
Breast Cancer, Side Population cells and ABCG2 expression

KM Britton1, R Eyre2, IJ Harvey1, K Stemke-Hale3, D Browell4, TWJ Lennard5, and AP
Meeson1,6,*

1Institute of Genetic Medicine, Newcastle University, Central Parkway, Newcastle-upon-Tyne,
NE1 3BZ, UK
2Institute of Cellular Medicine, The Medical School, Newcastle University, 3rd Floor William Leech
Building, Framlington Place, Newcastle-upon-Tyne, NE2 4HH, UK
3Department of Systems Biology, University of Texas, MD Anderson Cancer Center, Houston, TX
77030, USA
4Queen Elizabeth Hospital, Sheriff Hill, Gateshead
5Northern Institute of Cancer Research, Newcastle University, Paul O’Gorman Building, Medical
School, Framlington Place, Newcastle-upon-Tyne, NE2 4HH, UK
6North East England Stem Cell Institute, Bioscience Centre, International Centre for Life, Central
Parkway, Newcastle-upon-Tyne, NE1 4EP, UK

Abstract
Recurrent metastatic breast cancer may arise in part due to the presence of drug resistant adult
stem cells such as Side Population (SP) cells, whose phenotype has been demonstrated to be due
to the expression of ABCG2. We hypothesised that SP may be identified in Fine Needle Aspirates
(FNAs) and their presence may be determined by expression of ABCG2 in breast tumours. SP and
non-side population cells (NSP) were isolated using dual wavelength flow cytometry combined
with Hoechst 33342 dye efflux and analysed for expression of ABCG2 and chemoresistance. FNA
samples used in SP analysis were matched with paraffin-embedded tissue which was used in
immunohistochemical analysis to assess ABCG2 expression. Results were correlated to the
pathobiology of the tumour. MCF7 and MDA-MB-231 cell lines contain SP cells. MCF7 SP have
increased expression of ABCG2 and increased resistance to mitoxantrone compared to NSP cells.
The presence of SP in FNAs were significantly associated with ER-negative (p=0.008) and with
triple negative breast cancers (p=0.011) which were also found to have a significant increase in
ABCG2 protein expression. ABCG2 transcript was detected in some but not all SP cell
populations isolated from FNA samples.
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1. Introduction
In recent years a number of studies have identified Side Population (SP) cells in normal
tissues, several solid tumours and in cancer cell lines [1; 2; 3]. SP are identified using dual-
wavelength flow cytometry combined with Hoechst 33342 dye efflux and are a
subpopulation of cells that have an elevated rate of Hoechst efflux [4]. SP isolated from both
malignant and non-malignant tissue sources have been shown to exhibit stem cell
characteristics such as unlimited self-renewal, multipotent potential and drug resistance [1;
2; 3]. SP cells in normal tissue have been phenotypically defined by their expression of ABC
transporters, predominantly ABCG2, an ATP-Binding Cassette half-transporter involved in
the efflux of lipophilic chemotherapeutic agents [5].

Many studies have shown that breast cancer is not just “one disease”, but rather tumour
behaviour is driven by many different factors. There is a clear role for the ovarian steroids;
oestrogen and progesterone in breast carcinogenesis, and breast cancers are routinely
screened for the expression of oestrogen receptor (ER) and progesterone receptor (PR) as
well as over-expression of Her2. Molecular characterisation of tumours based on hormone
status directs patients to the appropriate targeted therapy. Tumours that express the steroid
hormone receptors usually respond to endocrine therapy and therefore tend to have a better
prognosis than those that do not [6]. Those tumours not expressing these markers are termed
“triple negative” (ER−, PR−, HER2-negative) and generally are associated with a more
aggressive clinical course. It has been proposed that many cancers may be the product of
cancer stem cells and would therefore retain the ability for sustained tumour growth and
persist after treatment increasing the risk of relapse [7; 8; 9].

In both mice and humans, SP cells have been identified in mammary gland tissue and
constitute approximately 0.2-3.0% of the total cell population in the mouse [10; 11] and
between 0.2-5.0% of the total cell population in humans [10; 12; 13]. Jonker et al.
demonstrated that both the ABC transporters, ABCG2 and ABCB1 (MDR1), contribute to
the SP phenotype in the normal murine mammary gland [14]. In vivo studies have shown
that normal mammary gland SP cells have been shown to form lobuloalveolar and ductal-
lobular outgrowths [10; 12]. Gene expression analysis on murine mammary gland SP cells
has shown an up-regulation of genes associated with multidrug resistance, cell cycle
regulation and basal epithelial markers [15].

Following on from this, SP cells identified in the MCF7 breast carcinoma cell line were
found to display stem cell properties, express genes commonly associated with stem cells
and have a more tumourigenic phenotype than non-SP cells ((NSP),cells that do not readily
efflux vital dyes) [1; 3]. Studies on cancer cell lines have demonstrated that SP have an up-
regulation of stem cell and ABC transporter genes, have increased invasive potential and
exhibit multidrug resistance [1; 2; 3; 16; 17; 18; 19; 20].

At present it is unknown what role SP cells have in breast cancer and if they would be a
useful tool in the management of breast cancer. In this study we tested the hypothesis that
FNAs could be utilised for SP analysis allowing rapid analysis of patient samples and that
the expression of ABCG2 may be used as a marker of SP in patient breast tumours.
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2. Methods
2.1 Ethical Approval

At the Royal Victoria Infirmary Newcastle, UK, FNA samples were obtained from a cohort
of 49 chemotherapy naive patients together with matched formalin-fixed paraffin-embedded
‘normal’ breast and tumour samples in 25 of the cohort. Prior to surgery, informed consent
was obtained from all patients, all of whom had operable invasive breast cancer and all
protocols were reviewed by the local Research and Development Department. Ethical
approval was sought and approved by the local Research Ethics Committee which allowed
the collection and analysis of Fine Needle Aspirates (FNA) taken from palpable breast
tumours under anaesthesia but immediately prior to resection and for the study of resected
‘normal’ breast and tumour tissue.

2.2 Preparation and Hoechst staining of breast cancer cell lines
The concentration of Hoechst 33342 used in SP analysis was optimised on both MCF7 and
MDA-MB-231 cell lines (ECACC) using a modified version of the technique first described
by Goodell et al. (1996) [4]. Breast cancer cells were resuspended at 1×106 cells per ml in
pre-warmed complete DMEM and DNase I was added to a final concentration of 0.5 Units
to prevent cell aggregation. For both breast cancer cell lines 5μg/ml Hoechst 33342 dye was
shown to be optimal (optimal Hoechst 33342 dye concentration was determined using a
titration ranging from 1.25-10μg/ml Hoechst). The specific ABCG2 transporter inhibitor,
Fumitremorgin C (10μm FTC; Axxora) was added prior to the addition of Hoechst to inhibit
dye efflux. Cells were incubated at 37°C for 90 minutes in the dark then washed in ice-cold
1× PBS and pelleted at 400G for 5 minutes. Cells were resuspended in ice-cold 1× PBS to a
final concentration of 1×106 cells per ml and filtered through 70μm cell strainers (BD) into
sterile FACS tubes. Cells were maintained on ice in the dark for FACS analysis. Prior to cell
analysis, non-viable cells were excluded by the addition of 2μg/ml Propidium Iodide. For all
analysis, cell analysis and sorting was performed on a Becton Dickinson FACS Digital
Vantage (Diva) (BD Biosciences, San Jose, CA) cell sorter. Hoechst was excited at 355nm
and a fluorescent profile was generated for dual-wavelength analysis (450/50 nm and 675/20
nm).

2.3 Quantitative Real-Time PCR
Total RNA was isolated from 5,000 FACS-sorted SP and NSP using the Ambion
RNAqueous®-Micro Kit (Applied Biosystems, Warrington, UK) according to the
instructions of the manufacturer. cDNA was synthesised using the Bioline cDNA synthesis
kit (Bioline, London, UK) according to the manufacturer’s instructions. Real-Time PCR was
performed using 3μl cDNA and 2X TaqMan Gene Expression Mastermix (Applied
Biosystems, Warrington, UK) in 20μl reaction volumes as per the manufacturer’s protocol.
Real-Time PCR was performed on an ABI Prism 7000 sequence detection system (Applied
Biosystems, Foster City, USA) which consisted of one 2 minute step at 50°C, 10 minutes at
95°C followed by 45 cycles of 95°C for 15 seconds followed by 60°C for 1 minute. All
samples were amplified in triplicate and the relative mRNA expression was calculated using
the ΔΔCt-method. To quantify differences between samples the relative fold changes were
determined by normalising with β-actin mRNA expression. The primer/probes were
purchased from Applied Biosystems, ABCG2 gene expression assay ID Hs01053790_m1
and Beta-actin endogenous control 4352935E (Applied Biosystems, Warrington, UK, see
supplementary table 1).
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2.4 Immunocytochemistry on SP and NSP cell populations
Sorted SP and NSP cells were resuspended in PBS and allowed to air dry onto plus coated
glass slides. Slides were fixed in ice-cold methanol overnight, allowed to air-dry and were
stored at −20°C prior to analysis. Slides were thawed to room temperature and rehydrated
for 5 minutes in 1× PBS. Sections were permeabilised for 5 minutes with 0.6% Triton X-100
(Sigma, Poole, UK). Slides were then washed 3 times, 5 minutes with 1× PBS.
Permeabilised cells were then incubated for 1 hour at room temperature in a 1 in 20 dilution
of ABCG2 antibody (Abcam plc, Cambridge, UK) containing 1% serum. Slides were
washed 3 times 1× PBS and stained with 1 in 25 dilution of FITC-conjugated goat anti-
mouse secondary antibody (Jackson ImmunoResearch Europe Ltd., Suffolk, UK) for 30
minutes, in the dark, at room temperature. Sections were then washed 4 times with 1× PBS
and mounted with Vectashield anti-fade mounting media (Vector Laboratories Ltd,
Peterborough, UK) and stored at 4°C in the dark. Slides were assessed with a Leica TCS-
SP2UV confocal laser scanning microscope (Leica Lasertechnik GmbH, Heidelberg,
Germany) using Leica TCS-NT software (version 2.0). Images were acquired using a 40×
objective lens with a numerical aperture of 1.2. FITC was excited by an excitation beam of
488nm and emission was collected at 530nm. Light emission was collected via a pinhole
aperture in front of a photomultiplier and light was collected from one plane of focus.
Images were collected sequentially as Z sections, and combined to produce the final image.
The mean channel pixel intensity of staining was assessed using Leica Confocal Software
(LCS) version 2.61 (Leica Microsystems GmbH Wetzlar, Germany).

2.5 Mitoxantrone Cytotoxicity Assay
It has been reported that MCF7 SP are more resistant to the anthracycline antineoplastic
agent mitoxantrone, an ABCG2 substrate, often used to treat metastatic breast cancer [1].
For this reason, in order to determine the effect of chemotherapy on SP and NSP cells from
breast cancer cell lines a mitoxantrone cytotoxicity assay was used. 1,000 SP or NSP were
sorted into a 96 well plate and cultured overnight in 200μl complete DMEM in a humidified
incubator at 37°C, 5% CO2. Cell media was removed and cells were incubated in 200μl
complete DMEM (control samples) or 200μl complete DMEM containing 2μg/ml
mitoxantrone for a further 48 hours. All experiments were performed in triplicate. After
culturing for 48 hours, 20μl of MTS was added to each sample (100μl of cells in culture
media) and the plate was incubated for 2 hours at 37°C in a humidified, 5% CO2
atmosphere. The absorbance was read at 490nm and cell viability was determined by
expressing the mean absorbance of drug treated wells as a percentage of untreated controls.
A one-way ANOVA was performed to determine the significance between different
treatment groups and individual student t-tests were performed to compare the effect of
different treatments between the SP and NSP populations of both cell lines, P<0.05 was
considered to be statistically significant and is denoted by * in figures.

2.6 Preparation and Hoechst staining of Fine Needle Aspirates (FNA)
FNA samples (n=49) were flushed with 1ml 1× PBS and centrifuged at 400G for 5 minutes
and red blood cells (RBC) were lysed twice in RBC lysis buffer (2% Tris, 0.83% NH4Cl, pH
7.5). Cells were centrifuged at 400G for 5 minutes and cultured overnight in a humidified
incubator in an atmosphere of 5% CO2 at 37°C in complete DMEM. After culturing
overnight, cells were resuspended to a final concentration of 1×106 cells per ml in complete
DMEM and incubated in a final concentration of 2.5μg/ml Hoechst 33342 dye (optimal
Hoechst 33342 dye concentration was determined using a titration ranging from 1.25-10μg/
ml Hoechst), in the presence or absence of 50μm verapamil, for 45 minutes at 37°C in the
dark. Verapamil is a non-specific calcium channel inhibitor which is a competitive substrate
for ABCB1, an ABC transporter known to confer resistance to paclitaxel on ovarian cancer
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cells [21] whilst verapamil is thought to a less potent inhibitor of ABCG2. Cells were
washed and analysed as described previously for the breast cancer cell lines.

2.7 Statistical analysis of Hoechst staining of FNA samples
Chi-square and binary logistic regression was used to determine the probability of SP cell
presence/absence, (the dependent variable) being due to the pathobiology of the tumour, for
example, the steroid receptor status/grade/lymph node involvement, which are all referred to
as binary variables (covariates). SP status was compared to each individual binary variable
to determine the significance of each factor alone (SPSS Statistics 17 Statistical Package,
SPSS Inc, Chicago, USA).

2.8 Immunohistochemistry using monoclonal antibodies on paraffin sections
The horseradish peroxidase staining technique was performed using Vectastain® Elite ABC
kit (Vector Labs Ltd., Peterborough, UK) as per the manufacturer’s protocol. All ‘normal’
and malignant breast samples (n=25) were obtained from breast cancer patients undergoing
surgery at the Royal Victoria Infirmary (RVI), Newcastle-upon-Tyne, UK. 5μm serial
sections were obtained from formalin-fixed (10% neutral buffered) paraffin embedded
tissues. Tissue sections were deparaffinised in xylene for 5 minutes and rehydrated through
a series of decreasing ethanol concentrations from 99% to 95% to 70%. Endogenous
peroxidases were quenched in 0.6% methanol in water for 10 minutes. Sections were
subjected to heat-mediated antigen retrieval in citrate buffer pH 6.0. Sections were hydrated
in Tris buffered saline (TBS) pH 7.6 for 5 minutes and blocked with the appropriate
blocking serum for 10 minutes. Excess block was replaced with a 1/50 dilution of mouse
monoclonal antibody to ABCG2 (ab3380, Abcam, Cambridge, UK) diluted in TBS for 60
minutes. Sections were washed in TBS for 5 minutes twice and then incubated in
biotinylated secondary antibody for 30 minutes. Slides were washed twice in TBS and
incubated in tertiary antibody for 30 minutes. Slides were washed twice in TBS for 5
minutes and developed in NovaRED peroxidase substrate (Vector Laboratories,
Peterborough, UK). Slides were washed in water and dehydrated through 70%, 95% and
99% ethanol and permanently mounted in VectaMount (Vector Laboratories, Peterborough,
UK).

Each immunostained section was analysed using a modified “quickscore” method which
semi-quantitatively assessed protein expression taking into account the intensity of staining
(0=none. 1=weak, 2=moderate, 3=strong and 4=intense) and the percentage of positive cells
for each staining intensity (1= 0-25%, 2= 26-50%, 3=51-75% and 4=76-100%) [22]. All
scoring was performed blindly, twice by one person with five fields of view being assessed
for each sample. The intensity and percentage scores were multiplied to give total scores
ranging from 0-16). For example, moderate staining in 10% of the section (2x1) and strong
staining in 40% of the section (3×2) would give a total score of 2+6= 8.

Immunohistochemical analysis involved using a Krusal-Wallis one-way analysis of variance
and was used to determine if there were any significant relationships between protein
expression and lesional grade/steroid receptor status. If the p value was less than 0.05 results
were deemed significant and Mann-Whitney U tests (non-parametric tests) were performed
to determine if two samples of observations came from the same distribution.

2.9 RT-PCR on SP isolated from FNA samples
SP cells were sorted from FNA samples using a Becton Dickinson FACS Digital Vantage
(Diva) cell sorter (BD, San Jose, CA) into Qiagen RNA lysis buffer. Total RNA was
isolated using the RNAeasy Plus Micro kit (Qiagen, West Sussex, UK) as per the
manufacturer’s instructions which included a step to eliminate genomic DNA
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contamination. 2μl of RNA was used in one step RT-PCR reaction (Qiagen one-step RT-
PCR kit, Qiagen, West Sussex, UK). Reverse-transcription was performed at 50°C for 30
minutes, HotStarTaq DNA polymerase was activated at 95°C for 15 minutes and PCR was
performed to determine the expression of ABCB1 and ABCG2 at 94°C for 1 minute, then
35-40 cycles of denaturation at 94°C for 30 seconds, annealing at the temperature indicated
in supplementary table 1 for 30 seconds and extension at 72°C for 1 minute, followed by a
final extension stage at 72°C for 10 minutes. PCR products were visualised using ethidium
bromide using a UV gel documentation system (UVP Ltd, Cambridge, UK).

3. Results
3.1 Assessment of ABCG2 expression in SP isolated from breast cancer cell lines

Examination of the oestrogen responsive MCF7 and oestrogen non-responsive MDA-
MB-231 human breast cancer cell lines identified SP populations constituting 1.9% (Fig 1a)
and 2.3% (Fig 1c) of the total cell population of the MCF7 and MDA-MB-231 cell lines
respectively. The SP phenotype was confirmed by addition of the specific ABCG2 inhibitor
FTC (Fig, 1b and 1d). Real-time PCR was used to determine the expression of ABCG2
mRNA in both the MCF-7 and MDA-MB-231 SP and NSP populations. Both SP
populations have increased ABCG2 mRNA expression compared to their representative
NSP populations (Fig, 2a and 2b). Figure 2a demonstrates that MDA-MB-231 SP have a
13.238-fold increase (p=0.0022) in the level of ABCG2 mRNA expressed compared to
MDA-MB-231 NSP whilst MCF7 SP have a 4.277-fold increase (p=0.0209) in ABCG2
mRNA compared to NSP (figure 2b). The expression of ABCG2 protein was assessed in SP
and NSP isolated from breast cancer cell lines using immunocytochemistry (Figure 2c-l).
Similar levels of ABCG2 protein was detected in both populations of the MDA-MB-231 cell
line (Figure 2g). Conversely, ABCG2 protein was shown to be increased in the MCF7 SP
cell population compared to the NSP population (Figure 2l) as previously documented [1; 3;
23].

A mitoxantrone cytotoxicity assay was used to assess the chemoresistance of both MCF7
and MDA-MB-231 SP and NSP cell populations. Figure 2m compares the percentage of
dead cells in mitoxantrone treated cells relative to cells treated with media alone. The
addition of mitoxantrone significantly decreased cell viability in all cell populations
examined with the exception of MDA-MB-231 NSP cells (see supplementary Table 2).
Comparison of cell viability of mitoxantrone-treated SP and NSP cells showed a significant
difference between MCF7 SP and NSP populations with NSP having increased levels of cell
death compared to SP cells (p=0.0185). In contrast, no significant difference was observed
between mitoxantrone-treated MDA-MB-231 SP and NSP populations (p=0.1868). Overall,
results from the mitoxantrone cytotoxicity assay suggest that SP cells in the MCF7 cell line
are significantly more chemoresistant than MCF7 NSP cells.

3.2 Identification of SP cells in FNA samples
FNA samples were screened for the presence of SP cells within 24 hours of surgery. Figure
3 demonstrates the presence of an SP population of 0.4% of the total cell population in an
FNA sample and this could be inhibited by the addition of 50μm verapamil prior to the
Hoechst stain (Figure 3B). Figure 3C demonstrates a typical Hoechst profile for an SP-
negative FNA sample. Data on additional FNA SP profiles can be found in Supplementary
Figure 1.

3.3 Comparison of patient FNA SP status to patient diagnostics
The presence of an SP was to be analysed with respect to the tumours grade, ER status, PR
status, HER2 status and nodal involvement. FNA samples were collected from 49 palpable
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breast tumours of these no tumour pathology data was available for 7 samples. For 10 the
ER status (ER+) was determined but the PR status was not available, for 2 that were ER+PR
+ the Her2 data was not available, for one that was ER+, the Her2 and PR status was not
available and for one that was ER+PR− the Her2 status was not available. The ER, PR and
Her2 status was available for 28 tumours, these were categorised as follows: 6 were ER-PR-
Her2− (triple negative), 3 were ER+PR+Her2+, 5 were ER-PR-Her2+ and 14 were ER+PR
+Her2-. SP cells were identified in 12 out of 49 FNA samples tested. The SP cell
percentages varied between FNA samples and were 0.4, 0.4, 0.9, 3.9, 2.9, 1.8, 1.4, 3.3, 1.2,
0.6, 0.7 and 1.5 percent. Statistical analysis using binary logistic regression to compare SP
status with one covariable demonstrated a statistically significant relationship between the
FNAs SP status and the ER status of the tumour (p=0.008), with ER-negative samples
tending to have an SP. No significant relationships were observed when comparing SP status
to any other covariable. Pathology of all the tumours from all aspirate examined revealed 6
patients had tumours that where ER-PR-Her2−. Chi-square analysis comparing the SP status
with the triple-negative patient status revealed an association with SP cells being more
frequently associated with patient tumours that had an ER-negative, PR-negative and Her2-
negative status, with 5 out of 6 of these tumours containing SP cells (p=0.011).

3.4 Expression of ABCG2 in FNA samples screened for the presence of SP cells
The intensity of ABCG2 and proportion of cells expressing ABCG2 protein was compared
in paraffin embedded ‘normal’ and malignant tissue (Figure 4). The ‘normal’ breast tissue
samples were subdivided by the grade of the patient’s tumour as this may have influenced
the protein expression in the ‘normal’ breast. The modified “quickscore” value was then
compared to the tumour grade (see Figure 4A-F for examples of different degrees of
ABCG2 staining in breast cancer samples). ABCG2 was expressed by both ‘normal’ and
malignant breast tissue as previously documented [24; 25; 26]. ABCG2 was expressed in
both the cytoplasm and membrane of cells. There was a statistically significant difference in
the expression of ABCG2 protein between grade 2 ‘normal’ breast and grade 2 tumours
(p=0.0199) and between grade 3 ‘normal’ and grade 3 breast cancers (p=0.0031) and this
trend was also observed in benign and grade 1 cancers although the sample size in these
groups were too small to perform statistical analysis (Fig 4G). A trend was also observed
with ABCG2 expression increasing with higher tumour grade. Comparing the modified
“quickscore” to the steroid receptor status demonstrated a statistically significant difference
in the expression of ABCG2 protein between ‘normal’ and malignant breast tissue from
patients with ER−PR−HER2− tumours (p=0.0357) and this trend was also observed in all the
steroid receptor status groups with cancers demonstrating greater ABCG2 protein expression
than corresponding non-malignant areas (Figure 4H). There was also a statistically
significant difference between the level of ABCG2 expressed in ER+PR+HER2+ tumours
and ER−PR−HER2− tumours (p=0.0399) and between ER+PR+HER2− and ER−PR− HER2−

cancers (p=0.0345), with ER−PR−HER2− tumours having the highest expression of ABCG2
protein observed. The expression of ABCG2 and ABCB1 transcripts in SP cells sorted from
4 SP-positive patient FNA samples was performed using reverse-transcriptase PCR. Results
demonstrated the expression of ABCG2 transcripts within SP cell populations of FNA 1,
FNA 3 and FNA 4 (Fig 5). No ABCG2 transcripts were observed in the SP population of
FNA 2. Conversely, ABCB1 transcripts were only observed in SP cells from FNA 3 thus
showing differential ABC transporter expression within patient SP populations.

4. Discussion
This study demonstrated that both oestrogen responsive and non-responsive breast cancer
cell lines contain SP cells, and that SP of the MCF7 cell line expressed elevated levels of
ABCG2 protein and were more drug resistant than the MCF7 NSP. Importantly SP cells
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detected in FNA samples were significantly associated with ER-negative and triple-negative
breast cancers. IHC analysis of matched FFPE-breast tumour tissue demonstrated a
significant increase in the expression of ABCG2 protein within ER-PR-HER2-negative
tumours compared to other breast cancer subtypes which could indicate the increased
prevalence of SP within this particular cohort. However, this study also demonstrated that
not all patient-derived SP cells express ABCG2 transcripts, suggesting that ABCG2 alone
may not be a suitable marker for the identification of SP cells in breast cancer.

In 2010, the first study to identify SP in primary human breast cancer cells demonstrated a
predominance of SP within the luminal subtype and demonstrated the importance of Her2
signalling within this population [16]. HER2 is commonly used as a predictive marker of
patient response in breast cancer to chemotherapeutic agents commonly effluxed by the
ABCG2 transporter [27; 28], the putative SP marker. This led to the hypothesis that SP may
be responsible for the poor response of Her2-positive breast cancers to conventional
chemotherapy [16].

SP cells have been observed in several breast cancer cell lines [1; 3; 23; 29] and this study
confirmed the presence of SP cells in both the MCF7 and MDA-MB-231 cell lines. The
presence of SP cells in the MDA-MB-231 breast cancer cell lines is controversial with some
studies documenting their presence [23; 30] and others their absence [3; 29; 31]. This
discrepancy could be due to multiple factors including differences in the Hoechst 33342 dye
staining protocol [32], the cell line passage number, the cell culture conditions, level of
confluence and the FACSdata acquisition and analysis.

We also verified a differential increase in mRNA encoding ABCG2 in SP cells from these
cell lines. However, the level of ABCG2 protein expressed by SP cells was shown to be
increased only in the MCF7 SP when compared to the respective NSP cells. The discordance
of ABCG2 mRNA and protein expression may indicate a rapid rate of protein turnover
within the MDA-MB-231 SP or different post-translational modifications may be present in
MDA-MB-231 SP cells that alter antibody specificity. The expression of ABCG2 mRNA
has been shown to be significantly increased in SP cells when compared to the NSP
population in both the MCF7 [3; 31; 33; 34] and MDA-MB-231 cell lines [23]. Moreover it
has been reported that the majority of breast cancer cell lines contain a small population of
ABCG2-positive cells but not all of these cell lines contain an SP [3]. Several studies have
also shown that the MDA-MB-231 cell line has high expression of ABCG2 but does not
contain an SP [3; 29; 31]. These data suggest that the identification of an SP does not reflect
expression of ABCG2 protein.

Results from the cytotoxicity assay demonstrated that MCF7 cell populations are more
sensitive than MDA-MB-231 cells to mitoxantrone. This contradicts a report that MDA-
MB-231 cells are more sensitive to mitoxantrone than the MCF7 cell line [35]. This conflict
could be due to many different factors such as the concentration of mitoxantrone used, the
origin of the breast cancer cell lines, passage number of the cells tested or the effect of the
cell sorting process.

Unlike previously published studies which have demonstrated that SP cells are resistant to
mitoxantrone treatment [1; 18; 36; 37] we observed a significant difference in the level of
cell viability between mitoxantrone-treated SP and NSP from the MCF7 cell line but not in
the MDA-MB-231 cell populations. The MCF7 cell line data is consistent with previously
published studies [1; 18; 36; 37]. One explanation for this difference could be the level of
ABCG2 protein expressed by each population (figure 2). MDA-MB-231 SP and NSP cells
were found to have similar levels of ABCG2 protein and had similar levels of cell viability
when treated with mitoxantrone. Conversely MCF7 SP cells were shown to have increased
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levels of ABCG2 protein compared to NSP cells which may account for the difference in
cell viability observed when both populations are treated with mitoxantrone. Another reason
could be the differential expression of ABC transporters between SP of the two different cell
lines. Using the Bcrp1− /Mdr1a−/Mdr1b− triple knockout mouse model, it has been
demonstrated that all 3 ABC transporters are responsible for the SP phenotype in the murine
mammary gland [14]. It has also been reported that MCF7 SP cells are more resistant to
mitoxantrone and carboplatin [34], and that SP cells isolated from MCF7 and MDA-
MB-231 cell lines have significantly increased survival when treated with doxorubicin,
methotrexate and 5-FU [23]. The resistance of SP cells to this diverse array of
chemotherapeutic agents suggests the involvement of several drug resistance transporters
e.g., ABCB1, ABCC1, ABCC2, ABCC3, ABCC4, ABCC5, ABCC6, ABCC11, ABCC12
and ABCG2 which are capable of effluxing these agents [38] and may be responsible for the
SP phenotype.

Overall, results from the mitoxantrone cytotoxicity assay suggest that the SP phenotype
confers a survival advantage on SP in the MCF7 cell line. This warrants further investigation
to determine if inhibition of ABC transporters responsible for the SP phenotype may render
SP-positive breast cancer patients more sensitive to commonly used breast cancer therapies.

This study provides the first evidence that SP cells can be identified in FNAs and that the
percentage of these SP is consistent with levels observed in other solid tumours[1, 18].

Studies investigating the transcriptional expression of ABC transporters within patient SP
cells (Fig 5) demonstrated differential expression of ABC transporter transcripts. This is
supported by studies that have shown that both ABCG2 and ABCB1 expression confers the
SP phenotype within the murine mammary gland SP [14; 39] and SP from neuroblastoma
cell lines have high levels of expression of ABCG2 and had an increased ability to efflux
mitoxantrone compared to the NSP [1].

The data linking SP to ER-negative breast tumours contradict those of Nakanishi et al [16]
but this could be due to differences in specimens used for analysis. We used cells analysed
directly from the tumour while Nakanishi et al [16] prepared primary human breast cancer
cell lines and characterised SP cells from these cell lines after several passages, the effects
of this culturing process could change the SP characteristics. The data relating the presence
of SP with ER-negative tumours are interesting as ER status is a major prognostic indicator
in breast cancer, with ER-negative breast tumours tending to be more aggressive than ER-
positive cancers. Wu and colleagues (2007) demonstrated that higher grade mesenchymal
tumours contain higher proportions of SP than low grade lesions and postulated that if SP
cells were characterised further that they may be used as a prognostic indictor of
mesenchymal cancer [18].

We also used IHC analysis to determine ABCG2 protein expression in matched ‘normal’
and malignant breast tissue, and showed that higher levels of ABCG2 protein were
expressed in the malignant areas compare with ‘normal’ areas and that ER−PR−HER2−

tumours had the highest expression of ABCG2 protein. In the few studies that have
evaluated the expression of ABCG2 in breast carcinomas, Diestra and colleagues
demonstrated the expression of ABCG2 protein in 5 of 9 tumours [24]. Conversely, other
studies have shown the low or absent expression of ABCG2 in breast tumours [25; 26]
compared to the level expressed by normal breast ducts [25]. In contrast to our study,
Faneyte and colleagues (2002) demonstrated that ABCG2 expression decreased with
increasing breast cancer grade [26]. These discrepancies are probably due to inconsistencies
with methodology with different pre-treatments being performed on paraffin-embedded
tissue, or studies staining frozen rather than paraffin sections, the use of different ABCG2
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antibodies with different specificities, differences in scoring methods and also the
assessment of small numbers of patient samples.

This study is the first to identify SP cells in FNAs, this is exciting as FNA samples are taken
routinely in the clinic and are a safe, minimally invasive procedure which provides an
accurate representation of the tumour mass. The presence of SP cells can be screened
immediately prior to evaluation of the solid tumour using more traditional IHC-based
methods employed by the pathology laboratory. Further studies are needed to evaluate SP
and links to the development of chemotherapeutic resistance, metastatic disease or disease-
free survival.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Characterisation of SP in breast cancer cell lines. MCF-7 (a) and MDA-MB-231 (c) cell
lines contained SP of 1.9% and 2.3% respectively. SP phenotype was confirmed by addition
of FTC (b and d).
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Figure 2.
ABCG2 expression and chemoresistance in SP and NSP cells. Quantitative Real-Time PCR
was used to determine the level of ABCG2 mRNA expression in SP cells versus NSP in
MDA-MB-231 (a) and MCF7 (b). Immunohistochemical analysis for ABCG2 protein
expression in MDA-MB-231 NSP cells (c) MDA-MB-231 SP cells (e) MCF7 NSP cells (h)
and MCF7 SP cells (J). The mean channel pixel intensity for the ABCG2 staining was
assessed for both the MDA-MB-231 SP and NSP (g) and the MCF7 SP and NSP cells (l).
Images (d, f, i and k are bright field images of those stained cells shown in panels (c, e, h
and j) respectively. Function of ABCG2 was assessed using a mitoxantrone cytotoxicity
assay (m). Graph compares the percentage of dead cells in each treatment. (* represents
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statistical significance using two-sided t-test (n=3) with a p-value < 0.05 and ** denotes p<
0.01 and error bars represent SEM).
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Figure 3.
Identification of SP cells in Fine Needle Aspirates (FNAs) taken from palpable clinical
breast tumours. Staining FNA samples with 2.5μg/ml Hoechst 33342 dye identified an SP of
0.4% (A). Adding 50μm verapamil prior to the Hoechst incubation (HS VP) inhibited
Hoechst efflux from the SP (B). An example of an SP-negative FNA sample (C).
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Figure 4.
Scoring of ABCG2 antibody staining intensity. Staining intensity was graded relative to the
level of staining observed in the no primary control (NR control: F). Intensity was graded as
none (A), weak (B), moderate (C), strong (D) and intense (E) and can be observed as a red
product. Images were taken at x10 magnification (A-E) in which scale bar denotes 50μm
and at x20 magnification (F) in which scale bar represents 20μm. The modified
“quickscore” method was used to compare ABCG2 protein expression to the lesion grade in
‘normal’ breast and breast tumour tissue (G) and to steroid receptor status (H). ‘Normal’
breast was segregated based on the patient’s tumour. Error bars denote standard error of the
mean and arrows indicate examples of areas that are ABCG2-postive. ER= oestrogen

Britton et al. Page 17

Cancer Lett. Author manuscript; available in PMC 2014 January 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



receptor; PR= progesterone receptor; HER2= human epidermal growth factor receptor 2;
SP= side population; − = negative; += positive. In (G) where staining intensity for ABCG2
is compared with lesion grade breast tissue type is represented as follows: Benign ‘Normal’
= red circles, Benign = red triangles, Grade 1 ‘Normal’ = orange circles, Grade 1 = orange
triangles, Grade 2 ‘Normal’ = green circles, Grade 3 ‘Normal’ = blue circles, Grade 3 = blue
triangles. In (H) breast tissue type was represented as follows: Benign ‘Normal’ = red
circles, Benign = red triangles, ER+PR+Her2+ ‘Normal’ = orange circles, ER+PR+Her2+ =
orange triangles, ER-PR-Her2− ‘Normal’ = green circles, ER-PR-Her2− = green triangles,
ER+PR+Her2− ‘Normal’ = blue circles, ER+PR+Her2− = blue triangles, ER+PR-Her2−
‘Normal’ = purple circles, ER+PR-Her2− = purple triangles, ER-PR-Her2+ ‘Normal’ =
seagreen circles, ER-PR-Her2+ = seagreen triangles.
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Figure 5.
Transcriptional expression of ABCG2 and ABCB1 in SP cells sorted from patient FNA
samples. * indicates inadequate levels of RNA left to perform this experiment.
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