had a much more pronounced effect on CSC-activities compared to treatment with

standard doses of Simvastatin. Taken together, this study highlights HMGCS1 as a potential
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gatekeeper for dysregulated mevalonate metabolism important for CSC-features in both

luminal and basal breast cancer subtypes. Pharmacological inhibition of HMGCS1 could

therefore be a superior novel treatment approach for breast cancer patients via additional

CSC blocking functions.

Introduction

Breast cancer is a distinctly heterogeneous disease, characterized by a complex and dynamic

tumour cell population and a highly plastic tumour microenvironment [1]. It is generally

accepted that breast cancer tumour cells are organized in a hierarchical fashion and that small

subpopulations of cancer stem cells (CSCs) are actively resident within all tumour subtypes.

CSCs are endowed with the capacity for self-renewal and multi-lineage differentiation,

tumourigenicity, invasiveness and therapeutic resistance, all features that facilitate tumour

progression, disease recurrence, and metastasis [2–4]. Specific therapeutic targeting of small

CSC subpopulations is challenging but could have profound and long lasting clinical benefits

for patients. Several methods of functional enrichment for CSCs have been utilized to facilitate

better understanding and characterization of these subpopulations [5–7]. As a result, numer-

ous genes and cell surface markers have already been associated with CSC-like functional

behaviour within various breast cancer subtypes [4, 8, 9], however, a common marker of CSC

subpopulations remains to be clearly defined. The “reprogramming of energy metabolism” is a

recognized hallmark of cancer, whereby tumour cells can adapt their cellular metabolism to

satisfy the bioenergetic and biosynthetic requirements for sustained growth and proliferation

[10–12]. Tumour cells undergo a metabolic switch from aerobic, oxidative metabolism to high

levels of aerobic glycolysis [13]. As a result, the oxidative phosphorylation reaction remains

incomplete and leads to increased export of acetyl-CoA from the mitochondria into the cyto-

sol. Cytosolic acetyl-CoA molecules are building blocks for lipogenic and anabolic reactions to

promote cell growth and proliferation [14]. In breast cancer, the mevalonate metabolic path-

way for cholesterol biogenesis and protein prenylation has been implicated with tumour cell

transformation, malignancy and the specific regulation of basal-derived CSCs [15–17]. Fur-

thermore, pharmacological blockades of the mevalonate pathway using statin or nitrogen-con-

taining bisphosphonate therapeutics reduced the self-renewal capacity of the basal-derived

CSCs, tumour cell motility, osteolytic bone lesions and the risk of breast cancer recurrence

[16, 18–20].

The purpose of this study was to utilize transcriptome-wide screening of CSC subpopula-

tions to elucidate any signalling networks that may be actively up-regulated independent of

explicit breast cancer subtypes. The mevalonate pathway was identified and single-cell gene

expression profiling was applied to better characterize the pathway in models of luminal and

basal breast cancer. This data highlighted the mevalonate precursor enzyme, 3-hydroxy-

3-methylglutaryl-CoA synthase 1 (HMGCS1), whose up-regulation is a common transcrip-

tional event in CSC-enriched subpopulations of breast cancer cell lines. HMGCS1 catalyses

the chemical conversion of acetoacetyl-CoA present within the cytosol to 3-hydroxy-3-methyl-

glutaryl-CoA (HMG-CoA), which is the chemical structure necessary for HMG-CoA to suc-

cessfully enter and initiate the mevalonate pathway [14, 21]. HMGCS1 was further

investigated as an independent entity and its effects on functional CSC-enrichment and CSC-

associated genetic signatures were studied using transient knockdown systems and single-cell

analysis. Importantly, in our experimental models, inhibition of HMGCS1 produced a more
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potent functional inhibition of CSC-associated activity than standard statin treatment. To the

extent possible, this study sought to characterize the role of mevalonate metabolism and the

specific key enzyme, HMGCS1, on specific CSC subpopulations, with the goal of better under-

standing the predominant transcriptional regulatory networks in these highly tumourigenic

and elusive cells.

Materials and methods

Cell culture, HMGCS1 knockdown and simvastatin treatment

MCF-7, T47D and MDA-MB-231 cell lines (ATCC, Manassas, VA, USA; HTB-22™, HTB-133™
and HTB-26™ respectively) were cultured in accordance with ATCC recommendations at

37˚C in a 5% CO2 humidified atmosphere. MCF-7 was cultured in Dulbecco’s modified

Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, 1% penicillin/strepto-

mycin, 1% L-glutamine (all from Thermo Fisher Scientific) and 1% MEM Non-Essential

Amino Acids (Sigma-Aldrich). MDA-MB-231 and T47D were cultured in RPMI-1640

medium supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, 1% sodium

pyruvate and 1% L-glutamine (Thermo Fisher Scientific). Cell lines were confirmed as myco-

plasma-free (Mycoplasma PCR Detection Kit, Applied Biological Materials Inc., Richmond,

BC, Canada). HMGCS1 gene expression was silenced with 30 nM HMGCS1 siRNA or treated

with Trilencer-27 Universal Scrambled Negative Control siRNA (Origene Technologies Inc.,

Rockville, MD, USA) for 72 hours using the Viromer Blue transfection system (Lipocalyx,

Halle, Germany). Cells were treated with 1 μM Simvastatin (S6196, Sigma-Aldrich, St. Louis,

MO, USA) or DMSO as vehicle control (Sigma-Aldrich, St. Louis, MO, USA) for 48 hours.

Following HMGCS1 gene silencing cells were grown in 16-hour and 5-day suspension cultures

(see below).

Cancer stem cell (CSC) enrichment methods

To enrich for CSCs, single cell suspensions were seeded in 1.2% w/v poly(2-hydroxyethyl

methacrylate)/95% ethanol-coated plates (Sigma-Aldrich) and grown in phenol red free

DMEM/F-12 (Life Technologies, Carlsbad, CA, USA) containing 2% B27 supplement (Life

Technologies), 20 ng mL-1 EGF (BD Biosciences, Franklin Lakes, NJ, USA) and 1% penicillin/

streptomycin (PAA Laboratories, Pasching, Austria) at a density of 500 cells cm-2. Anoikis-

resistant cells and mammospheres were harvested after 16 hours or 5 days, respectively, as

described [22, 23]. Manual viability counts of anoikis-resistant cells were conducted with Try-

pan Blue exclusion dye (Sigma-Aldrich).

RNA sequencing and data analysis

For RNA sequencing total RNA was extracted using the RNeasy Mini Kit (Qiagen, Limburg,

Netherlands) and treated with RNase-free DNase kit (Qiagen). Directional RNA-sequencing

libraries were prepared using the ScriptSeq™ v2 RNA-Seq kit (Epicentre, Madison, WI, USA)

according to the manufacturer’s protocol. Library abundance was assessed using the Qubit

dsDNA HS Assay on the Qubit 2.0 fluorometer (both from Life Technologies). Libraries were

sequenced on the Illumina HiSeq platform (Illumina, San Diego, CA, USA) according to the

manufacturer’s protocol. Data were analysed as previously described [24]. Briefly, raw

sequencing reads were mapped to human genome HG19 applying the TopHat tool (http://ccb.

jhu.edu/software/tophat/index.shtml) and differential expression was calculated with the Cuf-

flinks package (http://cole-trapnell-lab.github.io/cufflinks/), using statistically significant cut-

offs based on a log2 fold-change greater than 1.5 compared to adherent monolayer cultures.
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Single-cell and conventional quantitative RT-PCR

For single-cell sorting, adherent monolayer cultures were enzymatically dissociated with

0.25% Trypsin-EDTA (PAA Laboratories). CSC-enriched subpopulations were collected at

300 xg for 5 min, and dead cells were removed with the MACS Dead Cell Removal Kit (Milte-

nyi Biotec, Bergisch Gladbach, Germany). Cells were stained with FITC-conjugated Annexin

V antibody (BD Biosciences, Franklin Lakes, NJ, USA, 1:20) and 0.25 μg 7-AAD (BD Biosci-

ences). Individual Annexin V and 7-AAD negative cells were sorted into 96-well PCR plates

(Life Technologies) using a BD FACSAria II (Becton Dickinson) instrument as previously

described [25–27]. Reverse transcription, gene-specific preamplification and single-cell qPCR

were conducted as described [25]. Single-cell data pre-processing and multivariate analysis

were performed with GenEx (version 5.4.3, MultiD, Gothenburg, Sweden) as described [25].

To assess RNA transcript levels of cell populations, RNA was extracted employing the

RNeasy Mini Kit (Qiagen). RNA was quantified using the NanoDrop spectrophotometer

(Thermo Fisher Scientific, Wilmington, DE, USA). cDNA synthesis was performed with

SuperScript III reverse transcriptase (Life Technologies) according to the manufacturer’s

instructions. Quantitative RT-PCR was performed in 10 μL reactions using the 2x SYBR

GrandMaster Mix (TATAA Biocenter, Gothenburg, Sweden) and was analysed on the

CFX384 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA) using in-

house and commercial qPCR assays (S1 Table).

Immunoblot

Cell extracts were separated by SDS–polyacrylamide gel electrophoresis and immunoblotted

with anti-human HMGCS1 (52 kDa) (HPA036914, Atlas Antibodies, Stockholm, Sweden,

1:1,000) and anti-human actin beta:DyLight1680 (42 kDa) (HCA147D680, AbD Serotec,

Kidlington, Oxford, UK, 1:10,000) as loading control and analysed using an Odyssey scanner

(Licor, Lincoln, NE, USA).

Tissue microarray

Tumour biopsies from 149 patients with positive lymph-node breast cancer were retrieved

from the Department of Pathology at Sahlgrenska University Hospital. The use of patient

material for this project involving Sahlgrenska Universitetssjukhuset (Västra Götalandsregio-

nen) and Sahlgrenska Cancer Center (Göteborgs Universitet) was approved by the Regional

Research Ethics Committee in Gothenburg (Regionala Etikprövningsnämnden i Göteborg)

(DNR: 515–12 and T972-18). All research was performed according to ethical guidelines and

written informed consent was obtained from all the participants in the study. Specimens were

formalin-fixed and paraffin-embedded. Representative areas of invasive cancer were marked

on the original block, and three 1.0-mm tissue cores were collected from each donating

tumour block and arranged in a new recipient block using a manual Tissue Arrayer (Beecher

Inc., Sun Prairie, WI, USA). Four 0.5 mm sections were cut from HM 355S Rotary Microtome

(Thermo Scientific, Waltham, MA, USA) and processed in a standard immunohistochemistry

Autostainer (DAKO AutostainerLink 48, Copenhagen, Denmark). Immunohistochemistry

was performed on TMA sections using DAKO Autostainer and Envision FLEX+ detection sys-

tem. Briefly, deparaffinized sections were subjected to antigen retrieval by high pressure cook-

ing and DIVA antigen retrieval, followed by blocking with hydrogen peroxide and incubation

with primary antibody against HMGCS1 (Atlas Antibodies, Stockholm, Sweden, 1:500).

HMGCS1 expression was assessed using the Allred scoring system. Statistical analysis were

computed in SPSS (IBM, version 20, New York, NY, USA)
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Statistical analysis

Data was processed using Excel 2016, GraphPad Prism v7.04 or SPSS (IBM, version 20). Statis-

tical comparisons between two groups were determined using a paired Student’s t-test, with

statistical significance defined as p< 0.05 (two-tailed). The Mann-Whitney U test was used to

analyse the expression of individual genes between two groups in the single-cell experiments,

and obtained p-values were Bonferroni-adjusted to correct for multiple testing. Spearman’s

correlation was applied to identify significant associations between gene expression in single-

cell experiments, and HMGCS1 to various clinical parameters in the tissue microarray. Associ-

ations with a p-value of�0.05 were considered to be statistically relevant. All experiments

were carried out in triplicates unless it was specified.

Results

The mevalonate pathway is a key feature of CSC-enrichment in luminal

and basal breast cancer subtypes

Transcriptome-wide gene expression profiling using high-throughput RNA sequencing

(RNA273seq) identified distinct genetic signatures, commonly overexpressed in CSC-enriched

subpopulations of breast cancer cell lines. Two luminal (MCF-7 and T47D) and one basal

(MDA-MB-231) cell lines were cultured as adherent monolayers or using a 16 hour suspension

culture system to functionally enrich for CSC-enriched subpopulations [22]. A total of 344

genes and 243 genes were significantly up-regulated in the MCF-7 and T47D CSC-enriched

subpopulations, respectively, as well as 477 genes in the MDA-MB-231 subpopulation (Fig 1A

and S1 Data). Ingenuity1 Pathway Analysis (IPA1, QIAGEN Redwood City, CA, USA) was

applied to the 79 genes that were significantly overexpressed in two or more of the CSC-

enriched cell line subpopulations (S2 Table). Eight out of the 12 most over-represented path-

ways (p<0.001) were mevalonate associated networks (Fig 1B and S3 Table).

To determine similarities across the three cell lines, the mean gene expression and the per-

centage expression of 11 mevalonate genes (HMGCS1, HMGCR, MVK, PMVK, IDI1, FDFT1,

CYP51A1, SC4MOL, NSDHL, DHCR7 and DHCR24) in each cell line (MCF-7; n = 76, T47D;

n = 88, MDA-MB-231; n = 83) were assessed by single-cell gene expression profiling (Fig 1D).

Comparable patterns of expression were observed for HMGCS1, MVK and DHCR24 in the

three cell lines (S4 Table). HMGCS1 expression, in particular, showed no significant difference

between cell lines and moreover, was specific to a smaller sub-fraction of tumour cells within

each monolayer single-cell population. Comparative analysis of HMGCS1 expression in adher-

ent monolayer culture and in the 16 hour CSC-enriched model showed a significant expansion

of HMGCS1 expressing cells at the single cell level; with a 54% increase in MCF-7 cells, 55% in

T47Ds and 45% in MDA-MB-231s following CSC-enrichment (Fig 1E). Spearman’s correla-

tion analysis was applied to further test the strength of association between mevalonate genes

in each cell line. MCF-7 cells exhibited 21 significant positive correlations between the mevalo-

nate genes (where p<0.05, ρ�0.4), whilst the T47D and MDA-MB-231 cells had 13 each (Fig

1F and S5 and S6 Tables). From this analysis, HMGCS1 was the only gene which commonly

lacked any association to the other pathway genes. HMGCS1, although an important precursor

to the first committed step of the mevalonate pathway, appeared to behave entirely indepen-

dent from the other pathway members. Furthermore, it was together with SC4MOL one of the

only nine genes significantly over-expressed in all three CSC-enriched cell lines in the original

RNA-seq dataset (Fig 1G and 1A), thus making HMGCS1, independent of the mevalonate

pathway, an intriguing candidate marker for functional CSC-enrichment, with potential rele-

vance in both luminal and basal subtypes.
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HMGCS1 regulates CSC-enrichment in luminal and basal breast cancer

subtypes

Over-expression of HMGCS1 transcript levels in the three cell lines following 16 hour CSC-

enrichment was confirmed using RT-qPCR (Fig 2A), with the most significant up-regulation

observed in the basal MDA-MB-231s (10-fold change). Functional expression of HMGCS1 was

measured using two separate models of CSC-enrichment; 16 hour suspension culture and also 5

days mammosphere culture. Western blot analysis showed that HMGCS1 protein expression

was increased in both enrichment models in all cell lines compared to the adherent monolayer

control (Fig 2B). Accompanying densitometry graphs showed the increases in HMGCS1 pro-

tein levels were most marked in the MCF-7 and MDA-MB-231 cell lines, whereas the T47D

cells showed only a moderate increase after 16 hours compared to a more significant increase in

the 5 day mammosphere culture (Fig 2B). Taken together, the data clearly confirms increased

HMGCS1 expression is a feature of CSC-enrichment in both luminal and basal functional mod-

els. To assess the functional effect of HMGCS1 on the same two models of CSC-enrichment,

HMGCS1 gene expression was effectively silenced in all three cell lines (Fig 2C). Using the initial

16 hour CSC-enrichment model, loss of HMGCS1 expression induced a decrease in the number

of viable cells capable of surviving anchorage-independent conditions in all three cell lines.

However, the observed decrease in viability only reached statistical significance in the T47D

and MDA-MB-231 cells, where 20–30%, respectively, of reduction in viable cells was detected

(Fig 2D). The same cells were seeded for 5 days mammosphere cultures and a similar pattern of

regulation was observed. Cells lacking HMGCS1 expression formed less mammospheres after 5

days; however the most significant differences were again limited to the T47D and MDA-MB-

231 cell lines (Fig 2E). This data clearly shows that in terms of HMGCS1, functional activity

does extend to the luminal CSC models as well the basal [16].

To complement and put into perspective, the effect of HMGCS1 on our luminal and basal

model system, cells were treated with a standard dose of Simvastatin (1 μM) for 48 hours.

Statin therapy targets 3-hydroxy-3-331 methylglutaryl-CoA Reductase (HMGCR), the major

rate limiting enzyme within the mevalonate pathway and the direct downstream substrate for

HMGCS1 activity. Statin targeting of HMGCR suppresses the entire mevalonate pathway,

reducing cholesterol production and protein prenylation [14, 28]. Interestingly, statin treat-

ment increased the levels of HMGCS1 protein in each of the three cell lines (Fig 2F and S1

Fig). A blockade of HMGCR leaves HMGCS1 with no functional substrate and could cause its

protein levels to inappropriately accumulate. To highlight the power of HMGCS1 expression

alone versus the overall power of the pathway, the same CSC enriched functional models were

assessed in Simvastatin-treated cells. Unlike the HMGCS1 knockdown cells, there was no

Fig 1. The mevalonate pathway is the most over-represented network in the CSC enriched subpopulations of luminal and basal

breast cancer subtypes. A. Venn diagram representing the significant overexpressed genes (> 1.5 fold-change) in the 16- hours CSC-

enriched cultures compared to individual adherent monolayer cultures for each cell line. Overall analysis of the RNA-sequencing data for

MCF-7, T47D and MDA-MB-231 cell lines, identified 344, 243 and 477 genes. B. Representation of the pathway-associated networks

significantly above the statistical threshold (p<0.001) in the CSC-enriched cell line subpopulations. C. Schematic diagram of several

mevalonate pathway enzymatic intermediates. D. Single-cell expression analysis of mevalonate pathway genes by qPCR, conducted in

MCF-7 (blue, n = 76), T47D (green, n = 88) and MDA-MB-231 (MDA-231) (red, n = 83) adherent monolayer cultures. Mean gene

expression ±SEM per single cell for each cell line is represented on left y-axis and the percentage of cells expressing a particular gene

within the overall single-cell population is represented on the right y-axis. E. Percentage of cells expressing HMGCS1 in adherent

monolayer and CSC-enriched (CSC-en) single cell populations, in MCF-7 (blue), T47D (green) and MDA-MB-231 (red) cell lines. F. Line

graphs depicting single-cell gene associations using Spearman’s correlation to identify significant correlations between mevalonate

pathway genes in each cell line monolayer population (p<0.05, ρ�0.4). Each significant gene correlation is represented by a line and

connecting lines are weighted in an increasing manner to represent increasing correlation coefficient values (S5 Table). G. Relative gene

expression of mevalonate pathway genes in the CSC subpopulations compared to monolayer controls from the original RNA-sequencing

data.

https://doi.org/10.1371/journal.pone.0236187.g001
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observed reduction in the number of viable cells following the 16 hour CSC-enrichment

method (Fig 2G). Also, the 5 days mammosphere CSC-enrichment model, showed no clear

reduction in the ability of Simvastatin-treated cells to form functional sphere structures (Fig

2H). The comparable nature of the knockdown and statin treated experiments clearly show

that in these models of CSC-enrichment, inhibition of the mevalonate pathway does not have

the capacity to influence the survival or activity of CSC enriched subpopulations to the same

extent as inhibition of HMGCS1 alone. This data suggests that HMGCS1 ability to enzymati-

cally facilitate anabolic reactions and to initiate the mevalonate pathway is a more effective

therapeutic target than the statin targeted, HMGCR.

HMGCS1 influences the expression of CSC-associated genes in the basal

model of breast cancer

A panel of CSC-associated genes was selected to investigate the transcriptional influence of

HMGCS1 expression within the three cell lines. The selected panel included the proliferative

markers, (MKI67, CCNA2) in addition to the pluripotency markers, (POU5F1, SOX2,

NANOG) and a number of prominent and established epithelial-to-mesenchymal-transition

(EMT) (SNAI1, FOSL1) and stem cell markers (CD44, ALDH1A3, ABCG2). Transcript levels

were measured in HMGCS1-expressing cells and in HMGCS1-knockdown cells (Fig 3A). The

T47D and MDA-MB-231 cells showed marked reductions for MKI67 and CCNA2 in the

absence of HMGCS1 however, neither reached statistical significance. HMGCS1 expression

had no clear effect on the transcriptional regulation of the pluripotency genes in either of the

luminal cell lines. With regards to the various stem cell markers, no significant effect was

observed in the MCF-7 cell line, whilst the T47Ds asserted a regulatory effect on ABCG2
expression. Similar to the CSC-enrichment models, HMGCS1 exhibited much more gene reg-

ulatory function in the basal MDA-MB-231 cells. Loss of HMGCS1 expression in the

MDA-MB-231s significantly decreased the transcript levels of SOX2 and NANOG and showed

a concomitant loss of SNAI1 expression. Also ALDH1A3 expression was markedly reduced

but failed to reach statistical significance.

To mimic the HMGCS1 knockdown experiment, the adherent monolayer single cell data

was subdivided and analysed in terms of cells expressing HMGCS1 and cells which did not

(Fig 3B). As described in Fig 1E, the HMGCS1-expressing cells had remarkably similar fre-

quency in each cell line; 29% of MCF-7s, 28% of T47Ds and 24% of the MDA-MB-231s. The

same panel of genes was analysed to assess whether a similar pattern of regulation could be

observed at the single-cell level. Numerous trends were observed across the three cell lines,

however none reached statistical significance. At the single-cell level HMGCS1-negative cells

of all cell lines exhibited a marked reduction of the proliferative genes, MKI67 and CCNA2.

Fig 2. High expression of HMGCS1 was a consistent feature in CSC enriched subpopulations of luminal and basal breast cancer subtypes and, the

silencing of HMGCS1 gene expression reduced the levels of CSC activity. A. HMGCS1 gene expression measured by qPCR in MCF-7, T47D and MDA-MB-

231 (MDA-231) cell lines cultured as adherent monolayer or 16 hour CSC-enriched (CSC-en) cultures. HMGCS1 transcript levels are relative to individual

monolayer controls. Mean ±SEM from three biological replicates are shown. B. HMGCS1 protein expression in MCF-7, T47D and MDA-MB-231 cell lines

cultured as adherent monolayers, 16 hours suspension cultures or 5-days mammosphere cultures. A representative western blot and associated densitometry

are shown. C. Representative western blot and associated densitometry of MCF-7, T47D and MDA-MB-231 cell lines transfected with HMGCS1 siRNA

confirming the knockdown of HMGCS1 protein expression, relative to the scrambled negative control. β-actin was used as a loading control. D. Percentage of

viable cells in 16 hours CSC-enriched cultures of MCF-7, T47D and MDA-MB-231 cells transfected with either scrambled negative control or HMGCS1
siRNA. E. Mammosphere forming capacity (MFC) of the three cell lines transfected with either scrambled negative control or HMGCS1 siRNA, represented as

percentage of total cells seeded. F. Representative western blot and associated densitometry confirming the increase of HMGCS1 protein in cells treated 48

hours with 1 μM Simvastatin (SS), compared to the control (DMSO) samples for each cell line. G. Percentage of viable cells in 16 hours CSC-enriched cultures

of MCF-7, T47D and MDA-MB-231 cells treated with either DMSO control or 1 μM Simvastatin. H. Mammosphere forming capacity (MFC) of the three cell

lines treated with either DMSO control or 1 μM Simvastatin. In all graphs the mean ±SEM of three independent experiments is shown and, the significance

level was determined by two-tailed, paired Student’s t-test; �p<0.05, ��p<0.01.

https://doi.org/10.1371/journal.pone.0236187.g002
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For the pluripotency markers, no obvious pattern of regulation was observed among the lumi-

nal cell lines, however in the MDA-MB-231 cells, again there was a clear reduction in SOX2
transcript levels in cells lacking HMGCS1. Each cell line also showed a marginal reduction in

CD44 in the HMGCS1-negative cells. Among the T47D and MDA-MB-231 HMGCS1-negative

cells; there was a clear decrease in ALDH1A3 and ABCG2 transcript levels. Finally, there was a

distinct reduction in SNAI1 transcript levels in the MDA-MB-231 HMGCS1-negative cells;

which correlated well with the HMGCS1 knockdown data. Similar to the CSC-enriched func-

tional models, the more definitive analysis was limited to the more tumourigenic p53-mutated

T47Ds and the basal MDA-MB-231s.

Fig 3. Silencing of HMGCS1 gene expression reduced the expression of CSC-associated genes in the basal model of breast cancer. A. RT-qPCR analysis of the

transcript levels of proliferation, pluripotency and EMT/stem-like related genes for MCF-7, T47D and MDA-MB-231 (MDA-231) cells transfected with either

scrambled negative control or HMGCS1 siRNA. Expression levels for each individual gene were normalized to the scrambled negative control for each cell line.

Graphs show mean ±SEM, n = 3, �p<0.05, ��p<0.01 by two-tailed paired Student’s t-test. B. Single-cell gene expression profiling in single cells expressing HMGCS1
(blue, green, red) versus cells which do not express HMGCS1 (black), of adherent monolayer cultures for MCF-7 (blue, n = 76), T47D (green, n = 88) and

MDA-MB-231 (red, n = 83) cell lines. Mean ±SEM is shown. The Mann-Whitney U test was used to analyse expression of individual genes between two groups and

obtained p-values were Bonferroni-adjusted to correct for multiple testing (S6 Table). C. Spearman’s correlation analysis was conducted on single-cell populations

which did not express HMGCS1 (MCF-7, n = 54; T47D, n = 63; and MDA-MB-231, n = 62) or expressed HMGCS1 (MCF-7, n = 22; T47D, n = 25; and MDA-MB-

231, n = 21), respectively. Correlations were drawn between the same proliferation, pluripotency and EMT/stem-like genes as analysed in A (S7–S9 Tables).

Connecting lines were weighted in an increasing manner to represent increasing correlation coefficient values (p<0.05, ρ�0.4).

https://doi.org/10.1371/journal.pone.0236187.g003
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Correlation analysis assessed comparative single-cell associations between the same genes in

HMGCS1-expressing cells and HMGCS1-negative cells (Fig 3C and S7–S9 Tables). Interestingly,

similar as we reported in previous studies in anoikis-resistant cultures [27], there was a clear

increase in the number of associations of CSC-related genes in the HMGCS1 expressing cells in

all cell lines. Different gene associations were exhibited by the different cell lines, with a strong

and significant MKI67 / CCNA2 association in both luminal HMGCS1-expressing cells, while the

strongest gene associations present in the MDA-MB-231 HMGCS1-expressing cells was between

pluripotent markers, SOX2 / POU5F1 and between the well-known stem markers, ALDH1A3 /
CD44. The single-cell analytical approach applied to HMGCS1 gene function confirmed the ini-

tial transcriptional observations, although the distinct functionality and molecular interaction of

this enzyme when present in differing breast cancer subtypes need further studies.

HMGCS1 expression correlates with disease aggression and associates with

basal tumours in a breast cancer patient cohort

To confirm the clinical relevance of HMGCS1 expression, a cohort of 149 lymph node positive

breast cancer tumours was stained and sub-classified for HMGCS1 protein expression (Fig

4A). Correlation analysis of HMGCS1 expression identified significant positive correlations

with tumour grade, p53 mutational status, and hypoxia-inducible factor 1-α (Table 1), all of

which are well established features of disease aggression [29–31]. The molecular data has

already shown a clear correlative pattern between the functional effects of HMGCS1 and the

increased tumourigenicity of the subtypes in which it was assessed, with the most significant

regulation consistently observed in the basal MDA-MB-231 cells. The clinical correlations

complement these original observations and the specific association of HMGCS1 with a dis-

tinctly aggressive disease phenotype. Moreover, in silico Kaplan-Meier analysis of a public

breast cancer dataset [32] revealed that high expression of HMGCS1 was associated with

worse relapse-free survival (RFS) (S2 Fig).

In addition to the positive correlations, HMGCS1 exhibited significant inverse correlations

with estrogen receptor α (ER) and progesterone receptor (PR), further supporting HMGCS1

Fig 4. HMGCS1 expression associates with basal tumours in a breast cancer patient cohort. A. HMGCS1

expression in a tissue microarray (TMA) from 149 patients with lymph-node positive breast cancer. B. Comparative

pie charts for each HMGCS1 subgroup (negative, low, intermediate and high) showing the frequency of ERα-positive

and ERα-negative tumour subtypes present in each. C. Percentage of p53 mutations in ERα-positive and ERα-negative

breast cancers for HMGCS1 subgroups.

https://doi.org/10.1371/journal.pone.0236187.g004
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activity in the basal subtypes. Furthermore, there was an obvious increase in the frequency of

ER-negative tumours in the HMGCS1-intermediate (42%) and -high (56%) tumours (Fig 4B),

as well as an increase in p53 mutation in ERα-positive tumours (Fig 4C). Whilst HMGCS1 is

present and functional within luminal subtypes of breast cancer, all the analysis suggests that

its effects may be most deliberate and consequential in the basal subtypes.

Discussion

There is increasing evidences that CSCs influences many key processes involved in breast can-

cer progression, including tumour initiation, promotion and metastasis [33]. Several studies

have also implicated a role for this subpopulation of cancer cells in therapeutic resistance.

Developing breast CSCs targeting therapy approaches is therefore of high interest [33]. Despite

these efforts, CSC targeting strategies are difficult due to for example molecular heterogeneity

between CSCs in different breast cancer molecular subtypes [34]. In this study, we sought to

identify common molecular pathways to luminal and basal breast cancers to in part overtake

this limitation by applying genome-wide RNA sequencing of functionally enriched CSCs in

conjunction with matched adherent cultures for both breast cancer subtypes.

Using this approach, we observed that the mevalonate pathway was accentuated in CSC-

enriched populations of both subtypes of breast cancer. Similar overrepresentation of the mevalo-

nate pathway in CSCs has been described earlier but restricted to basal breast cancers [16]. In the

basal breast cancer study, gene expression signatures were derived from secondary passages of

mammosphere cultures grown for 4–7 days. Those cultures will by definition contain mammo-

sphere-initiating as well as differentiated progenitor cells which might be one of the reasons of

failing to find active pathways in luminal CSCs. In our study, we used 16-hours anchorage-inde-

pendent culture system, and we have previously shown that these suspension cultures will enrich

for highly tumourigenic mammosphere-initiating cells featuring a CSC-like phenotype [23].

When detailing the mevalonate pathway, we identified HMGCS1 as a common functional

marker for CSCs based on that 1) it was significantly overexpressed and expanded in both 16

hours CSC-enriched cell lines subtypes; 2) its mRNA and protein levels were increased in both

enrichment models, 16 hours suspension and 5 days mammosphere cultures, respectively; and

3) transient HMGCS1 gene-silencing led to reduced survival of cells in anchorage-independent

conditions and mammosphere formation capacity. Independently of the mevalonate pathway,

this gene was previously identified as a potential candidate involved in tumour stem-like breast

cancer cells, using a meta-analysis on combined gene expression profiles from several studies

that utilized tumour sphere technology [35]. Moreover, they confirmed that HMGCS1 gene was

up-regulated in MCF-7 derived sphere cells compared to adherent monolayer growing cells.

Table 1. Clinical associations of HMGCS1 in a lymph node positive breast cancer patient cohort.

Grade ERa PRb P53 mutation HIF1αc

Spearman’s Correlation 0.326 -0.311 -0.393 0.276 0.256

Significance (p-value) <0.001 <0.001 <0.001 0.001 0.003

n 122 129 124 147 133

Spearman’s correlation coefficients of HMGCS1 to various clinical parameters were determined using a tissue microarray of 149 lymph-node positive breast cancer

biopsies as described in Fig 4A. Associations with a p-value of �0.05 were considered to be statistically relevant. All statistical analysis was computed in SPSS (IBM,

version 20).
aER, estrogen receptor α
bPR, progesterone receptor
cHIF1α, hypoxia inducible factor 1-α

https://doi.org/10.1371/journal.pone.0236187.t001
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Although we identified HMGCS1 gene overexpressed in CSC-enriched cultures from the

three cell lines tested, including both luminal and basal subtypes, the degree of upregulation in

the CSC population was cell line dependent. The effect of the HMGCS1 gene-silencing upon

the CSC viability and mammosphere formation was more significant in T47D and MDA-MB-

231 compared to MCF-7. When the expression of CSC-associated genes was analysed in cells

lacking HMGCS1, the three cell lines showed a reduction of proliferation markers whereas the

most significant down-regulation in pluripotency (SOX2) and EMT markers (SNAI1 and

CD44) were observed in MDA-MB-231. The effect of the HMGCS1 expression in the prolifera-

tion markers MKI67 and CCNA2 were confirmed by observations in our previous study where

the HMGCS1 expressing cells from mammosphere cultures showed higher expression of these

two markers than cells lacking it (S3 Fig) [36]. Besides, these results agree with other studies

showing that the blockage of the mevalonate pathway by statins suppressed the expression of a

common cluster of genes governing the EMT process in triple negative breast cancer cell line

MDA-MB-231 [37].

Interestingly, our data correlated HMGCS1 functional activity with increased tumourigeni-

city within the cell lines, from luminal to basal. MCF-7 has a typical luminal, less aggressive

phenotype; T47D cells, although also luminal, harbour a p53 mutation and are more aggres-

sive, whereas MDA-MB-231 cells are highly aggressive and metastatic [38, 39]. Furthermore,

we recognized the effect of HMGCS1 on the CSC population, primarily in cell lines harbouring

a p53 mutation (T47D (L194F) and MDA-MB-231 (R280K)); and we further observed a spe-

cific association between HMGCS1 protein expression and mutated p53 in a cohort of lymph

node-positive breast cancer. Dysregulated mevalonate pathway activation has previously been

linked to mutated p53 [15, 30]. This regulation require the recruitment of the mutant p53 to

the gene promoters trough the interaction with the sterol regulatory element-binding proteins

(SREBP), including the HMGCS1 promoter, which has showed a significant binding by

mutant p53 in the vicinity of HMGCS1 sterol regulatory elements (SRE-1) [15]. About 30% of

all breast cancers exhibit mutations in the TP53 gene, but the frequency differs greatly across

distinct molecular subtypes [40, 41]. About 80% of the basal tumours display mutations in the

TP53 gene, whereas only about 15% of luminal A tumours carry a p53 mutation [40, 41]. Fur-

thermore, basal tumours are characterized by high tumour grade and lack of ERα, PR and

HER2 expression [42]. In our study, in a cohort of lymph node positive breast cancers, tumour

specific HMGCS1 expression was inversely associated with estrogen and progesterone recep-

tors presence, but positively correlated to aggressive disease phenotype. Our data suggests that

that therapeutic modulation of the mevalonate pathway may be beneficial for patients present-

ing p53 gain-of-function mutations and consequential mevalonate pathway hyperactivation,

independent of breast cancer subtype.

In agreement with other studies, we observed that Simvastatin treatment led to elevated

HMGCS1 protein levels [17, 43]. A statin-dependent upregulation of HMGCS1, together with

other genes belonging to the mevalonate pathway, has also been described in multiple mye-

loma cells [44]. This feedback mechanism has been associated with statin-insensitivity upon

statin exposure in leukemic cells [44], and recently also in breast cancer cells [45]. In our

study, Simvastatin treatment had no or mild effect in the viability of the CSC-enriched cultures

of the three assayed cell lines. Similar marginal effects in T47D and MCF-7 cells following

exposure to statins have been described by other groups, meanwhile a high reduction in viabil-

ity of the triple negative cell line MDA-MB-231 has been reported. [45]. Here, we showed that

by using 16-hours CSC-enriched cultures, the MDA-MB-231 CSC-population had an enriched

HMGCS1 expression, and that Simvastatin, as in the luminal cell lines MCF-7 and T47D, led

to an increase of the HMGCS1 protein in MDA-MB-231 cells. This may explain the discrepan-

cies with other studies. Given the pronounced effect of HMGCS1 gene-silencing on CSC
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survival and seemingly mevalonate-pathway-independent regulation of HMGCS1, pharmaco-

logical inhibition of HMGCS1 may be a superior approach to specifically target CSC in lumi-

nal and basal breast cancer subtypes.

Taken together, the findings of this study assert that a dysregulated metabolic state is a dis-

tinct feature of CSC-enriched luminal and basal breast cancer subtypes and that in particular;

the enzyme HMGCS1 is a novel and potential general marker of this enrichment. Whilst an

in-depth mechanistic study of HMGCS1-mediated transcriptional effects, lies beyond the

scope of this article, the evidence strongly suggests, that HMGCS1 has genuine potential as a

therapeutic target, especially in aggressive and basal breast cancer populations.
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Visualization: Claire A. Walsh, Nina Akrap.

Writing – original draft: Claire A. Walsh, Nina Akrap, Elena Garre.

Writing – review & editing: Elena Garre, Hannah Harrison, Daniel Andersson, Adrian Har-
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24. Choudhry H, Schödel J, Oikonomopoulos S, Camps C, Grampp S, Harris AL, et al. Extensive regulation

of the non-coding transcriptome by hypoxia: role of HIF in releasing paused RNApol2. EMBO Rep.

2014; 15(1):70–6. https://doi.org/10.1002/embr.201337642 PMID: 24363272

25. Ståhlberg A, Bengtsson M. Single-cell gene expression profiling using reverse transcription quantitative

real-time PCR. Methods. 2010; 50(4):282–8. https://doi.org/10.1016/j.ymeth.2010.01.002 PMID:

20064613

26. Ståhlberg A, Andersson D, Aurelius J, Faiz M, Pekna M, Kubista M, et al. Defining cell populations with

single-cell gene expression profiling: correlations and identification of astrocyte subpopulations. Nucleic

Acids Research. 2011; 39(4):e24. https://doi.org/10.1093/nar/gkq1182 PMID: 21112872

27. Akrap N, Andersson D, Bom E, Gregersson P, Stahlberg A, Landberg G. Identification of distinct breast

cancer stem cell populations based on single-cell analyses of functionally enriched stem and progenitor

pools. Stem Cell Rep. 2016; 6(1):121–36.

28. Santa-Maria C, Stearns V. Statins and Breast Cancer: Future Directions in Chemoprevention. Curr

Breast Cancer Rep. 2013; 5(3):161–9. https://doi.org/10.1007/s12609-013-0119-7 PMID: 23997864

29. Rakha E, Reis-Filho J, Baehner F, Dabbs D, Decker T, Eusebi V, et al. Breast cancer prognostic classi-

fication in the molecular era: the role of histological grade. Breast Cancer Research. 2010; 12(4):207.

https://doi.org/10.1186/bcr2607 PMID: 20804570

30. Freed-Pastor WA, Prives C. Mutant p53: one name, many proteins. Genes & Development. 2012; 26

(12):1268–86.

31. Vaupel P, Mayer A. Hypoxia in cancer: significance and impact on clinical outcome. Cancer Metastasis

Rev. 2007; 26(2):225–39. https://doi.org/10.1007/s10555-007-9055-1 PMID: 17440684

32. Gyorffy B, Lanczky A, Eklund AC, Denkert C, Budczies J, Li Q, et al. An online survival analysis tool to

rapidly assess the effect of 22,277 genes on breast cancer prognosis using microarray data of 1809

patients, Breast Cancer Res Treatment, 2010 Oct; 123(3):725–31.

33. Ayob AZ, Ramasamy TS. Cancer stem cells as key drivers of tumour progression. J Biomed Sci. 2018;

25(1):20. https://doi.org/10.1186/s12929-018-0426-4 PMID: 29506506

34. Eun K, Ham SW, Kim H. Cancer stem cell heterogeneity: origin and new perspectives on CSC targeting.

BMB Rep. 2017; 50(3):117–125. https://doi.org/10.5483/bmbrep.2017.50.3.222 PMID: 27998397

35. Lee WJ, Kim SC, Yoon JH, Yoon SJ, Lim J, Kim YS, et al. Meta-Analysis of Tumor Stem-Like Breast

Cancer Cells Using Gene Set and Network Analysis. PLoS One. 2016; 11(2):e0148818. https://doi.org/

10.1371/journal.pone.0148818 PMID: 26870956

36. Jonasson E, Ghannoum S, Persson E, Karlsson J, Kroneis T, Larsson E, et al. Identification of Breast

Cancer Stem Cell Related Genes Using Functional Cellular Assays Combined With Single-Cell RNA

Sequencing in MDA-MB-231 Cells. Front Genet. 2019; 22(10):500. https://doi.org/10.3389/fgene.2019.

00500 PMID: 31191614

37. Koohestanimobarhan S, Salami S, Imeni V, Mohammadi Z, Bayat O. Lipophilic statins antagonistically

alter the major epithelial-to-mesenchymal transition signaling pathways in breast cancer stem-like cells

via inhibition of the mevalonate pathway. J Cell Biochem. 2018 Sep 6. https://doi.org/10.1002/jcb.27544

PMID: 30191610 [Epub ahead of print].

38. Kao J, Salari K, Bocanegra M, Choi Y-L, Girard L, Gandhi J, et al. Molecular Profiling of Breast Cancer

Cell Lines Defines Relevant Tumour Models and Provides a Resource for Cancer Gene Discovery.

PLoS ONE. 2009; 4(7):e6146. https://doi.org/10.1371/journal.pone.0006146 PMID: 19582160

39. Holliday D, Speirs V. Choosing the right cell line for breast cancer research. Breast Cancer Research.

2011; 13(4):215. https://doi.org/10.1186/bcr2889 PMID: 21884641

PLOS ONE HMGCS1 is a novel cancer stem cell marker in breast cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0236187 July 21, 2020 17 / 18

https://doi.org/10.1186/bcr3616
https://doi.org/10.1186/bcr3616
http://www.ncbi.nlm.nih.gov/pubmed/24528599
https://doi.org/10.1093/jnci/djr291
http://www.ncbi.nlm.nih.gov/pubmed/21813413
https://doi.org/10.1158/0008-5472.CAN-09-1681
http://www.ncbi.nlm.nih.gov/pubmed/20068161
https://doi.org/10.18632/oncotarget.13928
https://doi.org/10.18632/oncotarget.13928
http://www.ncbi.nlm.nih.gov/pubmed/28033108
https://doi.org/10.1002/embr.201337642
http://www.ncbi.nlm.nih.gov/pubmed/24363272
https://doi.org/10.1016/j.ymeth.2010.01.002
http://www.ncbi.nlm.nih.gov/pubmed/20064613
https://doi.org/10.1093/nar/gkq1182
http://www.ncbi.nlm.nih.gov/pubmed/21112872
https://doi.org/10.1007/s12609-013-0119-7
http://www.ncbi.nlm.nih.gov/pubmed/23997864
https://doi.org/10.1186/bcr2607
http://www.ncbi.nlm.nih.gov/pubmed/20804570
https://doi.org/10.1007/s10555-007-9055-1
http://www.ncbi.nlm.nih.gov/pubmed/17440684
https://doi.org/10.1186/s12929-018-0426-4
http://www.ncbi.nlm.nih.gov/pubmed/29506506
https://doi.org/10.5483/bmbrep.2017.50.3.222
http://www.ncbi.nlm.nih.gov/pubmed/27998397
https://doi.org/10.1371/journal.pone.0148818
https://doi.org/10.1371/journal.pone.0148818
http://www.ncbi.nlm.nih.gov/pubmed/26870956
https://doi.org/10.3389/fgene.2019.00500
https://doi.org/10.3389/fgene.2019.00500
http://www.ncbi.nlm.nih.gov/pubmed/31191614
https://doi.org/10.1002/jcb.27544
http://www.ncbi.nlm.nih.gov/pubmed/30191610
https://doi.org/10.1371/journal.pone.0006146
http://www.ncbi.nlm.nih.gov/pubmed/19582160
https://doi.org/10.1186/bcr2889
http://www.ncbi.nlm.nih.gov/pubmed/21884641
https://doi.org/10.1371/journal.pone.0236187


40. Sorlie T, Perou CM, Tibshirani R et al. Gene expression patterns of breast carcinomas distinguish

tumor subclasses with clinical implications. P Natl Acad Sci USA. 2001; 98:10869–10874.

41. Herschkowitz JI, Simin K, Weigman VJ et al.sss Identification of conserved gene expression features

between murine mammary carcinoma models and human breast tumors. Genome Biol. 2007;8.

42. Engstrom MJ, Opdahl S, Hagen AI et al. Molecular subtypes, histopathological grade and survival in a

historic cohort of breast cancer patients. Breast Cancer Res Tr. 2013; 140:463–473.

43. Clendening JW, Penn LZ. Targeting tumor cell metabolism with statins. Oncogene. 2012; 31:4967–

4978. https://doi.org/10.1038/onc.2012.6 PMID: 22310279

44. Clendening JW, Pandyra A, Li Z, Boutros PC, Martirosyan A, Lehner R, et al. Exploiting the mevalonate

pathway to distinguish statin-sensitive multiple myeloma. Blood. 2010; 115(23):4787–97. https://doi.

org/10.1182/blood-2009-07-230508 PMID: 20360469
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