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Abstract
Background: The uptake of nutrients essential for cell growth and survival is facilitated by solute carrier
(SLC) transporters. The SLCO and SLC22 subfamilies mediate the uptake of substrates relevant to breast
cancer (BC), including steroid hormones and anticancer drugs, and accumulating evidence suggests that
altered expression of these transporters may affect BC pathogenesis by in�uencing cell proliferation and
anticancer drug resistance.

Methods: The differential expression of 11 SLCO and 14 SLC22 transporters was investigated using semi-
quantitative and quantitative PCR in MCF-7 and MDA-MB-231 BC cell lines and in human BC tissue
samples.

Results: 8 SLCO and 10 SLC22 transporters were expressed in at least one cell line. Of these SLCO1B1,
SLCO1B3, SLCO3A1, SLC22A1, SLC22A3, SLC22A4 and SLC22A16 showed higher expression in MDA-MB-
231 than MCF-7 cells. Conversely, SLCO2A1, SLCO4A1, SLCO4C1, SLCO5A1, SLC22A5 showed higher
expression in MCF-7 than MDA-MB-231 cells. In four human breast cancer samples, there was variable
expression of the 25 SLC transporters, however, 11 SLCO and 9 SLC22 transporters were detected in at
least one sample.

Conclusion: BC cells express a variety of SLCs capable of transporting a range of steroid hormones and
clinically relevant anticancer drugs, which could implicate them in BC pathogenesis and anti-cancer drug
resistance. 

Background
Mechanisms that underpin the pathogenesis of BC are highly complex, and gaining insights into these
are further complicated by the heterogeneity between breast tumours, a factor that is recognised to
contribute to treatment failure (1). One mechanism that may contribute directly to disease pathogenesis
and the effectiveness of therapy is the balance between uptake and e�ux transporters, which facilitate
the bi-directional transport of solutes into and out of cells. ABC transport proteins such as ABCB1, ABCG2
and ABCC1, mediate the e�ux of chemotherapeutic agents out of cells, which has established them as
important mediators of BC progression and treatment (2), and can result in multidrug resistance (MDR),
particularly when they are overexpressed (3–6).

In contrast to the e�ux transporters, comparatively little is known about the expression and role of
transporters mediating uptake of substrates into BC cells. Of likely signi�cance are members of the solute
carrier (SLC) superfamily of transporters. The SLC superfamily is the second largest group of membrane
proteins in humans, comprising over 400 proteins arranged into 65 subfamilies. They all share the same
basic structure, a 12 transmembrane domain with intracellular termini (7, 8). Physiologically, they
contribute to homeostasis by facilitating the uptake of a variety of endogenous and exogenous anionic,
cationic and zwitterionic substrates into cells using electrochemical and concentration gradients (9, 10).
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The range of substrates for SLC transporters is diverse, and many members within the same family share
overlapping substrate speci�city (9, 11, 12).

The SLCO subfamily, which incorporates the organic anion transporting peptides (OATP), and the SLC22
subfamily, which incorporates the organic anion (OAT), organic cation (OCT) and organic
carnitine/zwitterion (OCTN) transporters, are of particular interest in BC, as many of their members
transport substrates important for BC progression and treatment, including estrogens and anticancer
drugs (9, 12–18).

The majority of newly diagnosed BCs are hormone responsive (19), and steroid hormones promote
carcinogenesis by inducing cellular proliferation through their receptor-mediated hormonal activity.
Routine diagnostic workup of BC samples typically includes testing for the expression of estrogen
receptor (ER), progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2), which
can help guide treatment decisions and prognosis. Tumours that lack expression of all three receptors are
termed ‘triple negative’ (ER−, PR−, HER2−) and have a poorer prognosis (20). Estrogens are substrates for 8
of the 11 human SLCO (OATP) transporters (SLCO1A2/OATP1A2, SLCO1B1/OATP1B1,
SLCO1B3/OATP1B3, SLCO1C1/OATP1C1, SLCO2B1/OATP2B1, SLCO3A1/OATP3A1, SLCO4A1/OATP4A1
and SLCO4C1/OATP4C1) and 6 of 14 functionally characterised SLC22 transporters (SLC22A3/OCT3,
SLC22A7/OAT2, SLC22A8/OAT3, SLC22A9/OAT7, SLC22A10/OAT5, SLC22A11/OAT4) (8, 9, 12, 15, 18,
21–23).

Although the expression of a few select SLC transporters in various BC cell lines and tissues has been
demonstrated, the available evidence is piecemeal. This study aimed to provide a comprehensive
overview of SLCO and SLC22 expression in hormone responsive (MCF-7) and hormone non-responsive
(MDA-MB-231) BC cell lines and in human BC tissue samples, allowing an analysis of differential
expression patterns.

Methods

Human tissue samples
Fresh breast tumour samples were obtained at the Breast Screening and Assessment Unit, Queen
Elizabeth Hospital, Gateshead, UK from women with biopsy-proven BC who were deemed clinically
unsuitable for surgery and who were instead undergoing ultrasound-guided vacuum-assisted tumour
excision as part of a separate clinical research study (REC number 18/NW/0168). As part of the study, all
women gave written consent for samples of their tissue to be used in this project. Breast tumour samples
were placed directly into RNA-later from a cohort of four patients aged 78–82 years. All tumours were
invasive ductal carcinoma, ER+ HER2−. All patients had received some form of primary endocrine therapy
prior to tumour excision.

Cell Lines and Culture
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BC cell lines used were MCF-7 (purchased from ECACC, Salisbury, UK) and MDA-MB-231 (provided by MD
Anderson, Houston, Texas, USA). Both cell lines were validated via STR Pro�ling using PowerPlex® 16 HS
PCR Ampli�cation Kit (Promega, Wisconsin, USA) according to the manufacturer’s instructions. The MCF-
7 and MDA-MB-231 cells were cultured as described previously (24).

RNA Isolation
Total RNA was isolated from cell lines using the RNeasy® Micro Kit (Qiagen, Manchester, UK) and from
patient tumour samples using TRI Reagent® (Merck, USA) followed by the RNeasy® Micro Kit (Qiagen,
Manchester, UK). All protocols were performed as per manufacturers’ instructions.

Positive Controls
Human total kidney RNA was purchased from Thermo Fisher Scienti�c (Massachusetts, USA). Human
brain RNA was isolated from tissue from the Parkinson's UK Brain Bank, UK and kindly gifted by Dr Ilse
Pienaar, Sussex University, UK. Human placental tissue was provided by the Newcastle Uteroplacental
Tissue Bank (REC 16/NE/0167), Newcastle University, UK. Human heart tissue was provided by the
Newcastle Institute of Transplantation Tissue Biobank, UK, ethics agreement number IOT028. The human
liver cancer cell line, HepG2 was kindly gifted by Professor Matthew Wright, Newcastle University, UK. The
human lung squamous cell carcinoma cell line, NCI-H520, was kindly gifted by Dr Alastair Greystoke,
Newcastle University, UK. RNA was isolated from placental and heart tissue using TRI Reagent® (Merck,
USA). RNA was isolated from HepG2 and NCI-H520 cells using the RNeasy® Mini Kit (Qiagen,
Manchester, UK).

cDNA Synthesis
cDNA was synthesised using the Bioline cDNA Synthesis Kit (Scienti�c Laboratory Supplies, Nottingham,
UK) for cell lines and patient-derived tumour samples as per the manufacturer’s instructions.

Semi-quantitative Polymerase Chain Reaction (sq-PCR)
Sq-PCR was performed as described previously (25). Details of primer sequences and reaction conditions
are listed in Additional �le 1. All PCR reactions included GAPDH loading controls and positive/non-
template negative controls.

Quantitative Real-Time Polymerase Chain Reaction (qPCR)
qPCR experiments were performed as described previously (26). The reaction was set up at 95°C for 10
mins followed by 40 cycles of 95°C for 15 s and 60°C for 1 mins. Relative mRNA expression was
calculated using the comparative ΔΔCt-method. TaqMan probes were purchased from Applied
Biosystems (California, USA). Assay IDs for each target are listed in Additional �le 1.

Statistical and Data Analysis
Statistical analysis was performed using IMB SPSS Statistics 24 (Chicago, Illinois, USA) and graphs were
generated on GraphPad Prism version 8 (GraphPad Software, San Diego, USA). All experiments were
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performed in triplicate for cell lines pertaining to three different cell passages. Results are presented as
mean ± SD. All statistical analyses were performed on Log2 transformed data. Statistical signi�cance
was determined by one-sample t-test or independent samples t-test as appropriate. All results are reported
as signi�cant at p < 0.05.

Results

SLCO and SLC22 transporter expression in MCF-7 and MDA-
MB-231 cell lines

SLCO subfamily
Differential mRNA expression of 11 human SLCO genes was compared between the MCF-7 and MDA-MB-
231 cells using sq-PCR (Fig. 1A). Three of the genes, SLCO1C1/OATP1C1, SLCO2B1/OATP2B1 and
SLCO6A1/OATP6A1, showed no/very low expression in both cell lines. Of the genes that did show
expression in either cell line, SLCO1B1/OATP1B1 and SLCO1B3/OATP1B3 were highly expressed in MDA-
MB-231 but showed no or low expression in MCF-7 cells. Conversely, SLCO4C1/OATP4C1,
SLCO5A1/OATP5A1 and SLCO2A1/OATP2A1 showed higher expression in MCF-7 compared to MDA-MB-
231 cells. The remaining transporters, SLCO1A2/OATP1A2, SLCO4A1/OATP4A1 and SLCO3A1/OATP3A1,
showed similar expression between both cell lines (Fig. 1A). Positive controls are listed in Additional �le
1.

qPCR was performed for the 11 SLCO transporter genes in both cell lines. Of these, 3 genes were below
the detection limit for both cell lines: SLCO1A2/OATP1A2, SLCO1C1/OATP1C1, and SLCO6A1/OATP6A1
(data not shown). Both SLCO1B1/OATP1B1 and SLCO1B3/OATP1B3 showed considerably higher
expression in MDA-MB-231 cells compared to the calibrator sample (34-fold (p = 0.013) and 1418-fold (p 
= 0.001) higher, respectively), while in MCF-7 cells, SLCO1B1/OATP1B1 expression was detectable but
lower than that of the calibrator (p = 0.423), whereas SLCO1B3/OATP1B3 was below the detection limit
(Fig. 1B).

The remaining transporters all showed lower expression in both cell lines compared to the calibrator.
However comparison of the fold change of the two cell lines relative to the calibrator suggests that
SLCO2A1/OATP2A1 and SLCO5A1/OATP5A1 (p = < 0.0001) (Fig. 1) are expressed at a higher level in the
MCF-7 than the MDA-MB-231 cells (P value for SLCO2A1 not stated as MDA-MB-231 values all below the
detection limit). Conversely, no signi�cant difference in the expression of SLCO4A1/OATP4A1 (p = 0.078),
SLCO4C1/OATP4C1 (p = 0.222), SLCO2B1/OATP2B1 (p = 0.831) and SLCO3A1/OATP3A1 (p = 0.661) was
detected between the cell lines (Fig. 1B). Low SLCO2B1 expression was detected in both cell lines using
qPCR where it had not been identi�ed by sq-PCR.

SLC22 subfamily
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Of 14 SLC22 genes investigated using sq-PCR, 6 were found to have no expression in either cell line:
SLC22A2/OCT2, SLC22A7/OAT2, SLC22A9/OAT7, SLC22A10/OAT5, SLC22A11/OAT4 and
SLC22A13/OAT10 (Fig. 2A). The remaining transporter genes showed variable expression between the
two cell lines. SLC22A3/OCT3, SLC22A4/OCTN1, SLC22A8/OAT3, and SLC22A12/URAT1 showed higher
expression in MDA-MB-231 cells (Fig. 2A), and the remaining transporters, SLC22A1/OAT1,
SLC22A5/OCTN2, SLC22A6/OAT1 and SLC22A16/OCT6, showed similar expression levels in both cell
lines (Fig. 2A).

When qPCR analysis was carried out, 7 of 14 SLC22 transporters, SLC22A2/OCT2, SLC22A6/OAT1,
SLC22A7/OAT2, SLC22A8/OAT3, SLC22A9/OAT7, SLC22A10/OAT5, and SLC22A12/URAT1, were below
the detection limit in both cell lines (data not shown). SLC22A3/OCT3 showed a similar level of
expression in MDA-MB-231 as the calibrator, but expression was below the detection limit in MCF-7 cells
(Fig. 2B). SLC22A1/OCT1, SLC22A4/OCTN1, SLC22A5/OCTN2, SLC22A11/OAT4, SLC22A13/OAT10 and
SLC22A16/OCT6 all showed lower expression in the two cell lines relative to the calibrator. Direct
comparison between the cell lines showed that SLC22A1/OCT1, SLC22A4/OCTN1, SLC22A13/OAT10,
and SLC22A16/OCT6 showed higher expression in the MDA-MB-231 cells (all p < 0.05) (Fig. 2B), whereas
SLC22A5/OCTN2 showed higher expression in MCF-7 cells (p = 0.001) (Fig. 2B). The expression of
SLC22A11/OAT4 was not signi�cantly different between the cell lines (p = 0.240).

Expression of SLC transporters in human breast cancer
tissue samples
Expression of SLC transporters was then investigated in tumour samples from patients with biopsy-
proven invasive ductal carcinomas.

SLCO subfamily
The same 11 SLCO transporters were investigated as for the cell lines (Fig. 3). Using sq-PCR, the overall
expression pattern of the SLCO subtypes was similar across each of the patient samples, but there was
variability of expression levels between patients. SLCO1A2/OATP1A2, SLCO1C1/OATP1C1,
SLCO2A1/OATP2A1, SLCO2B1/OATP2B1, and SLCO3A1/OATP3A1 were consistently expressed in all
patients, with patient 1 showing a greater band intensity of both SLCO1C1/OATP1C1 and
SLCO2A1/OATP2A1. Expression of SLCO1B3/OATP1B3 was variable, with the highest levels seen in
patient 2. There was no/negligible expression of SLCO1B1/OATP1B1, SLCO4A1/OATP4A1,
SLCO4C1/OATP4C1, or SLCO5A1/OATP5A1 in any of the patients, with weak expression of
SLCO6A1/OATP6A1 (Fig. 3).

qPCR was carried out for further analysis. Because of the very small quantities of tissue available,
analysis was limited to 8 of the 11 transporters, selected based on expression in the cell lines and their
likely clinical relevance in relation to their known substrate speci�cities (Fig. 4). SLCO1A2/OATP1A2 was
expressed in all tumour samples with highest fold change in patient 3 (20.66-fold) and the lowest in
patient 2 (0.37-fold) relative to the control (Fig. 4). SLCO1C1/OATP1C1, SLCO2A1/OATP2A1 and
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SLCO4C1/OATP4C1 showed low expression in all four tumours, as was previously identi�ed via sq-PCR.
The expression of SLCO2B1/OATP2B1 was higher in all four tumours relative to the control (2.92-5.64-
fold); while sq-PCR also detected high expression of this transporter. SLCO3A1/OATP3A1 expression was
1.75-2.02-fold higher than controls in tumours 1–3, but lower than the control in patient 4. The expression
of SLCO1B1/OATP1B1 and SLCO1B3/OATP1B3 showed a high degree of variability between patients.
SLCO1B1/OATP1B1 was expressed 4-fold higher than the control in patient 1, 88-fold higher in patient 4,
1,446-fold higher in patient 2, and 1,152-fold higher in patient 3. SLCO1B3, on the other hand, was below
the detection limit in patients 1 and 2, and 53- and 57-fold higher than the calibrator in patients 3 and 4
(Fig. 4).

SLC22 subfamily
14 SLC22 transporters were analysed via sq-PCR in the tumour samples. As was observed for the SLCO
transporters, the pattern of expression was largely consistent between the four patients. SLC22A5/OCTN2
and SLC22A16/OCT6 were both highly expressed and showed a similar degree of expression across all
four tumours (Fig. 5); SLC22A5/OCTN2 appeared to show similar expression levels to the positive control,
whereas SLC22A16 (OCT6) was much more highly expressed in the tumours than in the control.
SLC22A1/OCT1 and SLC22A9/OAT7 were likewise expressed in all tumours however the degree of their
expression was variable (Fig. 5). SLC22A2/OCT2 and SLC22A4/OCTN1 showed variability between
patients. SLC22A2/OCT2 showed expression in patients 1 and 2 but appeared not be expressed in
patients 3 and 4. Conversely, SLC22A4/OCTN1 showed low/no, expression in patients 1 and 2 but
expression equivalent to the positive control in patients 3 and 4 (Fig. 5). SLC22A3/OCT3 showed low-
medium expression in all patient tumours that was equivalent to the expression shown in the positive
control (placental RNA). SLC22A10/OAT5 showed low expression in all tumours except patient 3 where
the expression appeared to be slightly higher. SLC22A6/OAT1 showed low expression in patients 1, 3, and
4. SLC22A7/OAT2, SLC22A8/OAT3, SLC22A11/OAT4, SLC22A12/URAT1 and SLC22A13/OAT10 were not
expressed in any of the tumours (Fig. 5).

qPCR was then used to quantify the expression of 6 of the 11 SLC22 transporters; again, the small
amounts of human tissue necessitated a more limited analysis. Although the sq-PCR results suggested
that SLC22A2/OCT2 may be expressed at low levels in at least two of the tumours (patients 1 and 2),
qPCR analysis detected no SLC22A2/OCT2 expression in any of the tumours (Fig. 6). SLC22A7/OAT2
and SLC22A8/OAT3 were likewise not expressed in the tumour samples, consistent with sq-PCR data.
Very low expression of SLC22A11/OAT4 was detected compared to the control, in contrast to sq-PCR,
where no expression was detected. SLC22A3/OCT3 and SLC22A1/OCT1 both showed higher expression
in the tumours compared to the controls, however levels were variable between patients (1.38–22.04 fold
and 1.14–10.34 fold, respectively); both had also been detected using sq-PCR (Fig. 6).

Discussion
This study represents the most comprehensive analysis of different SLC subfamily members in breast
cancer tissues to date. As well as consolidating some of the existing piecemeal data it characterises the
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expression of other SLC members not previously investigated in breast cancer tissues.

In relation to the SLCO transporters, the �ndings from the present study, together with two previous
smaller studies (19, 27), now allow certain commonalities in the expression patterns in MCF-7 and MDA-
MB-231 cells to be mapped out. SLCO1B1/OATP1B1 and SLCO1B3/OATP1B3 are consistently highly
expressed MDA-MB-231 cells, with little or no expression in MCF-7 cells. SLCO2A1/OATP2A1,
SLCO4A1/OATP4A1, SLCO5A1/OATP5A1, and SLCO4C1/OATP4C1 are consistently expressed in both cell
lines, but higher in MCF-7 cells. SLCO3A1/OATP3A1 is consistently expressed in both cell types but is not
consistently higher in one cell type versus the other. SLCO1C1/OATP1C1 and SLCO6A1/OATP6A1 are
consistently not expressed in either cell line. SLCO1A2/OATP1A2 and SLCO2B1/OATP2B1 show variable
and inconsistent expression patterns in both cell lines across the three studies, as well as two other
additional studies (19, 27–29) .

In a similar vein to the SLCOs, there are relatively few studies investigating SLC22 expression in breast
cancer cells. The �nding in this study were that SLC22A2/OCT2, SLC22A7/OAT2, SLC22A9/OAT7 and
SLC22A10/OAT5 showed no expression in either MCF-7 or MDA-MB-231 cells. Although a previous study
of the NCI-60 cell line panel corroborated the present study’s �ndings for SLC22A7/OAT2 and
SLC22A9/OAT7, with no expression detected in either cell line, the data for SLC22A2/OCT2 are at odds
with another study, which found that it was relatively highly expressed in MDA-MB-231 cells and
minimally expressed in MCF-7 cells (30). Similarly, although SLC22A6/OAT1, SLC22A8/OAT3 and
SLC22A12/URAT1 showed mixed expression in the two cell lines based on sq-PCR, all were undetectable
on qPCR. The reason for this discrepancy is unclear, but the qPCR �ndings are again consistent with
expression data from the NCI-60 cell line panel, which showed that all three were undetectable in either
cell line (31). SLC22A11/OAT4 and SLC22A13/OAT10 were both detected using qPCR, but showed very
low expression levels, again consistent with the NCI-60 panel data (31).

Finally, SLC22A1/OCT1, SLC22A3/OCT3, SLC22A4/OCTN1, SLC22A5/OCTN2 and SLC22A16/OCT6 were
all detected in both cell lines, consistent with previous �ndings (31) and, with the exception of
SLC22A5/OCTN2, expression levels higher in MDA-MB-231 compared to MCF-7 cells. The observation
that SLC22A1/OCT1 and SLC22A3/OCT3 show higher expression in MDA-MB-231 versus MCF-7 cells
re�ects that of a previous study (30). Likewise the pattern of SLC22A5/OCTN2 expression is also
consistent with that of previous studies, which demonstrated higher expression in the MCF-7 cells (31,
32). Studies have also revealed that SLC22A5/OCTN2 is signi�cantly overexpressed in ER+ cell lines
versus ER− cell lines (32).

Perhaps surprisingly, the transporter pro�les of the four human tumour samples, based on sq-PCR, and
where available, qPCR data, showed more consistency between one another than with the cell lines. The
SLCO genes consistently present in all tumour samples were SLCO1C1/OATP1C1, SLCO1A2/OATP1A2,
SLCO2B1/OATP2B1, SLCO3A1/OATP3A1, SLCO1B1/OATP1B1, SLCO4C1/OATP4C1, SLCO2A1/OATP2A1,
and SLCO6A1/OATP6A1. All these transport steroid hormones and a range of chemotherapeutic agents,
except for SLCO2A1/OATP2A1, a prostaglandin transporter, and SLCO6A1/OATP6A1, which is not



Page 9/22

currently well characterised. The pattern of expression is noteworthy since SLCO1C1/OATP1C1,
SLCO1A2/OATP1A2, SLCO2B1/OATP2B1, and SLCO6A1/OATP6A1 showed either no or inconsistent
expression in the cell lines.

SLCO1B3/OATP1B3 was expressed at high levels in the two of the tumour samples but was not detected
in the other two samples. Again, SLCO1B3/OATP1B3 transports a range of steroid hormones and
clinically relevant chemotherapeutic agents (18, 31, 33–35), so could be important in mediating hormone
and/or uptake in some tumours. Whereas the reason for the clear differential expression pattern in two of
the four tumours is unclear at this stage, it may simply re�ect disease heterogeneity, with previous studies
having either shown no detectable expression in breast tumours (27, 36–38), or, in one study, expression
in 50% of tissues (39). Similarly the observation that SLCO1B1/OATP1B1 and SLCO1B3/OATP1B3
demonstrated such high expression in MDA-MB-231 cells and little or no expression in MCF-7 cells seems
somewhat paradoxical given their role in estrogen transport and the fact that MDA-MB-231 cells are
classically hormone non-responsive, but in this case the high expression of these transporters could
indicate a potentially signi�cant role in the uptake of therapeutic drugs. SLCO4A1/OATP4A1 and
SLCO5A1/OATP5A1 were not expressed in any of the tumour samples, despite being expressed in both
cell lines, greater in MCF-7. The positive control used for SLCO5A1 was cDNA from a lung cancer cell line
(NCI-H520). Several positive controls were tested for SLCO5A1 with only lung cDNA showing low but
detectable expression in agreement with previous �ndings (40). This, combined with previous studies,
suggests these transporters are unlikely to be of functional signi�cance in breast cancer; although
SLCO4A1/OATP4A1 transports steroid hormones, SLCO5A1/OATP5A1 remains to be characterised, and
previous studies suggest that expression levels of both transporters in non-malignant breast tissue is
either the same or even higher than that in breast cancer tissue (27, 36).

Of the SLC22 genes, SLC22A1/OCT1, SLC22A3/OCT3, SLC22A16/OCT6, SLC22A5/OCTN2,
SLC22A6/OAT1, SLC22A10/OAT5 and SLC22A9/OAT7 were present in all tumour samples. Of these, all
were expressed in the cell lines except SLC22A10/OAT5 and SLC22A9/OAT7, which were expressed in
neither cell line. SLC22A2/OCT2, SLC22A11/OAT4, and SLC22A4/OCTN1 were also present in the
tumours but their expression was variable across the different samples. SLC22A2/OCT2 was not present
in either cell line, whereas SLC22A11/OAT4 and SLC22A4/OCTN1 showed expression in both cell lines.
These SLC22 genes are mainly transporters of organic cations and anticancer drugs, and, in the case of
SLC22A9/OAT7, estrone-3-sulfate (E-3-S), so any of these could have potential signi�cance in the
treatment or pathogenesis of breast cancer.

SLC22A7/OAT2, SLC22A8/OAT3, SLC22A13/OAT10, and SLC22A12/URAT1 were not expressed in any of
the tumour samples. SLC22A8/OAT3 is an established high a�nity transporter of E-3-S in the kidney and
the choroid plexus, and given its absent expression in the tumours and limited expression in the cell lines
appears unlikely to play a role in E-3-S uptake in breast cancer. SLC22A7/OAT2 was also not expressed in
either of the cell lines, making it unlikely to be of signi�cance in breast cancer.
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The differential expression pattern between the cell lines and human tissues is likely to represent in no
small part the heterogeneity of breast cancers, but nevertheless all four tumour samples consistently
expressed transporters that both cell lines did not, and vice versa, suggesting some inherent differences
between the in vitro cell culture models and fresh invasive ductal carcinoma. One of the challenges with
interpreting the human tissue data is the fact that all four patients were receiving endocrine therapy for
various periods prior to tumour excision, and this introduces the possibility that the transporter pro�le
may have been in�uenced by the treatment.

Ideally any tissue samples would have had no prior exposure to treatment, but the di�culties in
accessing fresh human tissue are widely acknowledged. Nevertheless, further work to characterise the
inducibility of transporter expression using a range of clinically relevant endocrine therapies and
anticancer drugs could help in mapping out any changes to the overall transporter pro�le in breast cancer
tissues following drug treatment, which itself may be important in ascertaining response to different
treatment types, including the development of drug resistance.

One observation in this study, and a potential limitation, was that in some cases there were discrepancies
between the sq-PCR and qPCR results. The exact reason for this is unclear but could be due to differences
in chemistries between the two techniques, differences in primers and probes used, or the fact that they
rely on different detection methods, with standard PCR measuring the accumulated PCR product at the
end of the process and real-time PCR allowing for detection in each ampli�cation phase of the cycle.

Another possibility for discrepancies between the two techniques is the detection of different gene
variants. Although these have not been speci�cally investigated here, the presence of variants has been
identi�ed previously. For SLCO1B3, for example, "liver-type" and "cancer-type" gene variants are known to
exist (41), and it has been reported that the cancer-type variant of SLCO1B3 was detected in colon,
pancreatic and ovarian cancers (42, 43). Whether or not this variant, or variants of other SLC members,
exist in breast cancer cells, remains to be investigated.

Conclusion
Breast cancer cells express a panel of SLCs capable of transporting a range of steroid hormones and
anticancer drugs, which could implicate their role in BC pathogenesis and response to treatment. The
differential expression patterns across the two cell lines and human tissue samples almost certainly
re�ect the known heterogeneity of breast cancer, and also re�ects the di�culty in treating breast cancer
as a single disease entity, but mapping out the expression patterns as comprehensively as possible will
help in understanding more about the possible role of transporters in disease pathogenesis or in
identifying potential targets for treatment. With more complete mapping of transporter pro�les, certain
pro�le ‘signatures’ particular to certain tumour types may become apparent, and this could one day serve
as a prognostic tool.

Abbreviations
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SLC
Solute Carrier
BC
Breast Cancer
ABC
ATP-Binding Cassette
MDR
Multidrug resistance
OATP
Organic anion transporting peptide
OCT
Organic cation transporter
OAT
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Figures

Figure 1

Expression of SLCO transporters in MCF-7 and MDA-MB-231 cell lines. (A) Semi-quantitative PCR results
show expression of SLCO transporter genes in MCF-7 and MDA-MB-231 cell lines. SLCO1A2, SLCO1B1,
SLCO1B3, SLCO1C1, SLCO2A1, SLCO2B1, SLCO3A1, SLCO4A1, SLCO4C1, SLCO5A1 and SLCO6A1 (+)
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positive control, (-) negative control. GAPDH was used as a loading control for each experiment.
Representative of three independent experiments. (B) Relative mRNA expression of SLCO Transporters in
MCF-7 and MDA-MB-231 cell lines determined via qPCR. Relative expression of SLCO1B1 (MCF-7 = 0.11,
MDA-MB-231 = 34.26), SLCO1B3 (MCF-7 = BDL, MDA-MB-231 = 1417.72), SLCO2A1 (MCF-7 = 0.002,
MDA-MB-231 = BDL) , SLCO2B1 (MCF-7 = 0.0003, MDA-MB-231 = 0.0004), SLCO3A1 (MCF-7 = 0.07, MDA-
MB-231 = 0.08), SLCO4A1 (MCF-7 = 0.24, MDA-MB-231 = 0.05), SLCO4C1 (MCF-7 = 0.02, MDA-MB-231 =
0.001) and SLCO5A1 (MCF-7 = 0.00001, MDA-MB-231 = 0.0000004) is shown. Results are expressed as
fold change relative to a calibrator sample and normalised to the housekeeping gene β-actin. Data
represented as mean ± SD of three independent experiments. Statistical signi�cance was calculated
using a one-sample and/or independent samples t-test (*p<0.05). BLD = below detection limit.
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Figure 2

Expression of SLC22 transporters in MCF-7 and MDA-MB-231 cell lines. (A) Semi-quantitative PCR results
show expression of SLC22 transporter genes in MCF-7 and MDA-MB-231 cell lines. SLC22A1, SLC22A2,
SLC22A3, SLC22A4, SLC22A5, SLC22A6, SLC22A7, SLC22A8, SLC22A9, SLC22A10, SLC22A11,
SLC22A12, SLC22A13 and SLC22A16. (+) positive control, (-) negative control. GAPDH was used as a
loading control for each experiment. Representative of three independent experiments. (B) Relative mRNA
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expression of SLC22 Transporters in MCF-7 and MDA-MB-231 cell lines determined via qPCR. Relative
expression of SLC22A1 (MCF-7 = 0.01, MDA-MB-231 = 0.10), SLC22A3 (MCF-7 = BDL, MDA-MB-231 =
1.00), SLC22A4 (MCF-7 = 0.01, MDA-MB-231 = 0.19), SLC22A5 (MCF-7 = 0.1, MDA-MB-231 0.01),
SLC22A11 (MCF-7 = 0.00001, MDA-MB-231 = 0.000007), SLC22A13 (MCF-7 = 0.01, MDA-MB-231 0.07)
and SLC22A16 (MCF-7 = 0.01, MDA-MB-231 = 0.04) is shown. Results are expressed as fold change
relative to a calibrator sample and normalised to the housekeeping gene β-actin. Data represented as
mean ± SD of three independent experiments. Statistical signi�cance was calculated using a one-sample
or independent samples t-test (*p<0.05). BLD = below detection limit.

Figure 3

Semi-quantitative PCR results show expression of SLCO transporter genes in four patient-derived breast
tumour samples. (+) positive control, GAPDH was used as a loading control for all experiment. A
representative example of GAPDH expression in included in the �gure.
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Figure 4

Relative mRNA expression of SLCO Transporters in patient breast cancer derived tumours via qPCR.
Results are expressed as fold change relative to a calibrator and normalised to the housekeeping gene β-
actin.
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Figure 5

Expression of SLCO transporter genes in breast cancer samples from four patients using sq-PCR. (+)
positive control, GAPDH was used as a loading control for all experiments. A representative example of
GAPDH expression in included in the �gure.
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Figure 6

Relative mRNA expression of selected SLC22 transporters in patient breast cancer tumour samples using
qPCR. Results are expressed as fold change relative to a calibrator and normalised to the housekeeping
gene β-actin.
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