




























 



http://informahealthcare.com/dmr

ISSN: 0360-2532 (print), 1097-9883 (electronic)

Drug Metab Rev, Early Online: 1–14
! 2015 Taylor & Francis. DOI: 10.3109/03602532.2015.1105253

REVIEW ARTICLE

MRP1 and its role in anticancer drug resistance

Jamie F. Lu, Deep Pokharel and Mary Bebawy

Discipline of Pharmacy, Graduate School of Health, University of Technology Sydney, Broadway, NSW, Australia

Abstract

The phenomenon of multidrug resistance (MDR) in cancer is associated with the overexpression
of the ATP-binding cassette (ABC) transporter proteins, including multidrug resistance-

associated protein 1 (MRP1) and P-glycoprotein. MRP1 plays an active role in protecting cells by

its ability to efflux a vast array of drugs to sub-lethal levels. There has been much effort in

elucidating the mechanisms of action, structure and substrates and substrate binding sites of
MRP1 in the last decade. In this review, we detail our current understanding of MRP1, its clinical

relevance and highlight the current environment in the search for MRP1 inhibitors. We also look

at the capacity for the rapid intercellular transfer of MRP1 phenotype from spontaneously shed

membrane vesicles known as microparticles and discuss the clinical and therapeutic
significance of this in the context of cancer MDR.

Keywords

Microparticles, multidrug resistance, multi-

drug resistance-associated protein 1,
intercellular transfer, P-glycoprotein, trait

dominance, cancer

History

Received 31 August 2015

Revised 27 September 2015

Accepted 2 October 2015
Published online 5 November 2015

Introduction

The use of combinations of cytotoxic drugs in chemotherapy

has led to vast improvements in patient survival. Previously

fatal malignancies such as testicular cancer, Hodgkin’s

disease and many leukemia’s are now manageable diseases

(Dryver et al., 2003; Farber et al., 1980; Frei, 1985). Despite

this, the development of drug resistance in cancer generally is

a frequent occurrence and is a major impediment to

successful treatment (Gong et al., 2012).

After an initial positive response to drug treatment, a tumor

may fail to respond to subsequent chemotherapy despite the use

of structurally and functionally unrelated drugs. This type of

unique resistance is known as multidrug resistance (MDR). A

tumor exhibiting MDR is unresponsive to a plethora of modern

chemotherapeutics. MDR is responsible for more than 90% of

treatment failure of metastatic cancer using adjuvant chemo-

therapy (Saraswathy & Gong, 2013).

One of the most intensely studied mechanisms of MDR is

the drug efflux capacity of certain proteins found over-

expressed on the surface of resistant cancer cells. These efflux

proteins are typically members of the ATP-binding cassette

(ABC) superfamily of membrane transporters (Leslie et al.,

2001b, 2005; Tran et al., 2011; Winter et al., 2013).

Structurally, these transmembrane proteins consist of trans-

membrane domain(s) (TMD), which comprise the drug-

binding region, and the nucleotide-binding domains (NBDs)

which hydrolyze ATP required to drive drug efflux (Cornwell

et al., 1987; Mimmack et al., 1989). To date, there are 49

ABC-transporter proteins expressed in humans, however, only

a handful are implicated in MDR (Tarling et al., 2013). The

most intensely studied of these transporters which contribute

to MDR are P-glycoprotein (P-gp/ABCB1), multidrug resist-

ance-associated protein 1 (MRP1/ABCC1) and to a lesser

extent, the breast cancer resistance protein (BCRP/ABCG1)

(Falasca & Linton, 2012; Rees et al., 2009).

Recently much attention has been focused on the role of

extracellular vesicles and how they contribute to cancer cell

biology (Bebawy et al., 2009, 2013; Gong et al., 2012, 2013;

Jaiswal et al., 2012a, b, 2013; Lu et al., 2013; Ma et al., 2013;

Pokharel et al., 2014). Their capacity to carry cell surface

antigens, biologically functional nuclear cargo and proteins has

provoked much interest in their molecular roles as mediators of

cell–cell communication and the transfer of ABC-transporter-

mediated MDR (Bebawy et al., 2009, 2013; Diehl et al., 2012;

Distler et al., 2006; Gong et al., 2013; Jaiswal et al., 2012a, b,

2013; Lu et al., 2013; Morel et al., 2008; Pokharel et al., 2014).

Herein, we provide a recent review on the research on MRP1/

ABCC1 and discuss its clinical relevance. Overexpression of

MRP1 in a diverse range of tumors has prompted investigations

into its influence on patient survivability. We further examine

the controversy on the clinical implications of MRP1 on a

range of tumors and discuss the variability in the literature. In

addition, we provide an overview of the current situation for

the search of MRP1 inhibitors. Finally, we discuss the dynamic

and active role of MPs in MDR and the potential for these

vesicles to provide a novel therapeutic drug target in clinical

oncology.

General overview of MRP1

The clinical relevance of P-gp overexpression is unequivocal,

given the correlation with its overexpression and treatment
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failure in cancer treatment (Atalay et al., 2006; Campos et al.,

1992; Kuwazuru et al., 1990; Leith et al., 1999; Sun et al.,

2004; Tamaki et al., 2011). It was first discovered in 1976 and

is the most well-characterized ABC-transporter contributing

to MDR (Juliano & Ling, 1976). For a period after its

discovery, P-gp was widely believed to be the exclusive cause

of MDR (Ambudkar et al., 1999). During the late 1980s,

increasing evidence of an MDR phenotype in the absence of

P-gp emerged. MDR cells were identified that lacked any

detectable P-gp, despite having undergone drug selection

protocols, which would typically result in P-gp overexpres-

sion (Cole, 1986; Mirski et al., 1987; Slovak et al., 1988).

Rather, the resistance was found to be strongly correlated with

another protein from the same superfamily, known as MRP1

(Cole et al., 1992).

The gene encoding MRP1/ABCC1 has been mapped to

16p13.1 and represents a 1531-amino acid protein (Slovak et al.,

1993). MRP1 is widely expressed in normal tissues and cellular

organelles, particularly in the testes, kidneys, placenta and at

pharmacological barriers (Leslie et al., 2005). MRP1’s capacity

for drug efflux prevents effective treatment of a range of

diseases, including clinical depression, cancer and epilepsy (Bao

et al., 2011; Chen et al., 2013; Kanigur et al., 2010; Lee et al.,

2010; Mueller et al., 2010). The overexpression of MRP1 across

a range of cancers has led to relapse and drastically reduced

overall survival (OS) in cancer patients (Alisi et al., 2013;

Diestra et al., 2003; Haber et al., 2006; Semsei et al., 2012;

Vulsteke et al., 2013; Winter et al., 2013; Zhang et al., 2012).

Currently, the most widely accepted topology of MRP1

includes three TMDs (TMD0, TMD1, TMD2) and two NBDs

(NBD1, NDB2) (Cole, 2014; Hollenstein et al., 2007)

(Figure 1). This configuration is consistent throughout the

MRP family of proteins, except in MRP4, MRP5 and CTFR,

which do not possess the additional TMD0 domain (Borst

et al., 2000; Patrick & Thomas, 2012). There are 17

transmembrane (TM) segments distributed among these

three TMDs: TM 1–5 (TMD0), TM 6–11 (TMD1) and TM

12–17 (TMD2) (DeGorter et al., 2008).

The mechanisms of MRP1 trafficking, maturation and

degradation still remain poorly understood. Newly synthe-

sized MRP1 is a 170 kDa polypeptide immature pro-

tein, which is rapidly processed into its 190 kDa form

following N-terminal glycosylation (Almquist et al., 1995;

Krishnamachary et al., 1993). In vitro transcription and

translational analysis have revealed the critical role of the

second transmembrane segment (TM 2) in the cellular

translocation and topologic folding of TMD0 during synthesis

(Zhang, 2000). It was found that TM2 ensures the correct

right-side out orientation of MRP1 on the plasma membrane

(N-terminus outside, C-terminus inside) (Zhang, 2000). In

addition, it can translocate post-translationally into the

endoplasmic reticulum for additional stringency for the

correct folding of the remaining domains in MRP1 (Zhang,

2000).

MRP1 has also been found to be localized within the cell

(Roundhill & Burchill, 2012). MRP1 expression in the

mitochondria appears to be more efficient than plasma

MRP1 (Roundhill & Burchill, 2012). The presence of

transporters in this organelle may protect mitochondrial

DNA from damage and mitochondrial-induced cell death.

MRP1 has also been detected in other subcellular organelles

such as endoplasmic reticulum and endocytic vesicles,

possibly serving as a sequestering mechanism to prevent

drugs from reaching their intracellular target (Rajagopal &

Simon, 2003). When cultured astrocytes are exposed to

bilirubin (an MRP1 substrate), MRP1 was found to rapidly

translocate onto the plasma membrane from subcellular

organelles (Gennuso et al., 2004). Using confocal microscopy

and immunofluorescence, MRP1 was found to be co-localized

to the Golgi apparatus (Gennuso et al., 2004). After exposure

to low amounts of bilirubin (40 nm), a 5-fold increase in

MRP1 immunofluorescence was detected within a 30–

120min time frame. The inhibition of MRP1 in astrocytes

resulted in increased bilirubin-induced damage (Gennuso

et al., 2004). This demonstrates that intracellular MRP1 may

serve as a reservoir, where cell surface expression may be

conferred rapidly when required.

ABC-transporters in membrane vesicles not only can

actively sequester drugs within cells, but also outside cells,

before they even reach their target. Our group recently

reported the inside-out orientation of P-gp within circulating

extracellular vesicles, enabling an influx of doxorubicin

opposed to typical efflux mechanisms (Gong et al., 2013).

The result is an overall reduction in intracellular accumulation

of drugs, representative of an additional parallel pathway in

MDR. It is likely that similar sequestration mechanisms occur

with MRP1; however, this remains to be elucidated.

Mechanisms of action

The structure of typical ABC-transporters is comprised of two

conserved NBDs (NBD1, NBD2) and two TMDs (TMD1,

TMD2). The two TMDs work collaboratively to form a

permeable pore in which substrates may travel from the

cytoplasmic region to the extracellular space in a selective

and energy-dependent manner (Rees et al., 2009). These

Figure 1. The orientation and topology of
MRP1. MRP1 includes three transmembrane
domains (TMD0, TMD1 and TMD2) com-
posed of 17 transmembrane segments (TM).
There are also two nucleotide-binding
domains (NBD1 and NBD2) within the
cytosol.

2 J. F. Lu et al. Drug Metab Rev, Early Online: 1–14
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ABC-transporters derive their energy through the hydrolysis

of ATP after binding to their designated NBDs. The NBDs on

all ABC-transporters are composed of three highly conserved

amino acid sequences; Walker A, B and C (Chaptal et al.,

2014). Walker A and Walker B motifs are required for ATP-

binding and hydrolysis reactions, respectively, and are present

on all ATP-binding proteins (Chaptal et al., 2014). The

Walker A motif binds to the a- and g- phosphates of di- or tri-

nucleotides and the Walker B motif helps manage Mg+ ions.

Walker C (LSGGQ) is a signature to ABC-transporters and

has been proposed to be important for NDB1 and NDB2

dimerization (Smith et al., 2002).

The most accepted transport cycle is as follows (Chaptal

et al., 2014; Hollenstein et al., 2007; Manciu et al., 2003;

Smith et al., 2002) (Figure 2): First the substrate, which may

be conjugated to glutathione (GSH) or GSH alone, binds to a

high-affinity site on MRP1. This interaction, in turn, induces

conformational transformations, which causes recruitment of

ATP to the NBD1. This causes further conformational

changes and interaction of NBD1 with Walker C signature

of NBD2, which recruits a second ATP molecule NBD2. The

two NBDs are arranged in a head facing tail manner with the

two ATP molecules positioned in-between. The ATP interacts

with the Walker A and B motifs of one NBD and the C

signature of the other domain (Smith et al., 2002). The

dimerization of the two NBDs causes conformations changes

in the TMD. This ‘‘closing’’ of the two NBD domains is the

key to the unidirectional movement of substrates across

membranes. The closing of the NBD helices appears to

trigger a flipping of the TMDs from a ‘‘right-side out’’ to an

‘‘inside-out’’ conformation. In this conformation, the sub-

strate is moved to a low-affinity state and is released into the

environment (Amram et al., 2014). The transport cycle

concludes with the hydrolysis of ATP and the release of ADP,

which destabilizes the NBD dimer and returns the protein into

resting state, ready to recruit new substrates for export.

As mentioned, MRP1 is atypical of ABC-transporters

where it possesses an additional TMD connected to TMD1 by

an intracellular linker region known as L0. Deletion of the

atypical TMD0, however, did not adversely affect transporter

function (Bakos et al., 1998), although it is believed to play a

role in localization (Westlake et al., 2004, 2005), with a

significant amount of MRP1 lacking TMD0 found in

subcellular organelles (Bakos et al., 1998; Westlake et al.,

Figure 2. Multidrug resistance-associated protein 1 (MRP1) protein transport cycle. (1) MRP1 transport cycle begins in its resting state. (2) A substrate
conjugated to GSH or GSH alone binds to a high-affinity site causing conformational changes, resulting in the recruitment of ATP to NBDs. (3) The
two NBDs dimerize in a head to the tail manner, causing further conformational changes in the TMDs. (4) The closing of the NBDs triggers a flipping
of the TMDs from ‘‘right-side out’’ to ‘‘inside-out.’’ (5) This allows the bound substrate to be moved into the extracellular environment and released.
ATP is hydrolyzed into ADP, the NBD dimer is destabilized and the TMDs are returned to resting state (1).

DOI: 10.3109/03602532.2015.1105253 MRP1 and drug resistance 3
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2005). These studies established that TMD0 plays an import-

ant role for the cell surface expression of MRP1, however, the

reasons why remain less clear. It is possible that the TMD0

may be essential for plasma membrane retention and its loss

accelerates the endocytosis of MRP1.

Relevance of MRP1 to drug disposition

The ABC efflux transporters play a major part in drug

distribution. MRP1 is found in most tissues, with elevated

amounts in organs such as testes, lung, skin, skeletal muscles,

heart, kidneys and small intestines, which are important

pharmacological barriers in drug absorption and elimination.

In addition to restricting absorption and substantially reducing

the bioavailability of drugs, MRP1 also determines drug

elimination into urine and feces (Mueller et al., 2010;

Plasschaert et al., 2005; Wijnholds et al., 1997).

Knockout mice (MRP1�/�) have greatly contributed to our

understanding of the role of MRP1 on drug disposition and the

compensatory responses to xenobiotic toxicity. The first

generation of MRP1 deficient mice demonstrated its importance

as a drug transporter and urged the development of MRP1

modulators (Wijnholds et al., 1997). It was found that MRP1�/�

mice were hypersensitive to etoposide treatment; however, the

tissue distribution of radiolabeled drug remained unchanged. It

was later found that this result was consistent with the

distribution of 17-b-estradiol-D-17b-glucuronide, vincristine

and doxorubicin across the blood-brain barrier (BBB) in

MRP1�/� mice (Jungsuwadee et al., 2012; Lee et al., 2004).

This resistance may be a result of intracellularly localized

MRP1. In 2003, a group showed that intracellular localized

MRP1 can confer MDR (Rajagopal & Simon, 2003). Using a

cell impermeable inhibitor, the group showed that doxorubicin

was actively sequestered within lysosomes and prevented its

cytotoxicity. Therefore, it is unsurprising to observe no changes

in tissue distribution of drugs along with MDR when targeting

MRP1. It should be pointed out, however, that the kinetic

difference between murine and human may be substantial and

should be taken into consideration. For instance, some

anthracyclines are not substrates for murine MRP1, making

their disposition irrelevant in humans (Stride et al., 1997).

MRP1 and the heart

Cardiomyopathy is a serious condition attributed by the dose-

dependent toxicity of drugs used in chemotherapy.

Anthracyclines are among the most successful antineoplastics

used in chemotherapy; however, they are limited by their

cardiotoxicity. The cardioprotective role of MRP1 has been

demonstrated in a number of studies (Krause et al., 2007;

Semsei et al., 2012). MRP1 serves to protect the heart during

chemotherapy by the efflux of toxic products causing

oxidative stress from mitochondrion and cardiomyocytes

(Krause et al., 2007; Semsei et al., 2012). These knockout

mice studies have established the inherent role MRP1 plays in

protecting the heart from xenobiotics.

MRP1 and the brain

A poor prognosis in brain cancer is partly due to the

inaccessibility of chemotherapeutics due to the BBB. MRP1

is constitutively expressed at a relatively high level in the

BBB and serves to prevent drug uptake into the brain. Using

probenecid and MK571, which are MRP family selective

inhibitors, MRP1 was shown to play a fundamental intrinsic

role in chemoresistance at the human BBB (Brandmann et al.,

2012; Spiegl-Kreinecker et al., 2002). These MRP-specific

inhibitors were shown to have a sensitizing effect on all

primary brain tumors. Normal astrocytes and gliomas

displayed very little to no P-gp expression and high MRP1

levels, indicative of its constitutive role as a chemoprotectant.

Not only does MRP1 prevent drug permeability, but the

presence of a given substrate will also stimulate export of

GSH, subsequently regulating intracellular GSH levels

(Brandmann et al., 2012; Tadepalle et al., 2014). This may

have consequences on GSH homeostasis and/or GSH-depend-

ent detoxification pathways in the brain and contribute to

neurotoxicity.

Clinical correlations of MRP1 in cancer

MRP1 is overexpressed in a diverse range of cancers such as,

but not limited to, acute lymphoblastic leukemia (ALL),

breast, acute myeloid leukemia (AML), tongue, brain, pan-

creatic, prostate, non-small cell lung carcinoma (NSCLC) and

small cell lung carcinoma (SCLC) (Bakos & Homolya, 2007;

Lu et al., 2013; Munoz et al., 2007; Nies et al., 2004; Schaich

et al., 2005; Sullivan et al., 2000; Taheri & Mahjoubi, 2013;

Zhang et al., 2012). However, clinical correlations of MRP1

overexpression are reported to be extremely variable amongst

tumor types, with some malignancies more controversial than

others (Table 1).

Breast cancer

The clinical prognostic value of MRP1 remains debatable in

breast cancer, despites its well-established capacity to confer

MDR in vitro (Tamaki et al., 2011; Winter et al., 2013).

Conflicting reports have emerged linking MRP1 to clinical

outcome, with some studies finding no association with

therapeutic response (Larkin et al., 2004; Legrand et al.,

1999; Leith et al., 1999; Nooter et al., 1997; van der Kolk

et al., 2001). In locally advanced breast cancer tumors, 80% of

patients exhibited MRP1 positivity; however, there was no

significant correlation to clinical responsiveness after treat-

ment (Atalay et al., 2006). This result is consistent with a

recent study which report little to no ‘‘patient disease-free

survival’’ predictive value in MRP1 expression pre- and post-

chemotherapy treatment for breast cancer patients (Kim et al.,

2013). In the study, a consistently low MRP1 expression was

detected pretreatment and modest up-regulation post-treat-

ment was observed (Kim et al., 2013). Interestingly, the same

group had earlier reported a high predictive value for MRP1

when pretreatment expression of MRP1 was consistently high

(Larkin et al., 2004). This discrepancy may be owing to the

difference in patient cohorts and variations in methodology.

In an early-stage breast cancer study examining the

efficacy of cyclophosphamide, methotrexate, fluorouracil

treatment with increasing expression of MRP1, a strong

association with OS (Filipits et al., 2005) was observed. Using

immunostaining of tissue sections, MRP1 expression was

independently predictive of reduced OS and relapse-free

4 J. F. Lu et al. Drug Metab Rev, Early Online: 1–14
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survival (RFS). Conversely, MRP1 negative patients had a

comparatively significant reduction in relapse rate following

the same treatment (Filipits et al., 2005). Collectively, these

findings suggest that in breast cancer, MRP1 may be a strong

prognostic marker for OS and RFS when inherently expressed

in high levels pre-chemotherapy.

Non-small cell lung carcinoma

In NSCLC, MRP1 was found to be consistently overexpressed

in a large patient population prior to treatment (Berger et al.,

2005). Although overexpression of MRP1 resulted in tumors

being resistant to chemotherapy, it was observed that these

tumors were less aggressive and tended to be more

differentiated (Berger et al., 2005). Some studies have

reported a better survival rate in NSCLC patients with

highly expressed MRP1, especially in those not pretreated

with chemotherapeutics before surgical resection (Berger

et al., 2005; Diestra et al., 2003; Huang et al., 1998). It was

found that MRP1 expression seems to be prevalent in the

early stages of the disease but declines with progression with

the upregulation of P-gp (Berger et al., 2005). This may

possibly mean that in NSCLC, MRP1 is an inherent protective

mechanism as the cell adapts during disease progression. A

significant predictive value for high MRP1 expression has

been reported in locally advanced NSCLC (Li et al., 2010).

Using quantitative or semi-quantitative RT-PCR, the over-

expression of MRP1 was associated with a reduced OS (Li

et al., 2010; Ota et al., 1995). However, using immunohis-

tochemical staining, another study showed expression of

MRP1, as well as P-gp and MRP3, had no correlation with OS

or response to chemotherapy in NSCLC (Yoh et al., 2004).

Ovarian cancer

MRP1 may be a marker for aggressiveness as its over-

expression is associated with tumor grade in ovarian cancer

(Bagnoli et al., 2013; Faggad et al., 2009; Sedlakova et al.,

2013). However, unlike NSCLC, less differentiated cells were

found to express elevated levels of MRP1 (Bagnoli et al.,

2013). As less differentiated cells have the greatest prolifer-

ation potential, they tend to be more aggressive. The

overexpression of MRP1 in ovarian cancer was not associated

with a reduced OS (Bagnoli et al., 2013; Faggad et al., 2009;

Sedlakova et al., 2013). However, MRP1 may be a useful

marker to determine tumor aggressiveness in ovarian cancer.

Soft tissue sarcoma

In malignancies such as soft tissue sarcoma (STS), MRP1

expression was found to be a negative prognostic marker

(Martin-Broto et al., 2014). Indeed, studies have found

selective inhibition of MRP1 sensitized cellular models of

STS to doxorubicin (Villar et al., 2013). The first evidence

demonstrating a significant negative prognostic relationship

in MRP1 overexpression between RFS and OS in high-risk

sarcoma emerged from a phase III clinical trial in 2013

(Martin-Broto et al., 2014). Patients were treated with a

chemotherapeutic regimen of epirubicin and ifosfamide,

followed by surgical resection. Epirubicin is a substrate of

both P-gp and MRP1; however, ifosfamide is only extruded by

MRP1 upon conjugation to GSH via glutathione-S-transferase

(GST). The study showed that overexpression of MRP1 and

increased ABCC1 transcripts led to a significantly reduced 5-

year RFS rate and OS. The combined ABCC1/MRP1

transcript and protein overexpression was shown to be the

only independent prognostic marker in high-risk STS patients

(Martin-Broto et al., 2014).

MRP1 was also correlated with tumor grade and type in

STS. Expression of MRP1 correlated with higher grade/more

advanced tumors (Citti et al., 2012; Komdeur et al., 2003).

Interestingly, these higher grade tumors were also found to co-

express both MRP1 and P-gp, with increased expression of

Table 1. Clinical correlations of MRP1 in cancer.

Tumor Analysis technique

Shown
association
with OS Notes References

Breast cancer Immunostaining Controversial May be a strong prognostic
marker when inherently
expressed pre-chemotherapy

Atalay et al., 2006; Filipits et al., 2005;
Larkin et al., 2004; Legrand et al., 1999;
Leith et al., 1999; Nooter et al., 1997; van der
Kolk et al., 2001

Non-small cell
lung carcinoma

Immunostaining No Expression declines with pro-
gression of disease

Berger et al., 2005; Diestra et al., 2003;
Huang et al., 1998; Li et al., 2010; Ota et al.,
1995

RT-PCR Yes

Ovarian cancer Immunostaining No May be a useful marker to
determine tumor
aggressiveness

Bagnoli et al., 2013; Faggad et al., 2009;
Sedlakova et al., 2013RT-PCR Yes

Soft-tissue sarcoma Immunostaining Yes Expression is correlated with
higher grade/advanced tumors

Citti et al., 2012; Komdeur et al., 2003;
Martin-Broto et al., 2014; Oda et al., 1996;
Villar et al., 2013

RT-PCR Yes

Neuroblastoma Immunostaining Yes May be the primary mode of
MDR in neuroblastoma

Alisi et al., 2013; Bordow et al., 1994; Haber
et al., 1999, 2006; Lu et al., 2004; Manohar
et al., 2004

Acute leukemia Immunostaining Controversial May be a useful marker to
determine tumor
aggressiveness

Mahjoubi & Akbari, 2012; Dransfeld et al.,
2013; Gurbuxani et al., 2001; Laupeze et al.,
2002; Leith et al., 1999; Mahjoubi & van der
Kolk et al., 2002; Plasschaert et al., 2005;
Schaich et al., 2005; van der Kolk et al.,
2001; Winter et al., 2013

RT-PCR Yes

DOI: 10.3109/03602532.2015.1105253 MRP1 and drug resistance 5
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both transporters after treatment (Citti et al., 2012; Komdeur

et al., 2003; Oda et al., 1996). This suggests that in STS, a

functional redundancy exists where chemotherapeutics may

be effluxed by both MDR transporters. This may provide the

tumor with an additional survival mechanism, for instance, in

the event where one transporter is repressed or inhibited, the

other may extrude drugs in its place.

Neuroblastoma

In neuroblastoma, there has been much compelling evidence

indicating a strong association of MRP1 with a negative

clinical outcome. A retrospective study showed that MRP1

expression was found in 209 neuroblastoma samples (Haber

et al., 2006). Multivariate analysis revealed that a greater level

of expression was highly predictive of a lower RFS and OS.

The study provided evidence of MRP1 as a strong independ-

ent prognostic indicator in neuroblastoma. Interestingly, the

same findings were not found with P-gp/ABCB1, where

expression did not predict clinical outcome (Haber et al.,

2006). This suggests that MRP1, not P-gp, is the primary

mode of MDR in neuroblastoma.

The MYCN oncogene is the most well-known marker in

neuroblastoma with prognostic values associated with tumor

aggressiveness, advanced clinical stage and a negative

outcome (Domingo-Fernandez et al., 2013; Kuss et al.,

2002; Schulte et al., 2013). Much evidence has been gathered

to establish the link between MRP1/ABCC1 and MYCN

expression (Alisi et al., 2013; Bordow et al., 1994; Haber

et al., 1999,2006; Manohar et al., 2004). P-gp expression did

not exhibit any correlation between MYCN expression nor

showed any prognostic significance in neuroblastoma (Haber

et al., 2006). Indeed, the induction of MYCN in a neuro-

blastoma cell line also caused an increase in ABCC1 mRNA

as well as MRP1 protein, while antisense oligonucleotides

directed toward MYCN had also downregulated ABCC1

(Manohar et al., 2004). This reinforces a regulatory coord-

ination between MYCN and MRP1 expression, providing a

mechanistic link between tumor aggressiveness and drug

resistance. This indicates that MRP1 is an important factor in

mediating the clinical behavior of the tumor. Another study

examined MRP1 and P-gp in 70 untreated neuroblastoma

patients and found only MRP1 to be a negative prognostic

marker (Lu et al., 2004). Taken altogether, MRP1 may be the

primary MDR mechanism in neuroblastoma, and overexpres-

sion at any stage would lead to a poor clinical outcome.

Acute leukemia

There is still much controversy as to whether MRP1 plays a

role in acute leukemic MDR. Many studies show compelling

evidence of a prognostic association (Schaich et al., 2005;

Winter et al., 2013), while some show no influence of MRP1

expression before or after drug treatment (Leith et al., 1999).

A number of clinical studies in AML and ALL have reported

an increased probability of disease-free survival in MRP1

negative patients (Laupeze et al., 2002; Schaich et al., 2005;

Winter et al., 2013). Indeed, MRP1 mRNA levels were found

to be significantly higher in patients after relapse, indicating

that MRP1 expression was an induced response to treatment

(Gurbuxani et al., 2001; Mahjoubi & Akbari, 2012;

Plasschaert et al., 2005; van der Kolk et al., 2002). To date,

MRP1 overexpression is a significant independent prognostic

indicator for reduced OS in acute leukemia.

The expression of MRP1 in acute leukemia patients

appears to have a differential prognosis on a diverse range

of patient cohorts. Three single nucleotide polymorphisms

(SNPs) in MRP1, rs129081, rs212090, rs212091 have been

reported to have a significant influence on OS in AML

patients (Dransfeld et al., 2013; Laupeze et al., 2002). The

SNPs may explain discrepancies in some clinical associations

of MRP1 with AML.

Similarly with ovarian cancer, a strong association MRP1

expression and maturation stage of AML has been identified,

with less differentiated cells displaying higher activity (van

der Kolk et al., 2001). This finding would indicate that the

expression of MRP1 would depend on the maturation stage of

AML.

ABCC1 pharmacogenetics and clinical controversy

The variability that exists in the association of MRP1 and

clinical outcomes has been proposed to be due to a lack of a

‘‘gold standard’’ in analytical methodology for the screening

of ABC-transporter expression in clinical samples (Berger

et al., 2005). Furthermore, differences in patient properties

may affect individual studies, such as disease progression or

patient age. In addition, the availability of quality tumor

samples suitable for analysis may be limited. Another reason

may be the impact of genetic variations. Polymorphisms in

MRP1/ABCC1 will contribute to the variability in patient

response observed via a variety of mechanisms (Kerb et al.,

2001). One study which supports this has identified the

presence of an SNP (MRP1/R723Q) to be associated with a

longer time to disease progression and OS in melanoma

patients (Buda et al., 2010). Furthermore, another report

identified three SNPs in MRP1/ABCC1 which are predictive

of severe adverse hematological events associated with

fluorouracil, epirubicin, cyclophosphamide (FEC) chemo-

therapy (Vulsteke et al., 2013). Finally, in ALL, two of nine

identified polymorphisms were found to be associated with

lower left ventricular fractional shortening after chemother-

apy, which results in left ventricular dysfunction owing to

genetic variants in ABCC1 (Semsei et al., 2012). In addition,

knockout mice have revealed the disposition of the reactive

electrophile 4-hydroxy-2-trans-nonenal (HNE) by MRP1

generated by doxorubicin treatment. HNE is one of the

primary and highly toxic products in lipid peroxidation

(Jungsuwadee et al., 2012). The ABCC1 polymorphism

(G671V; rs45511401) resulted in a decrease in MRP1-

dependent HNE efflux and increased doxorubicin cardiotoxi-

city (Jungsuwadee et al., 2012). Consequently, these genetic

variants which impact on the expression or function of MRP1

may construe its clinical relevance in some studies.

Nonetheless, the value of MRP1 as a prognostic marker

should not be underestimated, given the strong evidence for

its role in MDR (Li et al., 2010). MRP1 remains one of the

most interesting molecular markers associated with drug

resistance and is still a strong potential candidate for

inhibition in circumvention of MDR in the range of

malignancies.

6 J. F. Lu et al. Drug Metab Rev, Early Online: 1–14
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Substrates

Despite the substantial functional redundancy between the P-

gp and MRP1, there are also clear distinctions in their

patterns of substrate specificity (Seelig et al., 2000). P-gp

typically translocates neutral or positively charged, hydro-

phobic and amphipathic compounds (Sun et al., 2004). In

contrast, MRP1 also shows specificity toward organic anions

such as leukotriene C4 (LTC4) and GSH-conjugated xeno-

biotics (Seelig et al., 2000). MRP1 has perhaps the widest

variety of substrates of all the human ABC-transporters.

Cells that overexpress MRP1 are resistant to a wide variety

of drugs. These antineoplastics include anthracyclines,

camptothecins, antimetabolites, epipodophyllotoxins and

vinca alkaloids. However, unlike P-gp, this list excludes

taxanes. Additionally, unlike P-gp, MRP1 requires a physio-

logical amount of GSH to function as a transporter (Loe et al.,

1996). It was once thought that only GSH-conjugated

substrates may be transported by MRP1 (Jedlitschky et al.,

1996). However, the role of GSH in MRP1 has been

established to be more dynamic and complex than originally

thought. For some compounds, such as vincristine and

daunomycin, it has been shown that GSH conjugation is not

necessary, rather, the unmodified substrate may be co-

transported with free GSH (Rothnie et al., 2006). In another

scenario, some compounds, such as estron-3-sulfate and

NNAL-O-gluc, may be transported without GSH being

transported as a substrate, rather, an allosteric interaction

with GSH is required for transport (Manciu et al., 2003).

Conversely, some compounds such as verapamil or flavon-

oids, stimulate the transport of GSH, without being trans-

ported themselves (Leslie et al., 2003; Loe et al., 2000;

Romermann et al., 2013; Salerno et al., 2004). GSH alone, has

a high Km value (41mm) when transported by MRP1 (Leslie

et al., 2001a), while LTC4 alone remains the highest affinity

substrate known (Km value, 100 nm)(Cole & Deeley, 1998).

The mechanisms that lead to the requirement or transportation

of one or both compounds still remain largely unknown. It has

also been suggested that an increase in MRP1 expression

without an increase in GSH biosynthesis can lead to cell death

(Akan et al., 2005).

Inhibitors

P-gp was implicated in causing MDR more than 35 years ago

and has been the primary focus in this field of study and the

search for clinical P-gp modulators is currently in its third

generation (Callaghan et al., 2014). Despite improvements to

potency and toxicity, some inhibitors are still prone to poor

solubility, adverse side-effects and undesirable pharmacoki-

netic interactions with chemotherapeutic agents (Falasca &

Linton, 2012). Since MRP1 has only more variability in its

clinical relevance, the search of its inhibitors remain in its

infancy. To date, there are no clinically valuable transporter

inhibitors, and efforts to develop an ideal candidate com-

pound are still ongoing. Due to structural and functional

similarities, this led early researchers to believe that P-gp

inhibitors have the same effect on MRP1 (Boumendjel et al.,

2005; Germann et al., 1997). The screening of P-gp inhibitors

found some potential candidates such as the pipecolinate

derivative, VX-710 (biricodar) (Loe et al., 2000) with dual

activity. However, most P-gp chemosensitizers have no effect

on MRP1, possibly owing to the different preference in

substrates.

The search for small molecules that selectively and

potently interact with MRP1 proves to be much more difficult

than for P-gp. This may be due to the substrate preference of

anionic compounds which do not enter cells efficiently

(Bakos et al., 2000). As a result, higher dosages may be

required to achieve necessary intracellular concentrations for

inhibition, which in turn would result in unacceptable toxicity

in vivo. Furthermore, their overall specificity has yet to be

defined (Boumendjel et al., 2005). A variety of inhibitors have

been described, however, none have entered into clinical trials

to specifically and selectively inhibit MRP1. General organic

anion inhibitors such as probenecid, sulfinpyrazone and

indomethacin have been used in vitro to inhibit MRP1.

However, their inhibition of all organic anion importers and

exporters prevents their utility clinically as specific MRP1

inhibitors (Boumendjel et al., 2005; Liu et al., 2010).

One of the first specific inhibitors of MRP1 was MK571

discovered in 1995 (Gekeler et al., 1995). MK571 is a highly

potent leukotriene (LTD4) receptor antagonist with reported

specificity toward transporters in the MRP family. However,

toxic therapeutic concentrations restricted it from entering

clinical trials to inhibit MRP1. It was later found that MK571

had inhibitory capacity against P-gp, BCRP and MRP1, which

limits its utility as an MRP1-specific inhibitor (Matsson et al.,

2009).

Flavonoids have been largely explored as P-gp modulators

(Huang et al., 2007; Tran et al., 2011). Many flavonoids such

as quercetin, biochanin A, apigenin, chrysoeriol, morin,

naringenin, myricetin, tamarixetin, galangin, baicalein, gen-

istein and silymarin have been shown to possess MRP1

inhibitory activity (Li & Paxton, 2012). These flavonoids

have a diverse mechanism of action and can interact with

many physiological pathways. Most of the flavonoids

explored so far are all naturally occurring food or plant

compounds with only a few synthetics investigated (Li &

Paxton, 2012). They interact with MRP1 by docking with the

binding site either allosterically, non-competitively, competi-

tively or prevent/interfere with ATP hydrolysis (Li & Paxton,

2012). A number of flavonoids have been tested for MRP1

modulation and some have proven to be more potent than

others. The synthetic compound flavopiridol has been

introduced as an MRP1 inhibitor and has shown high potency

against other (iso)flavonoids (Hooijberg et al., 1999;

Versantvoort et al., 1993).

There is some evidence of indirect inhibition of MRP1 by

the flavonoids by diminishing or depleting cellular GSH (Lu

et al., 2013; Nguyen et al., 2003). The flavonoids, genistein,

biochanin A, quercetin, silymarin, chalcone and phloretin, all

reduce intracellular GSH and possibly explain their modes of

action on MRP1 (Kachadourian & Day, 2006). Since GSH is

not required for substrate transport by P-gp, the inhibitory

effect may be restricted to MRP1 (Cole et al., 1990).

However, these compounds may interfere with the physio-

logical role of GSH as a detoxifier of reactive oxygen species

(Deshmukh et al., 2013). It should be noted that flavonoids

should be considered individually as opposed to a class of

compounds as small changes in structure lead to an altered
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mechanism of action and unique interactions with MRP1, or

other ABC-transporters (Di Pietro et al., 2002; Leslie et al.,

2001b; Morris & Zhang, 2006).

Among the most promising classes of inhibitors are

isoxazole-based compounds (Norman et al., 2005). These

compounds were first identified as MRP1 inhibitors in 2002

from a high-throughput screening program by Eli Lilly

(Norman et al., 2002). The most potent and specific inhibitors

identified were LY402913 and LY475776 (Norman et al.,

2002). These two compounds were found to inhibit MRP1-

mediated LTC4 transport in a GSH-dependent manner and

reverse MDR in vitro. However, these studies later revealed

that LY475776 exhibited P-gp inhibition (Dantzig et al.,

2004). LY402913 re-sensitized Hela-T5 cells to doxorubicin

without any inherent cytotoxicity (Norman et al., 2002). In

addition, LY402913 showed high selectivity (around 22 fold)

for MRP1 over P-gp. Furthermore, the study also found that

LY402913 delayed the growth of MRP1-overexpressing

tumors in vivo (Norman et al., 2002). This compound may

be the most selective and potent compound for MRP1

modulation. However, there currently remains no clinical

report of its use to inhibit MRP1.

In some cancer types such as leukemia and STS, ABC-

transporters may be co-expressed, leading to the requirement

for the inhibition of multiple transporters simultaneously

(Brock et al., 1995; Legrand et al., 1999; Tang et al., 2004;

Wang et al., 2002). Some studies have reiterated the need for

the inhibition of both MRP1 and P-gp clinically for successful

treatment (Teodori et al., 2006; Wang et al., 2002). Although,

this may be a double-edged sword, with inhibition of additional

ABC-transporters at pharmacological barriers increasing the

bioavailability of chemotherapeutics drugs to normal tissues,

leading to increased toxicity and adverse effects.

Currently, there is no compound that represents a clinically

viable candidate for the selective and potent modulation of

MRP1. Pharmacophore mapping studies provide an insight

into the potential of different chemotypes on MRP1 modu-

lation (Pajeva et al., 2009). These studies provide valuable

information for the design of better MRP1 analogs. However,

further research is required to determine the practicality of

MRP1 inhibition in a clinical setting.

Microparticles and cancer MDR

Microparticles (MPs) are small membranous vesicular struc-

tures shed from all eukaryotic cell types upon activation, stress,

proliferation or apoptosis (Bebawy et al., 2013; Gong et al.,

2012; Mause & Weber, 2010). Unlike circulating membranes

derived from the endosomal pathway, such as exosomes, MPs

originate from the plasma membrane (Mause & Weber, 2010).

As MPs shed, they package cellular cytoplasm/membranes and

as a result, their cargo consists of proteins, lipids, nucleic acids,

antigens and bioactive molecules from their parental cell

(Diehl et al., 2012; Jaiswal et al., 2012a; Lu et al., 2013). MP

cargo may be horizontally transferred between cells at distal

sites (Bebawy et al., 2009; Distler et al., 2006; Gong et al.,

2012). Their dissemination of cargo into a target cell causes

functional changes (Bebawy et al., 2009).

Indeed, MPs play an intricate and versatile role in cancer

MDR and metastasis resulting in treatment failure. A recent

study has found that innate immune cell-derived MPs may

play a role in the induction of hepatocarcinoma metastasis and

possibly immune escape (Ma et al., 2013). It was found that

tumor cells acquiring immune-related integrins from shed

MPs had acquired an immune cell migratory phenotype. This

was due to the transfer of aMb2 (CD11b/CD18) integrin’s

which normally mediate immune cell migration, as blocking

these integrins led to a significant decrease in MP-mediated

metastasis. Also, the facilitation of cancer immune escape is

hypothesized by the authors as immune-suppressive mechan-

isms may also have been transferred. The findings provide

further insight into tumor metastatic mechanisms and provide

another facet for the role of MPs in cancer survival.

In 2009, we reported the transfer of P-gp mediated MDR in

a cancer cell population via MPs (Bebawy et al., 2009). MPs

shed from P-gp overexpressing cells were found to package

functional P-gp and were able to disseminate it into drug-

sensitive cells, conferring MDR. This study revealed for the

first time a rapid, non-genetic modality for the transfer of

MDR. The transfer of functional P-gp into recipient cells

provided evidence for an initial survival mechanism whilst the

cell adapts itself for more permanent mechanisms of survival.

We subsequently provided evidence of MRP1-mediated

MDR being conferred in a similar manner (Lu et al., 2013)

(Figure 3). However, we reported a kinetic difference in

functionality between acquired MRP1 and P-gp when

transferred onto recipient cells via the MP vectors. We

established that MPs confer functional P-gp mediated MDR at

4 h post MP exposure, whilst MRP1 functionality was

observed at 12 h post MP exposure (Lu et al., 2013). This

reveals a mechanistic difference between the acquired ABC-

transporters.

Regulatory proteins present in recipient cells may also play

a functional role on the MP-mediated transfer of MRP1 and

its transcripts. NOTCH1 is a transmembrane protein that

regulates normal cell development (Schroeter et al., 1998;

Weng et al., 2004). The expression of NOTCH1 has recently

been found to play a role in the upregulation of MRP1/ABCC1

transcript (Cho et al., 2011). Subsequent studies have also

found a functional relationship between the two proteins (Lu

et al., 2012). In fact, MRP1-mediated drug resistant prostate

cancer cell lines have been chemosensitized by silencing of

NOTCH1 by shRNA (Liu et al., 2014). The mechanistic as

well as a regulatory association to this transmembrane protein

may explain the time difference in functionality as well as

identify it as a possible target for specific MRP1/ABCC1

inhibition.

The MP-mediated transfer may also result in intracellular

localized MRP1. As aforementioned, MRP1 may localize

subcellularly in organelles to provide additional xenobiotic

protection or as a reserve. One study has found that depletion

of GSH enhanced drug permeability to the mitochondrion,

resulting in cell death (Armstrong & Jones, 2002). Further

investigations into the trafficking and translocation of

acquired MRP1 may further explain the time discrepancy.

Acquisition of MP traits by cell population

Our recent studies have demonstrated a proteome and

transcriptome re-templating effect of MP-transfer (Jaiswal

8 J. F. Lu et al. Drug Metab Rev, Early Online: 1–14
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et al., 2012a, b; Lu et al., 2013). Upon exposure to MPs

shed from a P-gp overexpressing ALL cell line, MRP1

overexpressing recipient ALL cells were re-templated to

reflect donor-MP MDR phenotype (Lu et al., 2013). The

resulting population after co-culture with MPs exhibited

suppressed endogenous transporter transcript and an imme-

diate increase in donor-MP transporter transcript. Although

the cell phenotype is directed toward a single phenotype

(donor-MP phenotype), the resultant cell population still

possess a significant amount of mRNA coding for both

phenotypes.

As mentioned above, some tumors express more than

one MDR conferring ABC-transporter including the simul-

taneous expression of MRP1 and P-gp in some cancer

cells (Brock et al., 1995; Legrand et al., 1999; Tang et al.,

2004; Wang et al., 2002). This has prompted pharmacological

attempts for the dual inhibition of transporters such as

MRP1 and P-gp simultaneously to circumvent MDR.

Given our recent findings, the expression of both transporters

on a single tumor may also be the result of MP-transfer

between two overexpressing phenotypes, resulting in a

population expressing dual transporters in the immediate

term.

Molecular mechanisms of phenotype alteration

The molecular mechanism for the re-templating of recipient

cells following MP transfer still remains to be elucidated.

One likely possibility is the packaging of functional tran-

scripts, transcription factors and regulatory nucleic acids such

as microRNAs (miRNAs), long non-coding RNAs and small

nucleolar RNA into MP vectors. MPs are an emerging source

of miRNAs and non-coding RNAs in blood circulation

(Dinger et al., 2008; Jaiswal et al., 2012b; Kosaka et al.,

2010). Degradation in the harsh circulatory environment is

prevented by the encapsulation of RNAs in microvesicles

(MVs) such as exosomes and MPs (Dinger et al., 2008).

Indeed, MPs have been established as a carrier of cancer-

associated molecules and intact, functional oncogenic RNA

species. The total RNA found in MPs represent a snapshot of

the parental cell transcriptome (Diehl et al., 2012; Jaiswal

et al., 2012b; Li et al., 2013; Lu et al., 2013). As a result, MPs

play a fundamental role in homeostasis as well as aberrant

biological functions through modulation of gene regulation

(Gong et al., 2012; Laffont et al., 2013; Morel et al., 2008).

Translation and detection of a reporter mRNA found in

glioblastoma-derived MVs in target human umbilical vein

Figure 3. Membrane microparticles mediate the transfer of MRP1 to drug-sensitive cells. Microparticles shed from drug-resistant cancer cells
incorporate cell surface MRP1 and transcripts from their donor cells. These membrane vesicles bind to drug-sensitive recipient cells and transfer
functional MRP1, conferring MDR.
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endothelial cells (HUVEC) cells demonstrate a capacity for

cancer cell-derived MVs to modulate the surrounding tumor

microenvironment and alter the recipient cell proteome

(Gonda et al., 2014). In fact, the same study had observed

an MV-mediated stimulation of proliferation of the glioma

cells, indicative of a self-promoting capacity. Indeed, these

MVs have been identified to carry a unique and specially

enriched profile of small RNAs, most of which currently

possess unknown function (Li et al., 2013). The ability to

carry cancer-associated molecules which promote prolifer-

ation, migration and survivability of surrounding tumor cells

highlights the importance of shed MVs in cancer cell

pathogenesis and biology.

miRNA as possible re-templating mechanisms

Mature miRNAs are 21–25 nucleotides in length and are

completely or partially complementary to its target gene.

They function to upregulate or suppress genes regulated by

translational repression, mRNA cleavage or deadenylation.

One of the first reports of miRNA encapsulation by exosomes

was reported by Valadi et al. (Valadi et al., 2007). Their report

had shown the existence of miRNA in exosomes released

from human mast cells. Since then, reports have emerged

detailing the regulatory effect of packaged miRNA in many

physiological conditions (Brase et al., 2011). miRNA

profiling has revealed their strong association with tumor

metastasis, tumor suppression and MDR (Brase et al., 2011;

Chan et al., 2005; Chen et al., 2008; Volinia et al., 2006).

Recent reports detected vesicle-free circulating miRNA

and elucidated their potential to be a valuable minimally

invasive biomarker for assessing disease states and charac-

teristics (Cheng et al., 2013; Turchinovich et al., 2013;

Williams et al., 2013). However, their release into circulation

has been suggested to be due to a passive leak from apoptotic

or broken cells, which mitigates their purpose as active

messages (Chen et al., 2012). Also, unlike vesicular packaged

miRNA, their integration or entry into target cells to affect

their regulatory function has yet to be challenged. Currently,

there is no evidence to suggest that non-vesicle-associated

miRNA is readily absorbed by cells and is functional in its

new location. Due to their proven integration and dissemin-

ation of cargo with target cells, membrane vesicles may still

prove to be the main driving force for the transfer of miRNA,

as well as other nucleic acids, between cells (Bebawy et al.,

2009; Diehl et al., 2012; Gong et al., 2012; Lu et al., 2013;

Valadi et al., 2007). It has been found that miRNAs can exist

in the blood stream without association to membrane vesicles

(Arroyo et al., 2011). Rather, free circulating miRNAs which

were associated with Agonaute2 (ago2) were protected from

nucleases and become susceptible when treated with protein-

ase K. This is indicative that ago2 has formed a nuclease

protective complex with miRNA. However, the miRNA

profiles differed significantly between free circulating

miRNA and miRNA associated with vesicles (Arroyo et al.,

2011; Laffont et al., 2013). This difference suggests that

extracellular vesicles carry a preferentially packaged miRNA

profile for a distinctive purpose.

The contribution of miRNAs to the overexpression or

suppression of MRP1-mediated MDR has been explored in

the past years. Currently, studies have identified miR-7 and

miR-345 to have known specificity toward MRP1, with their

expression resulting in the suppression of their target

(Pogribny et al., 2010). Indeed, their down-regulation in

tumor cells has been correlated with an MDR-phenotype

mediated by MRP1 (Liang et al., 2010). These miRNAs have

been identified as a possible target against MDR in cancer

(Jaiswal et al., 2012a, b).

Conclusion

Studies on MPs have entered a phase of rapid progress, whilst

progress on MRP1-mediated MDR circumvention still

remains in its infancy. Indeed, its clinical prognostic impact

still remains a debatable topic. Despite this, many approaches

have been exploited to screen and identify new MRP1

inhibitors. To this end, none of which have been viable

candidates in clinical oncology. However, given the amount of

recent attention on this topic, one may expect more potent and

specific compounds to emerge in the near future.

Current studies have revealed a sinister role of MPs as an

additional mechanism of cancer cell survival via the transfer

of MRP1. Given the known cargo and recipient cell response,

MPs represent a useful reservoir of biological information on

cancer-related processes. Exploitation of this information may

lead to new oncological treatment targets, potent regulatory

mechanisms, possible biomarkers and potential new para-

digms in clinical oncology. Taken together, there is much

progress already made and also progress yet to be made in the

circumvention of MDR in cancer. These past few years have

solidified the crucial and versatile role MPs play in cancer

biology. It is only a matter of time and patience to improve

our understanding and fully exploit this biological treasure

trove.
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variability in the multidrug resistance associated protein-1 (ABCC1/
MRP1) predicts hematological toxicity in breast cancer patients
receiving (neo-)adjuvant chemotherapy with 5-fluorouracil, epirubicin
and cyclophosphamide (FEC). Ann Oncol 24:1513–1525.

Wang S, Ryder H, Pretswell I, et al. (2002). Studies on quinazolinones as
dual inhibitors of Pgp and MRP1 in multidrug resistance. Bioorg Med
Chem Lett 12:571–574.

Weng AP, Ferrando AA, Lee W, et al. (2004). Activating mutations of
NOTCH1 in human T cell acute lymphoblastic leukemia. Science 306:
269–271.

Westlake CJ, Cole SPC, Deeley RG. (2005). Role of the NH2-
terminal membrane spanning domain of multidrug resistance protein
1/ABCC1 in protein processing and trafficking. Mol Biol Cell 16:
2483–2492.

Westlake CJ, Payen L, Gao M, et al. (2004). Identification and
characterization of functionally important elements in the multidrug
resistance protein 1 COOH-terminal region. J Biol Chem 279:
53571–53583.

Wijnholds J, Evers R, van Leusden MR, et al. (1997). Increased
sensitivity to anticancer drugs and decreased inflammatory response
in mice lacking the multidrug resistance-associated protein. Nat Med
3:1275–1279.

Williams Z, Ben-Dov IZ, Elias R, et al. (2013). Comprehensive profiling
of circulating microRNA via small RNA sequencing of cDNA
libraries reveals biomarker potential and limitations. Proc Natl Acad
Sci U S A 110:4255–4260.

Winter SS, Ricci J, Luo L, et al. (2013). ATP Binding Cassette
C1 (ABCC1/MRP1)-mediated drug efflux contributes to disease
progression in T-lineage acute lymphoblastic leukemia. Health
5:41–50.

Yoh K, Ishii G, Yokose T, et al. (2004). Breast cancer resistance
protein impacts clinical outcome in platinum-based chemotherapy
for advanced non-small cell lung cancer. Clin Cancer Res 10:
1691–1697.

Zhang B, Liu M, Tang HK, et al. (2012). The expression and significance
of MRP1, LRP, TOPOIIb, and BCL2 in tongue squamous cell
carcinoma. J Oral Pathol Med 41:141–148.

Zhang JT. (2000). Determinant of the extracellular location of the N-
terminus of human multidrug-resistance-associated protein. Biochem
J 348:597–606.

14 J. F. Lu et al. Drug Metab Rev, Early Online: 1–14

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
T

ec
hn

ol
og

y 
Sy

dn
ey

] 
at

 2
0:

14
 0

9 
N

ov
em

be
r 

20
15

 











 



Pharmacological Research 76 (2013) 77– 83

Contents lists  available at ScienceDirect

Pharmacological  Research

jo  ur  nal ho me page: www.elsev ier .com/ locate /yphrs

Microparticles  mediate  MRP1  intercellular  transfer  and  the

re-templating  of  intrinsic  resistance  pathways

Jamie  F. Lua,  Frederick  Luka,  Joyce  Gonga,b, Ritu  Jaiswala,b,  Georges  E.R.  Graub,
Mary  Bebawya,∗

a School of Pharmacy, Graduate School  of Health, University of Technology, Sydney, NSW 2007, Australia
b Vascular Immunology Unit, Sydney  Medical School and Bosch Institute, The University of Sydney, NSW 2006, Australia

a r t  i  c l  e i n  f o

Article  history:

Received 13 June 2013

Received  in revised form 25  July  2013

Accepted 26  July  2013

Keywords:

Microparticles

Multidrug resistance

Multidrug Resistance-Associated Protein 1

Intercellular transfer

P-glycoprotein

Trait  dominance

Re-templating

a  b  s t  r  a  c  t

Multidrug resistance (MDR) is a major impediment  to  the  overall success of chemotherapy in clin-

ical oncology. MDR has been primarily  attributed by the  ATP-dependent  transmembrane  proteins,

P-glycoprotein  (P-gp, ABCB1)  and Multidrug Resistance-Associated  Protein 1 (MRP1, ABCC1). These pro-

teins  maintain  sublethal concentrations  of intracellular  chemotherapeutics  by virtue  of their  drug efflux

capacity.  In  this  study,  we  report the  acquisition  and dissemination of functional  MRP1  via  microparticle

(MP)  mediated  intercellular  transfer. After we  showed  the transfer  and  functionality  of P-gp  in drug sen-

sitive  recipient  cells,  we report the transfer and  time-dependent functionality  of  MRP1  in  drug  sensitive

leukaemia  cells  following exposure  to  MPs shed  by  MRP1-overexpressing  MDR  cells.  We  also  demonstrate

a  remarkable capacity  for MPs shed  from cells with  a P-gp dominant resistance profile  to  re-template  a

pre-existing  MRP1 dominant  profile  in recipient  cells.  These  findings  have  significance  in understanding

the  molecular  basis for tumour dominant  phenotypes  and introduce  potential  new strategies and targets

for  the  acquisition of MDR and  other  deleterious traits.

© 2013 Elsevier Ltd. All rights reserved.

1.  Introduction

Chemotherapy is the major treatment modality used in  cancer

management. Development of resistance to  a range of structurally

and functionally unrelated drugs in  cancer remains a  major obstacle

to the success of chemotherapy [1]. More than 90% of patients with

metastatic disease relapse and become unresponsive to  treatment

due to  the development of multidrug resistance (MDR) [2,3].

MDR is multi-factorial, with  pathways including activation of

detoxifying agents, defective apoptotic pathways and decreased

drug influx or increased efflux of drug from cells ultimately con-

tributing to  tumour cell evasion of  the cytotoxic insult [2]. The

development of MDR  in cancer is clinically correlated with the

overexpression of the efflux transporters P-glycoprotein (P-gp) or

Multidrug Resistance-Associated Protein 1 (MRP1) in many malig-

nancies such as lung, breast, neuroblastoma and prostate [4–6].

These transmembrane pumps belong to  the ATP-binding cassette

Abbreviations: FCM, flow  cytometry; MFI,  mean fluorescence intensity; MPs,

microparticles;  MDR, multidrug resistance; MRP1, Multidrug Resistance-Associated

Protein  1; P-gp,  P-glycoprotein; PBC, probenecid; qRT-PCR, quantitative real-time

PCR; Ct, cycle  threshold; a.u., arbitrary units.
∗ Corresponding author at:  School of Pharmacy, Graduate School of  Health, Build-

ing  1,  Level 13, University of Technology, Sydney, PO Box 123,  Broadway, NSW 2007,

Australia. Tel.: +61  2  9514 8305; fax: +61 2 9514 8300.

E-mail  address: mary.bebawy@uts.edu.au (M.  Bebawy).

(ABC) super-family of membrane transporters. ABC-transporters

hydrolyse ATP to  drive the extrusion of  chemotherapeutic drugs

against a concentration gradient from  otherwise drug sensitive

cells. Consequently, there is  a  reduction in tumour cell death as a

result of  intracellular drug accumulation deficit  [2,7–9]. MDR  may

be intrinsically present in tumours arising from epithelium with

high constitutive P-gp expression [10,11].  Alternatively, MDR can

be acquired after  chemotherapy via pre-  and post-transcriptional

events, including gene  amplification, increased transcription or

increased trafficking [5,12,13]. P-gp and MRP1 mediated  resistance

can be induced by a similar  repertoire of drugs [12,14,15].  However,

the  resulting acquired trait  displays preference to  one or the other

[16]. Consequently there  must exist a mechanism for the domi-

nance of  a given resistance trait. The dominance  of a distinctive

phenotype may  provide an additional survival advantage to the

tumour cell,  whereby when  one transporter fails due to  inhibition

or inability to efflux chemotherapeutics, a  second transporter may

be  up-regulated as  replacement.

Previously, we discovered a non-genetic modality for  the acqui-

sition of P-gp mediated MDR  via microparticles (MPs) [1]. MPs are

small membrane vesicles (0.1–1 �m in  diameter) released  from

the plasma membranes of  most cell types and tissues as  a result

of membrane budding [5]. MPs are now recognised as  intercellu-

lar mediators of inflammation, coagulation, vascular homeostasis

and resistance [1,5,17–20]. The  MP  cargo consists  of  surface anti-

gens, proteins, adhesion molecules, nuclear acids (RNAs, DNA)  and

1043-6618/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
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nuclear regulators derived from the donor cell [20,21]. Conse-

quently, MPs  have  emerged to play an  important role in cell–cell

communication in vitro and  in vivo [22–24].

We have recently provided evidence that MPs  shed from drug

resistant cancer cells (the MP donor) re-template the transcrip-

tional landscape of drug sensitive cells (the MP  recipient) and

impose the dominance deleterious cancer cell traits via  the intercel-

lular transfer of functional P-gp, transcripts and non-coding nucleic

acids [20,21].

To  expand on  these findings, we now examine whether the

donor cell can re-template recipient cells  and confer an alternative

dominant resistance mechanism in recipient cells. We  investigate

for the first  time a molecular basis to  the dominance of a given

resistant trait within heterogeneous tumour cell populations. We

discuss the implications in  understanding the molecular basis for

tumour dominant phenotypes and explore a  new paradigm in  the

prevention of MDR.

2.  Materials and methods

2.1. Cell lines

The  drug sensitive human acute  lymphoblastic leukaemia cell

line CCRF-CEM [25] (designated CEM  for simplicity) and its MDR

derivatives, E1000 and VLB100 were used  in this study. The CEM and

VLB100 cell lines have been validated earlier by us  as  an appro-

priate model for study of P-gp mediated MDR  in vitro [4,26]. The

E1000 represents a  validated model for the MRP1 overexpressing

phenotype [12,27]. The drug resistant human breast adenocarci-

noma cell line, MCF7/DX was also used in  this study. MCF-7/DX

cells were initially developed from drug sensitive human breast

adenocarcinoma, MCF-7 cells by incremental exposure to  doxoru-

bicin and are known to express high levels of P-gp with strong

resistance to doxorubicin [28]. The E1000 cell line was  a kind gift

from Prof. Ross Davey (Kolling Institute, Royal North Shore Hos-

pital, NSW, Australia). All  cell lines were cultured in  RPMI-1640

media (Sigma-Aldrich, NSW, Australia), supplemented with 10%

heat-inactivated foetal bovine serum (Invitrogen, Life Technolo-

gies, Victoria, Australia) and maintained at 37 ◦C and 5%  CO2.  All

cells lines were tested for mycoplasma contamination routinely.

2.2. MP  isolation and validation

MPs  were isolated from approximately 4 × 108 to 6 × 108 cells by

differential centrifugation as described previously [1]. This amount

of cells yield approximately 180 �g of MPs. Briefly, cell super-

natant was collected and centrifuged at  500  × g  for  5 min to pellet

the cell population or debris. The supernatant was further cen-

trifuged at 15,000  ×  g for 1 h at  15 ◦C and the pellet was  resuspended

in serum free RPMI-1640. The MP  suspension was  further cen-

trifuged at 2000 × g for 1 min  to  remove remaining debris. To

concentrate the MP  population, the supernatant was further cen-

trifuged at  18,000 ×  g for  30 min  and resuspended in  serum free

RPMI-1640. MPs  were validated by flow cytometry (FCM) (LSRII,

BD Biosciences, CA, USA) by annexin V-V450 (560506; BD  Bio-

sciences, NSW, Australia) staining as described previously [1]. MP

total protein content was quantified using Qubit® 2.0 Fluorometer

protein assay (Invitrogen, Life Technologies) as  per manufacturer’s

instructions.

Scanning electron microscopy (SEM) was used to visu-

alise the MPs. Samples were  mounted on poly-l-lysine (P4707,

Sigma–Aldrich) coated 10 mm glass coverslides in 12-well plates.

Samples were fixed in  2% glutaraldehyde in  cacodylate buffer for

30 min, followed by  1% osmium tetroxide in cacodylate buffer

post-fixation. Dehydration was performed in  grading alcohols with

a final step in hexamethyldisilazane (H4875; Sigma–Aldrich) for

3 min. Samples were imaged  using  the Zeiss Ultra Plus scanning

electron microscope (Carl Zeiss, Oberkochen, Germany) following

platinum coating.

2.3.  SDS-PAGE and  Western blotting

Briefly 180 �g of MPs isolated from CEM and E1000 cells were

co-cultured with 1 ×  105 CEM cells and maintained at  37 ◦C  and

5% CO2 in 96-well plates. At specified time intervals,  the recip-

ient cells were washed twice with complete culture medium to

remove unbound MPs. The  isolated MP pellet and cells were

lysed in CelLytic MTM Cell Lysis reagent (C2978; Sigma-Aldrich)

in  the  presence of 1% (v/v)  protease inhibitor cocktail  (P8340;

Sigma–Aldrich) on  ice for 30 min. The lysates were  centrifuged

at 10,000 × g for 10 min at 4 ◦C to  pellet the undissolved fraction.

Total protein lysate  was  quantified using Qubit® 2.0 Fluorometer

(Invitrogen, Life Technologies) as per manufacturer’s instructions.

15 �g of total protein was  separated by electrophoresis using a

4–12% NuPAGE Bis-Tris gel (Invitrogen, Life Technologies) at a con-

stant voltage of 150 V for  60 min and electroblotted onto a PVDF

membrane at 30 V for 90 min. For detection of  MRP1 and �-actin

internal control, 1:2000 dilution of anti-MRP1 mAb  (Clone QCRL-

1, Sigma–Aldrich) and 1:10,000  dilution of  anti-�-actin antibody

(Clone AC-74, Sigma–Aldrich) was used  respectively. Incubation

of both  antibodies was  for 1 h  after blocking overnight with 5%

skim milk  in PBS and 0.05% Tween  20  (TBST). After washing 3

times  in TBST, the membranes were incubated for 1  h with  anti-

Mouse-HRP secondary antibody (Promega, NSW, Australia) at  a

1:10,000 dilution. Protein expression was  visualised  using an ECL

(enhanced chemoluminescence) system (Roche Applied Science,

NSW, Australia). The membranes were imaged using the Quan-

tityOne 4.6.1 software on  the  ChemiDoc XRS system (Bio-Rad

Laboratories, Gladesville, NSW, Australia).

2.4. Calcein-AM functional accumulation assay

Calcein-AM dye exclusion has been extensively validated for

MRP1 functionality [29,30]. The effects of increasing MP  amounts

and length of co-culture with recipient cells were examined. Briefly

MPs isolated from CEM  and E1000 cells were co-cultured with

1 × 105 CEM  cells and maintained at  37 ◦C and 5% CO2 in  96-well

plates. At  specified time intervals, the recipient cells were washed

twice with complete culture medium to remove unbound MPs  and

treated with  0.1  �M of Calcein-AM for 1  h in  the presence and

absence of a  1 h  pre-incubation with 2  mM probenecid  (PBC) (val-

idated MRP1 inhibitor) [27] at 37 ◦C  and 5%  CO2. The cells were

subsequently washed three times with PBS and re-suspended in

200 �L PBS  for flow  cytometric analysis.

2.5. MPs  incorporate transporter transcripts and modulate

recipient cell phenotype

The  presence of ABCC1 and ABCB1 mRNA,  coding for MRP1 and P-

gp  respectively, in  isolated MPs  and in drug sensitive cells with  and

without co-culture with  MPs was assessed using qRT-PCR. Reac-

tions conducted on  resistant and sensitive cells served as positive

and negative controls for identification of ABCC1 and ABCB1 over-

expression and basal  endogenous transporter expression.

Heterotypic and homotypic co-cultures were  performed to

assess the dominance of the donor cell phenotype. Briefly, MPs

isolated from  E1000 cells were homotypically co-cultured with

CEM cells for 15 h.  Similarly, MPs  isolated from MCF7/DX and

VLB100 cells were  respectively heterotypically and homotypically

co-cultured  with E1000 cells  for  4  h.  The 4 h  timepoint for the trans-

fer of transporter and nucleic material from these  MPs has been
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Fig. 1.  Characterisation of  MPs  derived from E1000 and CEM cells. (A) MPs  isolated from  E1000 and  CEM cells  were  analysed via flow  cytometry and (B) SEM image of an

E1000MP, image taken  using Zeiss Ultra Plus following fixation with osmium tetroxide and coating with  platinum. MP population was identified as Annexin V-V450  positive

events and represented (C)  80% of the population in  E1000MP and (D) 70% in CEMMP. All  experiments were repeated 2–3 times with similar results.  Data  is  representative of

a  typical experiment.

previously been validated by us [1,20,21]. All  cells were  maintained

at 37 ◦C  and  5%  CO2 in  96-well plates. The  cells were subse-

quently washed three times with PBS and total  RNA contents were

extracted from the pellet as described below.

Total RNA contents were  extracted from samples using the

Trizol® (Molecular Research Center, OH, USA) reagent as per  the

manufacturer’s recommendations. cDNA synthesis was  performed

using 1500 ng RNA from each sample with the Advantage RT-for-

PCR Kit (Clontech Laboratories, Inc., CA, USA) on the Mastercycler®

Gradient thermal cycler (Eppendorf AG, North Ryde, Australia).

The following primers (Sigma–Aldrich) were used: ABCC1 forward:

5′-TGT GGG AAA ACA CAT  CTT TGA-3′,  reverse: 5′-CTG TGC GTG

ACC AAG ATCC-3′,  and ABCB1 forward: 5′-AAG GCA TTT ACT TCA

AAC TTG TCA-3′,  reverse: 5′-TGG ATT CAT  CAG CTG CAT TTT-3′ for

human MDR  gene target; and GAPDH forward: 5′-TGC CAA ATA TGA

TGA CAT CAA GAA-3′; reverse: 5′-GGA GTG GGT GTC GCT GTTG-3′

for housekeeping gene.

SYBR  green  qRT-PCR amplifications were performed using the

Mastercycler® Gradient instrument (Eppendorf). Reactions were

carried out in  a  20 �L volume containing 10 �L  of 2×  SYBR Green

Premix ExTaq (Takara Bio, Shiga, Japan) and specific primers

(10 pmol/reaction). The thermal profile for the  qRT-PCR was  95 ◦C

for 5  min  followed by  45 cycles of  95 ◦C for 5  s,  55 ◦C for 10  s  and

72 ◦C for 15 s. The  Ct data for each sample was collected automati-

cally.

The �Ct of each group  was calculated using the following

formula: �Ct =  MDR  gene  Ct  −  housekeeping gene Ct.  Relative

expression was calculated using ��Ct  = 2−�Ct and expressed

as fold difference from the experimental control (��Ct of

sample/��Ct of drug sensitive cells × 1) as arbitrary units  (a.u.).

2.6. Statistical analysis

Means  between groups were compared using an unpaired

two-tailed students t-test. P-values less than 0.05 (P  < 0.05) were

accepted as statistically significant. All statistical analyses were

performed using GraphPad Prism version 5.0  for Windows Software

(Graphpad Software, CA,  USA).

3. Results

3.1. Human acute lymphoblastic leukaemia cell lines

spontaneously shed MPs

MRP1 overexpressing E1000 cells presented spontaneous shed-

ding of MPs  (Fig. 1A).  High  resolution imaging  by SEM showed MPs

as spherical in shape and ranging from 300 nm to 600 nm in diame-

ter (Fig. 1B). The MP  population  stained positive for AnnexinV-V450

is indicative  of phosphatidylserine exposure (Fig. 1C  and D). This

result is consistent with  our previous findings which  demonstrate

the spontaneous shedding of MPs from the  P-gp overexpressing cell

lines, MCF-7/DX, and VLB100 [1,20].

3.2. MP-mediated transfer  of MRP1  from overexpressed MDR

cells to drug sensitive cells

MRP1 expression was detected by Western blot analysis using

the anti-MRP1 monoclonal antibody; clone QCRL-1 (Fig. 2). Both

E1000 cells and their MPs  were positive for the 190  kDa MRP1. Upon

co-culture with E1000MPs  for  4 h (Fig. 2B) and 15 h (Fig. 2C), drug

sensitive CEM cells acquired MRP1 from the E1000MP cargo. We  did

not detect MRP1 expression in  CEM cells (Fig. 2B and C).

3.3.  MP-mediated transfer  of MRP1  is functional in drug sensitive

recipient cells after 12 h of co-culture

To  investigate whether the  transferred MRP1 was functional

in recipient CEM  cells,  calcein-AM dye  exclusion assays were

conducted on CEM, CEM  +  CEMMP, CEM + E1000MP  and E1000 over

a 24 h  period  (Table 1). The extent of calcein accumulation is
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Fig. 2.  Immunodetection of  MRP1 in E1000 cells,  their derived MPs  and cells co-cultured with E1000MPs. Western blot analysis of (A) E1000 cells and E1000MPs,  (B) CCRF-CEM

cells  alone as well as  co-cultured with MPs for 4 h, (C)  CCRF-CEM cells  alone  as well as co-cultured with MPs  for 15  h. All  co-cultures are  performed with 180  �g of  MPs.

Lanes (1) E1000 Cells only, (2)  E1000MPs only, (3) 4 h  CEM only,  (4)  4 h  CEM +  CEMMP, (5)  4 h  CEM  +  E1000MP, (6)  15  h CEM only, (7) 15  h CEM +  CEMMP, (8)  15  h  CEM  + E1000MP.

190 kDa MRP1 was  detected  in both CEM +  E1000MP  co-cultures and E1000/E1000MP  samples using anti-MRP1 mAb  (clone QCRL-1). Detection of �-actin  using the anti-�-actin

mAb  (clone AC-74),  was  used as the  internal control. All experiments were repeated 2–3 times. Data is representative of a  typical experiment.

Table  1

Time-course of MRP1 functionality in recipient cells following MP co-culture.

Time Interval 4 h  6  h  12  h  15  h  23  h

Fold difference relative to  CEM control 1.39 ±  0.10* 1.45  ±  0.04* 1.74  ± 0.14* 1.98  ± 0.29* 1.65  ± 0.35

Calcein-AM exclusion assay was  used to  assess the fold  difference in  mean fluorescence intensity of calcein in  CEM + E1000MP co-culture relative to  CEM control. Intracellular

accumulation of  calcein was  detected by  FCM. Data represents mean  ± S.D of 2–3 independent experiments.
* P < 0.05 compared to  CEM control.

dependent on  functionality of  MRP1 protein and is commonly used

in the assessment of the MRP1 mediated MDR  phenotype [29].

There was no significant change between CEM and CEM +  CEMMP

drug accumulation (Fig. 3).

E1000 cells displayed a  6.69 ± 1.48-fold less drug accumulation

than CEM  cells, consistent with its MRP1 overexpressing pheno-

type. Although a  co-culture period of  4  h has been shown to  transfer

MRP1 (Fig. 2B), only a modest shift in  mean fluorescence intensity

(MFI) was detected  between CEM +  E1000MP and CEM (approxi-

mately 1.3–1.4-fold) (Table 1). However, with a  MP co-culture

period of 12 h and greater, an average of 1.8-fold reduction in  flu-

orescent calcein accumulation was observed relative to  parental

CEMs and CEM +  CEMMP  (Table 1). This is consistent with the trans-

fer of functional MRP1 to  drug sensitive cells by E1000MP.

To  further confirm the functionality of MRP1  transferred to  the

recipient cells, the effects of the MRP1 inhibitor PBC, were exam-

ined on CEM cells co-cultured  with E1000MP for 15 h (Fig. 4). In the

absence of PBC, 64.8% of the cell population displayed a reduction in

calcein accumulation. When the co-cultured cells were pre-treated

with PBC for 1 h  prior to the addition of calcein-AM, we observe

only 10.42% of cell population with calcein deficit. This equates

to an average of 1.67 ± 0.09-fold reversal of  the calcein-AM drug

accumulation, consistent with inhibition of MRP1 functionality.

Fig. 3.  MRP1 functionality in recipient cells following 15  h  co-culture with E1000MP.

Calcein-AM dye exclusion assay on  (A)  CEM  +  CEMMP  control (B) and CEM +  E1000MP

co-culture. No significant change was observed between CEM +  CEMMP  and CEM

cells.  Shift in calcein accumulation detected between CEM + E1000MP and CEM cells

(black  arrows). Intracellular  calcein accumulation was  detected using FCM. Data is

representative of  a typical experiment (n  =  3).

3.4.  MP  dependent accumulation deficit

To investigate if  the change in drug accumulation was depend-

ent on  MP  amount, we performed the aforementioned calcein-AM

dye exclusion studies with  increasing amounts of MPs  at  the  15  h

co-culture time point. We  observed an  MP dependent accumula-

tion  deficit relative to  the  drug sensitive CEM cells, with the effect

greatest at 180 �g MP (Fig. 5).

3.5. MPs  incorporate transporter transcript and selectively

modulate recipient cell phenotype

ABCC1 and ABCB1 mRNA transcript profiles were established

using  qPCR to  determine the effect of  MPs  on  recipient cell  tran-

script levels (Fig. 6). Following a homotypic  co-culture between

CEM +  E1000MPs  for 15 h,  we  observed a 30% suppression in basal

endogenous ABCB1 mRNA levels relative to that present in the CEM

cells (Fig. 6A). This observation was  parallel to the ABCB1 suppres-

sion observed in the donor E1000 cells relative to  the  CEM  cells

(Fig. 6A).  Additionally, we observed an increase in ABCC1 tran-

script, with levels approaching the E1000 MP-donor cells following

CEM +  E1000MP co-culture (Fig. 6B).

We  assessed whether the donor cell phenotype was acquired

upon MP exposure. To  establish this  we conducted heterotypic

co-culture experiments whereby MPs  isolated from the P-gp over-

expressed leukemic cell line, VLB100,  designated VLBMPs, were

co-cultured with the  drug resistant E1000 cells  for  4 h.  Following

Fig. 4.  MRP1 functionality in recipient cells is  inhibited by  PBC. Calcein-AM dye

exclusion assay on  co-cultured cells (A)  without 2 mM PBC  and (B) with 2 mM  PBC

(B).  Calcein accumulation deficit observed in CEM +  E1000MP relative to CEM  cells

was  reversed following treatment with PBC.  Intracellular calcein accumulation was

detected using FCM. Data  is  representative of a  typical experiment (n  =  3).
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Fig. 5. MP  dependent MDR  transfer to  recipient cells. Calcein-AM dye exclusion

assays  were performed and whole cell accumulation of intracellular calcein was

analysed by  FCM. Increasing amounts of E1000MPs  co-cultured with  CEM cells for

15 h. Fold deficit in intracellular calcein accumulation in  CEM +  E1000MP and CEM

co-cultured  with increasing MP relative to CEM cells. Data represents mean  ± SE of

2–3 independent experiments *P <  0.05.

co-culture we observed a significant increase in ABCB1 transcript

(Fig. 6C), with levels approaching the donor  cells relative to the

drug sensitive CEM cells. We  also observed 30% suppression in

ABCC1 mRNA  (Fig. 6D), consistent with the VLB donor cell relative

to the drug sensitive CEM cells. Likewise, there was a significant

increase in  ABCB1 (Fig. 6E)  and a  30% suppression of ABCC1 relative

to E1000 cells following a heterotypic co-culture with breast cancer

MPs (DXMPs) (Fig. 6F). In both instances, the recipient MRP1/ABCC1

overexpressed phenotype was suppressed, with transcript levels

approaching the donor P-gp/ABCB1 overexpressed phenotype. This

finding is  consistent with  our  earlier work  and supports the acqui-

sition of the donor  cell trait upon MP co-culture [21].

4. Discussion

Development of MDR  in  cancer patients remains a major obsta-

cle to the success of  chemotherapy. Previously, the discovery of a

non-genetic modality for  the acquisition of  P-gp mediated MDR via

MPs  released from the plasma membranes of drug resistant cells

demonstrated the important role of MPs  in cell–cell communica-

tion [1]. The current study shows that the MRP1 overexpressing

human acute lymphoblastic leukaemia cell line (E1000) sponta-

neously shed  MPs, which are capable of  transferring functional

MRP1 to its drug sensitive counterpart (CEM).

Recent evidence has shown that MPs  disseminate cargo into

recipient cells via active  endocytosis, involving mechanisms con-

sistent with both  phagocytosis and macropinocytosis [31]. This is

the first demonstration that MPs  confer MRP1 mediated resistance

to drug sensitive recipient cells. We  further describe the hetero-

typic re-templating properties of MPs  to reflect traits present in

the donor  cell. These results expand on  our  knowledge on MP func-

tion and lend further support for  a capacity by MPs  to  re-template

the transcriptional landscape of  recipient cells to reflect the profiles

present in the donor cells.

Here we show MPs  spontaneously shed from MRP1 over-

expressing cells (E1000)  and bear phenotypical and morphological

characteristics of the submicron sized vesicles (Fig. 1). Items that

are larger than 1  �M have been excluded from  the analysis by size

gating, as previously described [1].

The presence of functional MRP1 in recipient cells (Figs. 2 and 3)

is indicative of MRP1 transfer into  recipient cells and is consistent

with  our earlier work showing  the transfer of functional P-gp into

recipient cells  by MPs  [1,21,24]. Unlike our  previous studies which

demonstrated P-gp functionality following MP transfer at 4  h [1],

the  kinetics for acquired MRP1  differ significantly. We  show that

MRP1 following MP transfer to  recipient cells displays optimal

functionality after 12 h  (Table 1)  of MP co-culture. Currently, the

reasons for this  time difference remain unclear. It may  be attributed

to  the presence of the additional N-terminal transmembrane region

and the effects of the  insertion within the membrane of  the  recip-

ient cell [32]. Another reason for this delayed  functionality may

relate to  the endogenous molecular environment of the recipi-

ent  cell. A  recent study showed that  Casein Kinase 2�,  a regulator

of cell growth, proliferation, death and survival, regulates MRP1

function via  phosphorylation of conserved regions [33]. Expression

of this key regulator and others  may vary between recipient and

donor cells used in  this study, leading to  changes in  MRP1 activity.

Furthermore, as MRP1 transporter activity  is dependent on intra-

cellular glutathione (GSH) concentrations [34], fluctuations in GSH

levels upon MP  binding may  also explain  the time discrepancy.

Having  established that MPs confer MRP1-mediated MDR  to

recipient cells, we subsequently investigated the molecular basis

for this phenomenon. We  have  previously reported the packag-

ing and transfer of ABCB1 transcripts to drug sensitive cells  [20,21].

Herein, we examine if  this effect takes  place with ABCC1 transcripts.

E1000MPs  imposed a  donor dominant ABCC1 trait on  drug sensitive

cells. Surprisingly, we  also observed a  suppression of  endogenous

ABCB1 mRNA levels, consistent with that observed in the  donor cell

relative to  the drug sensitive counterparts. This is the  first demon-

stration of  ABCC1 phenotype dominance onto recipient cells  via  MP

vectors.

In  examining this phenomenon further,  a  homotypic and

heterotypic co-culture between cells overexpressing two  distinct

resistance pathways was  used to  ascertain MP-mediated donor

MDR trait dominance in  recipient cells. We observed MP-mediated

dominance of overexpressing ABCB1 cells of  haematological and

non-haematological origin onto ABCC1 overexpressing leukaemia

cells. We  demonstrated that  the dominance of  ABC-transporters

in tumour populations  are reflective of the donor cell  trait and

provide evidence that  this phenomenon occurs  between different

cancer types, regardless of their  origin.  This  adds  to  the complex-

ity of  cancer MDR, whereby the  “re-templating” of recipient cell

trait may  provide an additional survival advantage against xenobi-

otics. For  instance, in  the  event of  P-gp failure to  extrude certain

chemotherapeutics due to  transporter inhibition or otherwise, it

may be possible for the expression of a second transporter to take

its place. A  study has suggested the requirement for the  simulta-

neous inhibition of both P-gp and MRP1  to  help circumvent MDR

[35]. One may suggest  the expression of  both these proteins may

be a result of re-templating due to  MPs. The instance of this MP-

mediated “fail-safe” mechanism emphasizes the  complexity of  MPs

and the versatile role they play in cancer  cell  survival,  identifying

them as an oncological treatment target.

Vesicle cargo  contains a wide array of  constituents such as

cells adhesion molecules, growth factors,  signalling molecules and

nucleic acids, many of which  may  be  implicated in intercellular

transfer and ABC-transcript suppression in  recipient cancer cells

[20]. These results lend further support to our previous findings

that MPs, in  the transfer of  their cargo, effectively ensure the  dis-

semination and acquisition of the donor cell  trait within cancer

[21].

The molecular mechanisms governing ABC-transporter reg-

ulation and trait acquisition via  MPs  are largely unknown.

Identification and  characterisation of  the regulatory mediators

packaged in MPs  are currently under  investigation. Transcriptional

regulators such as microRNAs (miRNAs) have  been shown previ-

ously by us to  play a  role in  MP-mediated selective trait dominance



82 J.F.  Lu et  al. / Pharmacological Research 76 (2013) 77– 83

Fig. 6. MP mediated re-templating of recipient cell transcriptional environment. ABCC1 and ABCB1 profiles of cells  and MPs were determined with qPCR:  (A and B)

CEM + E1000MP, (C and D) E1000 + VLBMP, (E  and F) E1000 + DXMP. Values are expressed as  relative expression of ABCB1 and ABCC1  with respect to  recipient cell  control.

Data  represents mean  ± SE of  2–3 independent experiments conducted in  triplicate *P <  0.05.

[20,21]. MPs  are an emerging source of miRNA in circulation of

cancer patients [36]. Certain miRNAs have potent capacity to reg-

ulate ABC-transporters such  as miR-27a, miR-326 and miR-451

[5,20,21,37,38]. Packaging and transfer of such miRNA’s in MPs  shed

by MDR  cells may  heavily influence the MDR phenotype of recipient

cancer cells. This may explain the observed phenomenon whereby

MRP1 or P-gp is suppressed upon co-culturing with MPs  shed from

distinctive phenotypes (Fig. 6).

Also, of interest is  evidence of long non-coding RNA (lncRNA)

as an emerging transcriptional regulator in a wide range of biolog-

ical processes [39]. Recent studies have found cisplatin resistance

in non-small-cell lung cancer cells relate to the differential expres-

sion of lncRNA [40]. Indeed there is a  very few studies confirming

the specific function of lncRNA and their mechanisms still remain

unclear. Further miRNA and lncRNA profiling of MPs  and their

recipient cells may  shed light on  novel molecular mechanisms

leading to trait dominance and in  further our understanding on

ABC-transporter regulation.

As MPs circulate through the  vasculature, they  are not  only

capable of affecting their local environment, but also tissues  at

a remarkable distance. The transfer of  molecular constituents via

MPs  may  assist in  cancer cell survival in physiological sites  where

cell–cell contact is not  possible. The  transfer of ABC-transporter

protein established in this  process, will provide a drug sensitive

cell with  an immediate survival advantage, an initial barrier to

extreme chemotherapeutic exposure prior to  the cells modifica-

tion of its intracellular machinery for more permanent or sustained

mechanisms of survival.

In  summary, we show a kinetic  difference between P-gp and

MRP1 becoming functional following their MP-mediated transfer

to recipient cells. The elucidation of this  discrepancy  provides a

mechanistic understanding between the functionality of the two

well-known transporter proteins. More importantly, we provide

evidence of  a  potent capacity of MPs to alter traits and transcrip-

tional environment of cells to  which they  are exposed.  This work

elucidates the significant and versatile role MP-transfer plays  on
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the dynamic acquisition of MDR  in cancer and is likely to have

significant potential for the translation into alternative oncolo-

gical treatment strategies and circumvention of MDR. One may

envision the use of  phenotype dominance mechanisms to steer

traits towards a  state that may  be  easily treated. Furthermore, re-

templating of resistance profiles may  allow one to pre-emptively

tailor treatment strategies towards an impending dominant resis-

tance profile. The intrinsic mechanisms of  MP-mediated donor trait

dominance need to be deciphered to expand our  armamentarium

and treatment strategies for MDR  in cancer. We  further iterate the

role MPs  play  in altering the transcriptional landscape of target cells

and its contribution to  cancer cell survival. Finally, the current find-

ings of MP  mediated MDR  further supports the potential of  MPs  as

clinical targets for  inhibition to prevent the  spread  of MDR  in  cancer

as well  as  other MP-related afflictions.
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