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Introduction 

Limiting cellular exposure to toxic xenobiotics is critical
 
for the survival of the host 

organism. Membrane-bound transporter
 

proteins have emerged as a key defense 

mechanism against potential
 

toxins. The so-called
 

ABC (ATP- binding cassettes) 

superfamily of transporters comprises various uptake and efflux pumps, which are 

expressed
 
in prokaryotic as well as eukaryotic cells and are remarkably conserved across

 

species. An important role of some of these transporters seems to be the transport of 

endobiotics
 
as well as xenobiotics across the cellular membrane.

 
Importantly, expression of 

the ABC multidrug transporters
 
has been implicated in tumor cell resistance to anticancer 

therapy,
 
altered disposition of chemotherapy drugs, and associated chemotherapy

 
toxicity. 

More recently, genetic heterogeneity has been described
 

in a number of the ABC 

transporter genes, including ABC transporters
 
that contribute to the pharmacokinetics 

and/or pharmacodynamics
 
of chemotherapy drugs. 
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Aim of study 

The aim of my master‟s thesis was to review current literature concerning ABC 

transporters that are expressed in breast tumor cells. Specifically, I focused on two 

transporters: P-glycoprotein and breast cancer resistance protein. Beside the general 

characterisation of the two transporters, I should summary the role of ABC transporters in 

breast cancer therapy and describe their connection with failure of chemotherapy. Finally, I 

tried to find different methods how the ABC transporter expression could be decreased 

and/or inhibited. 
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Breast cancer 

 

Cancer is a disease characterised by uncontrolled multiplication and spread of 

abnormal forms of cells in the body. It is one of the major causes of death in the developed 

countries and  breast cancer is the most common malignancy and the most deadly cancer 

among women worldwide. 

 

A normal cell turns into a cancer cell because of many factors. In the healthy cells, 

DNA has to undergo one or more mutations, which can change them into cancer cells. 

Mutations of DNA can be acquired or inhereted. For example, women who inheret a single 

defective copy of either of the tumor suppressor genes BCRA1 and BCRA2 have a 

significant increased risk of developing breast cancer. However, carcinogenesis is a 

complex multistage process, usually involving more than one genetic change as well as 

other, epigenetic factors (hormonal, cocarcinogen and tumor promoter effects, etc.) that do 

not themselves produce cancer but which increase the likehood that the genetic mutations 

will result in breast cancer (Rang et al., 2007). 

 

Breast cancer cells are characterised by four main properties that are common for all 

cancer cells and distinguish them from normal cells: uncontrolled proliferation, 

dedifferentiation and loss of function, invasiveness, and metastasis. 

 

By the first half of the 20th century, clinicians had become
 
aware that not all breast 

cancers shared the same prognosis
 
or required the same treatment, and attempts were made 

to define
 

characteristics that could reliably distinguish those tumors
 

that required 

aggressive treatment from those that did not. In 1904, the German physician Steinthal
 

proposed the division
 
of breast cancer into three prognostic stages: small tumors

 
that 

appeared to be localized to the breast (Stage I), larger
 
tumors that involved the axillary 

lymph nodes (Stage II), and
 
tumors that had clearly invaded tissues around the breast 

(Stage
 
III). This simple staging system was further refined by Greenough,

 
who based his 

classifications on microscopic examination of
 
breast cancer specimens.

 
The four-stage 

Columbia Clinical Classification
 
System for breast cancer, with Stages A through C 

corresponding
 
to Steinthal‟s stages, and Stage D representing disease

 
that had metastasized 
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throughout the body, was introduced in
 
1956 by Haagensen and Stout.

 
The tumor-node-

metastasis (TNM) system was developed by Pierre
 
Denoix starting in 1942 and represented 

an attempt to classify
 
cancer based on the major morphological attributes of malignant

 

tumors that were thought to influence disease prognosis: size
 
of the primary tumor (T), 

presence and extent of regional lymph
 
node involvement (N), and presence of distant 

metastases (M).
 
The International Union Against Cancer (UICC) presented a clinical

 

classification of breast cancer based on the TNM system in 1958 (International Union 

Against Cancer, 1958), and the American Joint Committee on Cancer (AJCC) published
 
a 

breast cancer staging system based on TNM in their first cancer
 
staging manual in 1977. In 

the 1987 revision, differences between the AJCC
 
and UICC versions of the TNM system 

were eliminated. The latest 6th Eddition of TNM classification for breast cancer  was 

officially adopted for use in tumor registries in January
 
2003. Breast cancer staging 

provides useful information about the
 
current status of cancer detection and management, 

and the success
 
of implementing new strategies. In developing countries, staging of breast 

cancer patients can
 
provide revealing epidemiological information about opportunities

 
for 

improving breast cancer screening and management (Singletary and Connolly, 2006). 

 

Table 1. TNM Classification for Breast Cancer (adopted from Singletary et al., 2002).  

Classification Definition 

Primary tumor (T)  

TX Primary tumor cannot be assessed 

T0 No evidence of primary tumor 

Tis 

Tis(DCIS) 

Tis (LCIS) 

Tis (Paget) 

Carcinoma in situ 

Ductal carcinoma in situ 

Lobular carcinoma in situ 

Paget disease of the nipple with no tumor (Paget disease 

associated with a tumor is classified according to the size of 

the tumor.) 

T1 

T1mic 

T1a 

T1b 

Tumor 2 cm in greatest dimension                                                    

Microinvasion 0.1 cm in greatest dimension 

Tumor >0.1 cm but 0.5 cm in greatest dimension 

Tumor >0.5 cm but 1 cm in greatest dimension 
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T1c Tumor >1 cm but 2 cm in greatest dimension 

T2 Tumor >2 cm but 5 cm in greatest dimension 

T3 Tumor >5 cm in greatest dimension 

T4 

 

T4a 

T4b 

 

T4c 

T4d 

Tumor of any size with direct extension to chest wall or 

skin, only as described below 

Extension to chest wall, not including pectoralis muscle 

Edema (including peau d‟orange) or ulceration of the 

skin of the breast, or satellite skin nodules confined to the 

same breast 

Both T4a and T4b 

Inflammatory carcinoma 

Regional lymph nodes (N)  

NX Regional lymph nodes cannot be assessed (eg, 

previously removed) 

N0 No regional lymph node metastasis 

N1 Metastasis in movable ipsilateral axillary lymph node(s) 

N2 

 

 

 

N2a 

 

N2b 

Metastases in ipsilateral axillary lymph nodes fixed or                                                               

matted, or in clinically apparent
*
 ipsilateral internal 

mammary nodes in the absence of clinically evident axillary 

lymph-node metastasis  

Metastasis in ipsilateral axillary lymph nodes fixed to 

one another (matted) or to other structures 

Metastasis only in clinically apparent
*
 ipsilateral internal 

mammary nodes and in the absence of clinically evident 

axillary axillary lymph-node metastasis 

N3 

 

 

 

 

 

N3a 

Metastasis in ipsilateral infraclavicular lymph node(s), 

or in clinically apparent
*
 ipsilateral internal mammary 

lymph node(s) and in the presence of clinically evident 

axillary lymph-node metastasis; or metastasis in ipsilateral 

supraclavicular lymph node(s) with or without axillary or 

internal mammary lymph-node involvement 

Metastasis in ipsilateral infraclavicular lymph node(s) 
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N3b 

 

N3c 

and axillary lymph node(s) 

Metastasis in ipsilateral internal mammary lymph 

node(s) and axillary lymph node(s) 

Metastasis in ipsilateral supraclavicular lymph node(s) 

Regional lymph nodes 

(pN)* 

 

pNX Regional lymph nodes cannot be assessed (eg, 

previously removed or not removed for pathologic study) 

pN0 

 

pN0(i-) 

 

pN0(i+) 

 

pN0(mol-) 

 

pN0(mol+) 

No regional lymph node metastasis histologically, no 

additional examination for isolated tumor cells 

No regional lymph node metastasis histologically, 

negative immunohistochemical staining 

Isolated tumor cells identified histologically or by 

positive immunohistochemical staining, no cluster >0.2 mm 

No regional lymph-node metastasis histologically, 

negative molecular findings (RT-PCR) 

No regional lymph-node metastasis histologically, 

positive molecular findings (RT-PCR)  

pN1 

 

 

pN1mi 

pN1a 

pN1b 

 

 

pN1c  

Metastasis in one to three axillary lymph nodes, and/or 

in internal mammary nodes with microscopic disease 

detected by sentinel lymph node dissection but not clinically 

apparent
* 

Micrometastasis (>0.2 mm, none >2.0 mm) 

Metastasis in one to three axillary lymph nodes 

Metastasis in internal mammary nodes with microscopic 

disease detected by sentinel lymph-node dissection but not 

clinically apparent
* 

Metastasis in one to three axillary lymph nodes
**

 and in 

internal mammary lymph nodes with microscopic disease 

detected by sentinel lymph-node dissection but not 

clinically apparent
* 
 

pN2 Metastasis in four to nine axillary lymph nodes, or in 
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pN2a 

 

pN2b 

clini-cally apparent
*
 internal mammary lymph nodes in the 

absence of axillary lymph-node metastasis     

Metastasis in four to nine axillary lymph nodes (at least 

one tumor deposit >2.0 mm) 

Metastasis in clinically apparent
*
 internal mammary 

lymph    nodes in the absence of axillary lymph-node 

metastasis 

pN3 

 

 

 

 

 

 

pN3a 

 

 

pN3b 

 

 

 

 

 

pN3c 

Metastasis in 10 or more axillary lymph nodes, or in 

infra-clavicular lymph nodes, or in clinically apparent
*
 

ipsilateral internal mammary lymph nodes in the presence of 

one or more positive axillary lymph nodes; or in more than 

three axillary lymph nodes with clinically negative 

microscopic metastasis in internal mammary lymph nodes; 

or in ipsilateral supraclavicular lymph nodes 

Metastasis in 10 or more axillary lymph nodes (at least 

one tumor deposit >2.0 mm), or metastasis to the 

infraclavicular lymph nodes 

Metastasis in clinically apparent
 

ipsilateral internal 

mammary lymph nodes in the presence of one or more 

positive axillary lymph nodes; or in more than three axillary 

lymph nodes and in internal mammary lymph nodes with 

microscopic disease detected by sentinel lymph-node 

dissection but not clinically apparent
* 

Metastasis in ipsilateral supraclavicular lymph nodes 

Distant metastasis (M)  

MX Distant metastasis cannot be assessed 

M0 No distant metastasis 

M1 Distant metastasis  

 

* Classification is based on axillary lymph node dissection with or without sentinel 

lymph-node dissection.  
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Therapy of breast cancer 

Patients with breast cancer have many treatment options. These options include 

surgery, radiation therapy, chemotherapy, hormone therapy, and biological therapy. The 

type of treatment that patients undergo depends on the TNM classification of the tumor. In 

most cases, therapy consists of several types of treatment for example surgery, 

chemotherapy and hormone therapy. Before the therapy begins, types of treatments chosen 

for aproppriate therapy are devided into time dependent sections: neoadjuvant therapy, 

surgery and adjuvant therapy. 

Surgery  

Surgery is the most common treatment for breast cancer. There are several types of 

surgery. An operation to remove the tumor but not the whole breast is breast-sparing 

surgery. It is also called breast-conserving surgery, lumpectomy, segmental mastectomy, 

and partial mastectomy. Sometimes an excisional biopsy serves as a lumpectomy because 

the surgeon removes the whole lump. An axillary lymph node dissection is a separate 

incision made to remove the underarm lymph nodes. This surgery is provided when it is 

confirmed that the tumor cells entered the lymphatic system. After breast-sparing surgery, 

most patients receive radiation therapy that destroys tumor cells that may remain in the 

breast tissue.  An operation to remove the whole breast (or as much of the breast tissue as 

possible) is a mastectomy. In most cases, the surgeon also removes lymph nodes under the 

arm (http://www.cancer.gov).  

Radiation therapy 

Radiation therapy (also called radiotherapy) uses high-energy rays to destroy cancer 

cells. Patients receive radiation therapy after breast-sparing surgery or after a mastectomy. 

Treatment depends on the size of the tumor and many other factors. The radiation therapy 

can be effective also before surgery when the tumor is large or may be hard to remove it. 

There are two types of radiation therapy to treat breast cancer. Patiens can receive one 

of them or  both types. The external radiation is the radiation therapy that uses a machine 

to aim high-energy rays at the cancer. Treatments are usually 5 days a week for several 

http://www.cancer.gov/dictionary/db_alpha.aspx?expand=s#surgery
http://www.cancer.gov/dictionary/db_alpha.aspx?expand=r#radiation therapy
http://www.cancer.gov/dictionary/db_alpha.aspx?expand=c#chemotherapy
http://www.cancer.gov/dictionary/db_alpha.aspx?expand=h#hormone therapy
http://www.cancer.gov/dictionary/db_alpha.aspx?expand=b#biological therapy
http://www.cancer.gov/dictionary/db_alpha.aspx?expand=b#breast-conserving surgery
http://www.cancer.gov/dictionary/db_alpha.aspx?expand=l#lumpectomy
http://www.cancer.gov/dictionary/db_alpha.aspx?expand=s#segmental mastectomy
http://www.cancer.gov/dictionary/db_alpha.aspx?expand=p#partial mastectomy
http://www.cancer.gov/dictionary/db_alpha.aspx?expand=a#axillary lymph node dissection
http://www.cancer.gov/dictionary/db_alpha.aspx?expand=e#External radiation


 13 

weeks. Internal radiation (implant radiation) is a procedure in which radioactive material 

sealed in needles, seeds, wires, or catheters is placed directly into or near a tumor. These 

implants stay in the place for several days (http://www.cancer.gov).  

Hormone therapy  

Hormone therapy (Endocrine therapy) is effective because it deprives the tumour
 
cell 

of oestrogen either by reducing local and systemic oestrogen
 
concentrations or by blocking 

the oestrogen receptor. Beatson
 
was the first to demonstrate that reduction of oestradiol 

concentrations
 
by oophorectomy caused regression of advanced disease in premenopausal

 

women. Later, adrenalectomy was used but was soon replaced by
 
inhibitors of oestrogen 

synthesis. The introduction of the three
 
modern aromatase inhibitors (AIs), anastrozole, 

letrozole and
 
exemestane (Buzdar et al., 2001), for treatment of postmenopausal breast 

cancer is
 
clearly a major advance. Tamoxifen has been the major estrogen

 
receptor (ER) 

blocking agent for many years and more recently,
 
fulvestrant, an ER down-regulator, has 

been introduced (Howel et al., 2002). Because
 
of its relative lack of toxicity, hormone 

therapy is widely
 
used to treat advanced disease as adjuvant and preoperative

 
therapy and is 

now being assessed for disease prevention. 

Chemotherapy 
 

Combination chemotherapy was first used to induce responses
 
in advanced breast 

cancer and subsequently it has been shown
 
to improve the cure rate when given after 

surgery in women at
 
risk of relapse. In the sixties and seventies regimens based

 
on 

cyclophosphamide (an alkylating agent), fluorouracil (antimetabolite, pyrimidine 

analogue) and methotrexate (antimetabolite, folate antagonist) were introduced
 
.
 
Later, the 

anthracyclines (cytotoxic antibiotics) were shown to be an improvement and
 
more recently 

(1990 to the present) the taxanes (plant derivative, vinca alkaloids), taxotere and
 
taxol, 

have been associated with further improvement.  

 

Adjuvant chemotherapy was initially employed in axillary node-positive
 
breast cancer 

especially in younger women, but is increasingly
 
being used in node negative breast cancer 

particularly steroid
 
hormone receptor-negative tumours, and in older women. It improves

 

both disease-free survival and overall survival.
 
The meta-analysis shows a clear benefit of 

http://www.cancer.gov/dictionary/db_alpha.aspx?expand=i#Internal radiation
http://www.cancer.gov/dictionary/db_alpha.aspx?expand=i#implant radiation
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some months of
 
adjuvant polychemotherapy (e.g. with cyclophosphamide, methotrexate

 

and fluorouracil (CMF)) typically producing an absolute improvement
 
of about 7–11% in 

10-year survival for women aged under
 
50 at presentation with early breast cancer, and of 

about 2–3%
 
for those aged 50–69 (unless their prognosis is likely

 
to be extremely good 

even without such treatment) (Early Breast Cancer Trialists‟
 
Collaborative Group, 2005).

 

Early anthracycline-based
 
chemotherapy improved on CMF-type chemotherapy by an 

average
 
of 3%. Modern anthracycline regimens appear to offer greater

 
improvement (30% 

reduction in hazard ratio) over CMF (Poole et al., 2003). 

 

The 1990s saw the initiation of many large randomised controlled
 
trials of taxanes in 

the adjuvant therapy of breast cancer. First generation taxane trials compared taxane-based 

chemotherapy
 
with the standard of care anthracycline-based chemotherapy and

 
second 

generation taxane trials are comparing different taxane
 
regimens. 

Biological therapy 

What may be achieved by biological therapy into breast cancer
 
treatment is exemplified 

by the introduction of trastuzumab. Trastuzumab is a humanised murine monoclonal 

antipody that binds to a protein termed HER2 (the human epidermal growth factor receptor 

2), a member of the wider family of receptors with integral tyrosine kinase aktivity. Firstly,
 

the target of overexpression of HER2  was identified and trastuzumab was introduced into 

the treatment of advanced
 
disease in addition to chemotherapy. These studies demonstrated

 

that trastuzumab was effective only in the target population of
 
tumours with amplification 

or overexpression of genes for HER2  and that the response rate, duration
 
of response and 

survival was increased when trastuzumab was added
 
to chemotherapy compared with 

chemotherapy alone in patients with
 

this tumour sub-type (Tripathy, 2005). Now 

trastuzumab is being
 
tested in the appropriate population as adjuvant therapy in

 
addition to 

chemotherapy in four large clinical trials. Three
 
of these reported preliminary results at the 

recent ASCO meeting
 
showing an approximate 50% reduction in relapse. All have 

completed
 
recruitment and the eagerly awaited results will be available

 
in the near future. If 

these trials are positive, other adjuvant
 
studies will almost certainly be initiated with other 

inhibitors
 
such as lapatinib which have the potential advantage of being

 
orally bioavailable. 
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Neoadjuvant therapy  

Neoadjuvant therapy is used
 
in nonmetastatic breast cancer to treat systemic disease 

earlier,
 
decrease tumor bulk ideally to a complete pathological response, and reduce the 

extent of surgery. The multitude of clinical
 
trials using neoadjuvant therapy in breast 

cancer patients has not proven the
 
fundamental hypotheses of improved overall survival 

and disease-free
 
survival that drove the investigation of neoadjuvant therapy. The other 

potential
 
advantages of neoadjuvant therapy, which include increasing the rate of breast-

conserving
 
surgery and predicting outcome to a particular chemotherapy

 
regimen, are also 

not conclusively established. Although the optimal neoadjuvant chemotherapy
 
regimen has 

not been established, a combination of four cycles
 
of an anthracycline followed by four 

cycles of a taxane appears
 
to produce the highest pathological response rate (22%–31%) 

(Wolmark et al., 2001; Van der Hage et al., 2001). In patients
 
with HER2-positive breast 

cancer, concurrent use of neoadjuvant
 

trastuzumab with an anthracycline–taxane 

combination has
 
produced provocative results that require further confirmatory

 
studies 

(Buzdar et al., 2005). Preoperative hormonal therapy is associated with low
 

 rates 

pathological response and should be reserved for patients who are poor candidates
 
for 

systemic chemotherapy (Eirmann et al., 2001; Ellis et al., 2001). The optimal management 

of patients
 
with residual disease after the administration of maximum neoadjuvant

 
therapy 

remains to be defined. The surgical approach, including
 
the role of sentinel node biopsy 

and delivery of radiation therapy
 
after neoadjuvant therapy in breast cancer patients, is 

evolving. Ongoing clinical
 
trials will help identify the subset of patients who would most

 

benefit from the use of neoadjuvant therapy, establish the most effective neoadjuvant 

theerapy
 

regimen, and determine the optimal multidisciplinary approach
 

in the 

management of breast cancer.
 
 

Adjuvant therapy 

In the late 1800s, Halsted advocated the radical mastectomy
 
based on his hypothesis 

that breast cancer spread in an organized
 
or step-wise pattern, initially via regional 

lymphatics and
 
then, at a later stage, hematogenously to other organs. Unfortunately,

 
only 

12% of patients treated with radical mastectomy survived
 
10 years (Halsted, 1907). This 

disappointing outcome, as well as the
 
observation that 20%–30% of node-negative patients 

ultimately
 
develop metastatic disease, led to the currently held "micrometastatic"

 
paradigm. 
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This paradigm proposes that many breast cancer patients,
 
including some with early stage 

disease, have distant micrometastatic
 
disease present at the time of diagnosis, putting them 

at risk
 
for the later development of metastatic disease. Hellman

 
and coworkers described 

the tumor properties of metastogenicity,
 
which is the ultimate likelihood of a tumor 

developing distant
 
metastases, and virulence, which is the rate at which the metastatic

 

process will occur. He also noted that both properties
 
increase with increasing tumor size 

and nodal involvement (Heimann and Hellman, 1998).
 
 

The purpose of adjuvant systemic therapy is to lower the burden
 

of distant 

micrometastic deposits. It is currently standard
 
practice to administer systemic therapy to 

all patients with
 
lymph node–positive disease. The presence of cancer in

 
the axillary lymph 

nodes, however, is not the only prognostic
 
factor used to determine the appropriateness of 

systemic therapy.
 
For node-negative patients, factors such as tumor size, grade,

 
measures of 

proliferation, presence of lymphovascular invasion,
 

and HER2 overexpression
 

are 

commonly used to determine the appropriateness of adjuvant
 
therapy. Many oncologists 

use the computer program Adjuvant!
 
(http://www.adjuvantonline.com) to make decisions 

regarding
 
the potential benefit of adjuvant therapy. Adjuvant! projects

 
outcomes based on 

the Surveillance, Epidemiology, and End Results
 
(SEER) database and estimates the 

expected efficacy of adjuvant
 
therapy based on the Oxford Overview of Randomized 

Clinical
 
Trials involving chemotherapy, endocrine therapy, and radiation

 
therapy (Ravdin 

et al., 2001). A similar computer program is also offered by
 
the Mayo Clinic (Rochester, 

MN, http://www.mayoclinic.com/calcs).  

 

http://www.adjuvantonline.com/
http://www.mayoclinic.com/calcs
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Resistance to cytotoxic drugs  

 

The resistance that neoplastic cells manifest to cytotoxic drugs can be devided into two 

types. The primary resistance that is present when the drug is first given or acquired 

resistance developing during the therapy with the drug. Acquired resistance may result 

from either adaptation of the tumor cells or mutations, with the emergence of cells that are 

less resistant to the drug and consequently have a selective advantage over the sensitive 

cells. The most frequent mechanisms of drug resistance are: mutations (several cytotoxic 

drugs), increased utilization of alternative metabolic pathways (antimetabolites), altered 

activity of target (anthracyclines),  increased concentration of target enzymes 

(methotrexate), insufficient activation of the drug (fluorouracil), and decreased 

accumulation of cytotoxic drugs in cells as a result of the increased expression of cell 

surface, energy dependent drug transport protein so called ABC (ATP binding cassette) 

proteins (Rang et al., 2007). These transport proteins are responsible for resistance to many 

structurally dissimilar anticancer drugs. In normal cells, ABC transporters are liable for 

protection against environmental toxins. However, in tumor cells they are responsible for 

multidrug resistance which leads to failure of the cancer therapy. 

In my Master‟s thesis, I focused on two ABC transporter proteins, P- glycoprotein     

(P-gp) and breast cancer resistance protein (BCRP), and their expression and role in breast 

tumors. 

  

Table 2. Cellular mechanisms of drug resistance (adopted from Leonessa and Clarke, 

2003). 

I. SYSTEMIC PHARMACOLOGY 

Drug pharmacokinetics 

Drug metabolism 

II. CANCER SUPERCELLULAR MECHANISMS 

Tumor environment (pH,pO 2,pressure) 

Multicellular drug resistance 

III. CANCER CELL MECHANISMS 
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A. Cell pharmacology 

Regulation of drug influx 

Reduced folate carrier expression 

Nucleoside transport proteins 

Regulation of drug efflux 

Active efflux 

ABC transporters 

Entrapment 

Regulation of folate polyglutamation 

Poly(ADP-ribose) polymerase 

Formation of pH gradients 

Drug sequestration 

ABC transporters 

B. Drug activation 

Cytochrome P450 enzymes 

C. Drug inactivation/detoxification 

GST 

GST enzymes 

-glutamyl cysteine synthetase 

glutathione-S-transferase 

D. Drug target alterations (qualitative,quantitative) 

Tubulin 

Topoisomerase I and II 

Dihydrofolate reductase 
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E. Damage repair mechanisms 

Mismatch repair proteins 

Direct damage repair 

alkyltransferases (O6-methyl-guanineethyltransferase) 

Peroxide dismutases 

Manganese superoxide dismutase 

Photolyase 

Nucleotide excision repair 

Base excision repair 

Recombination repair 

F. Regulation of apoptotic pathways 

Damage recognition 

High mobility group protein 

Mismatch repair 

ATM 

DNA-PK 

G. Apoptotic pathways 

p53 

mdm2 

E2F 

BCL2/BAX 

Death receptors (Fas/CD95,TNFR1,DR3,DR4 and DR5) 

H. Apoptotic effectors 

Caspases 

I. Other 

STAT 

Heat shock proteins 

Metallothioneins 
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ABC transporter proteins 
 

ABC (ATP- binding cassette) proteins form the largest known transporter
 
gene family 

and its members have been found in each kind of organism examined so far (Higgins, 

1992). The vast majority of ABC
 
proteins translocate a variety of endogenous as well as 

exogenous compounds including polysaccharides,
 

amino acids, metal ions, peptides, 

proteins, hydrophobic
 
compounds, drugs  across cellular compartments (Dean et al. 2001). 

In humans, 48 ABC genes that are organized into seven subfamilies (ABCA – ABCG) 

have been described so far (http://nutrigene.4t.com/humanabc.htm).  

 

Members of the ABC transporter superfamily
 
exhibit a number of functional and 

structural similarities. The binding and subsequent hydrolysis of ATP at their nucleotide 

binding domains (NBDs) is required to provide energy for the movement of their 

substrates across membranes. They are composed
 
of a combination of functional units. 

Specifically, they consist of the transmembrane domains (MDs),
 

which are usually 

composed of six transmembrane helices, and
 
the remarkably conserved NBDs. The NBD 

consists of two domains,
 
a glycine rich P-loop also known as the Walker A domain that

 

binds to ATP at a phosphate group and the Walker B domain containing
 
an aspartate, 

which interacts with nucleotide-associated magnesium
 
(Walker et al., 1982). In general, 

ABC transporters
 
contain two NBDs and two MDs.

 
  

 

Importantly, expression of the ABC transporters
 
has been implicated in tumor cell 

resistance to anticancer therapy,
 
altered disposition of chemotherapy drugs, and associated 

chemotherapy
 
toxicity. More recently, genetic heterogenity has been described

 
in a number 

of the ABC transporter genes, including ABC transporters
 

that contribute to the 

pharmacokinetics and/or pharmacodynamics
 
of chemotherapy drugs. 
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Table 3. Localization and role of the ABC transporters involved in cancer and 

chemotherapy (adopted from Lockhart et al., 2003). 

      

Symbol 

Transporter Gene 

location 

Tissue location Role in cancer/ 

chemotherapy 

ABC

A2 

ABC2 9q34 Brain Estramustine resistance 

ABC

B1 

P-gp, MDR1 7p21 Adrenal, kidney, 

brain, intestine, 

liver 

Multidrug resistance, tumor 

prognostic factor 

ABC

C1 

MRP1 16p13.1 Lung, testes, 

erythrocytes 

Multidrug resistance, tumor 

prognostic factor 

ABC

C2 

MRP2 10q24 Liver, kidney Cannalicular organic ion 

transporter 

ABC

C3 

MRP3 17q21.3 Lung,liver, 

intestine 

Multidrug resistance in lung 

cancer and other tumors 

ABC

C4 

MRP4 13q32 Prostate, liver, 

kidney 

Nucleoside analogue 

transport 

ABC

C5 

MRP5 3q27 Ubiquitous Nucleoside analogue 

transport/ resistance 

ABC

C6 

MRP6 16p13.1 Kidney, liver Anthracycline and 

epipodophyllotoxins 

resistance 

ABC

C11 

MRP8 16q12.1 Breast, testes Unknown role in breast 

cancer 

ABC

C12 

MRP9 16q11 Breast, testes Unknown role in breast 

cancer 

ABC

G2 

MXR, 

BCRP 

4q22 Placenta, 

intestine, liver 

Mitoxantrone, anthracycline, 

topotecan, methotrexate, and 

SN-38 resistance 
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P- glycoprotein (P-gp) 

 

P-gp (MDR1, ABCB1) was the first human ABC protein cloned, and was first 

characterized in multidrug resistant chinese hamster ovary cells by Ling and co-workers 

(Ling and Thomson, 1974). P-gp, so called multidrug transporter, is localized in the plasma 

membrane, on the apical (or luminal) surface of polarized epithelial cells.This transporter 

is composed of two MDs, two NBDs and is glycosylated at the first extracellular loop 

(Fig.1).  

 

P-gp is a 170-kDa protein consisting of 1280 amino acids encoded by the MDR1 

(ABCB1) gene. In humans, two MDR genes, MDR1 and MDR3 (also called MDR2), have 

been described. MDR1 gene was identified owing to its overexpression in tumour cells 

associated with an acquired cross-resistance to multiple cytotoxic anticancer agents (Ueda 

et al., 1987). Subsequently, P-gp was also recognized to be expressed in many normal 

tissues such as liver, kidney, enterocytes. P-gp is also expressed in other tissues known to 

have blood-tissues barriers, such as placenta, ovaries, and testes (Schinkel and Jonker, 

2003).  
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Fig 1. P-glycoprotein (A) Predicted secondary structure of P-gp. P-gp is composed of 

two cytoplasmic ATP-binding domains (NBDs) and two membrane domains (MDs) 

containing six predicted transmembrane helices. There are three glycosylation sites on the 

first extracellular loop. (B) In cells that do not express P-gp, cytotoxic agents such as 

doxorubicin or vinblastine enter cells by diffusion through the plasma membrane. In the 

cytosol, they can exert their cytotoxic effects and lead to cell death (white arrows). In 

MDR cells overexpressing P-gp, drugs appear to be extracted directly from the lipid phase 

and cannot accumulate in the cell (grey arrow). P-gp function requires ATP hydrolysis. 

However, the coupling with drug transport is unclear as P-gp displays a constitutive ATP 

hydrolysis activity in the absence of any identified ligand. The two NBDs appear non 

equivalent but cooperate during ATP hydrolysis (adopted from Ferté, 2000). 

 

Substrates of P-gp 

 

The most striking property of P-gp is the diversity in structure of substrates that can be 

transported. There are few common structural denominators for substrates transported by 

P-gp. They are usually organic molecules ranging in size from less than 200 Da to almost 

1900 Da. Most of the effficiently transported molecules are uncharged or (weakly) basic in 

nature. Also some acidic compounds (e.g. methotrexate) can be transported but only at a 

low rate. The only common denominator identified so far in all P-gp substrates is their 

amphipathic nature. The amphipatic nature may impact with the mechanism of drug 

translocation by P-gp. Only this type of molecules would have the proper membrane 

insertion properties. However, there has not been found any endogenous compound to be a 

substrate of P-gp so far.  

 

Table 4.  Substrates of P-gp. 

Anthracyclines  

Daunorubicin  

Doxorubicin  

Epirubicin 

Tubulin polymerizing drugs  

Colchicine 

Paclitaxel 

Docetaxel 

Anthracenes   

Bisantrene 

Camptothecin derivatives  

CPT-11  
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Mithoxantrone Topotecane 

Vinca alkaloids  

Vinblastine  

Vincristine  

Vinorelbine 

Vindesine 

HIV-1 protease inhibitors  

Ritonavir 

Saquinavir 

Indinavir  

Epipodophyllotoxins  

Etoposide 

Teniposide 

Fluorophores 

Rhodamine 123 

Hoechst 33342/33258 

Chromopeptide antibiotic  

Actinomycin D 

 

 

Modulators of P-gp 

 

P-gp as a drug efflux transporter helps to protect human healthy tissues from 

xenobiotic compounds which can impair structure or function of the tissue. However, 

cancer cells are able to overexpress P-gp leading to their MDR phenotype. Modulators are 

compounds which can decrease and/or inhibit the expression in tumor cells causing the 

subsequent sensitivity to anticancer drugs. Till now, many studies have been done to find 

modulators with high effectiveness on P-gp and low toxicity.       

P-gp function can be regulated in two ways. (A), we can inhibit the P-gp transporter 

function or the ATP-ase activity. (B), we can modulate P-gp expression through MDR1 

gene transcripcional regulation. 

 

(A) A number of chemical classes including calcium channel blockers, calmodulin 

inhibitors, coronary vasodilatators, indole alkaloids, quinolines, hormones, cyclosporines, 

surfactants, and antibodies belong to the first group of modulators (Ford and Hait, 1993). 

They have been classified into three generations as described bellow. 

  

Verapamil, the calcium channel blocker (Feng et al., 1992), and cyclosporin A, the 

immunosupressive agent, are major compounds that belong to the first generation. Some 

more examples are the anti-malarian quinine (Solary et al., 1991), calmodulin antagonist 
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trifluoperazine (Ford et al., 1989). These agents require high doses to achieve in vivo 

plasma concentrations sufficient to reverse MDR. At these elevated doses, there was 

enhanced cytotoxicity observed in normal cells (Lampidis et al., 1990) that can lead to 

severe and sometimes life-threating toxicity. 

  

The search for non-toxic second generation modulators resulted in newer analogs of the 

first generation agents, which were more potent and considerably less toxic. PSC833 is a 

cyclosporin A analogue that does not have immunosuppressive effect of cyclosporine A, 

and can be given at quite high dosages to patients (Sikic, 1999). Although it is an efficient 

P-gp inhibitor, it is also an inhibitor of cytochrome P450 3A4 (CYP3A4), one of the main 

drug metabolizing enzymes in the body (Fischer et al., 1998). Consequently, co-

administration of PSC833 with anticancer drugs that are extensively degraded by CYP3A4 

can intensify the toxic side effects of these anticancer drugs (e.g. etoposide, doxorubicin) 

(Sikic, 1999). PSC833 has been showen to reverse MDR in conjuction with daunorubicin, 

doxorubicin, vincristine, vinblastine, taxol, or mitoxantrone (Boesch et al., 1991; Van der 

Graaf et al., 1993; Krishna et al., 1997).  

 

Third generation modulators have been developed using structure-activity relationships 

and combinatorial chemistry approaches targeted against specific MDR mechanisms. 

These agents exhibit reversing concentrations in the nanomolar range, thus requiring low 

doses to achieve the effective reversing concentration in vivo. The zosuquidar (LY335979) 

is specifically developed, highly effective P-gp modulator. It is characterized by a 10-folds 

increased potency compared to cyclosporin A (Dantzig et al., 1996). It improves 

chemotherapy response in mice and it can be given safely to cancer patients in combination 

with induction doses of conventional cytostatic drugs (Gerrard et al., 2004; Le et al., 2005). 

Another inhibitor specifically developed for this purpose is elacridar (GF120918). It can be 

given at very high oral dosages to mice and patients without obvious toxic effects 

(Malingre., 2001; Planting et al., 2005). Two other compouds, tariquidar (XR9576) and the 

ONT-093 (OC144-093) appear to be modulators with high affinity for P-gp. In addition, 

they can be given both orally and intravenously and they do not have extensive interaction 

with paclitaxel- metabolizing enzymes (Pusztai et al., 2005; Mistry and Folkes, 2002; Chi 

et al., 2005). 
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(B) A novel approach to inhibite P-gp functions is the usage of modulators of MDR1 

gene. They can inhibit gene transcription and following P-gp expression by: small 

interfering RNA (siRNA); anti- MDR1 ribozymes, blocking transcription of activating site 

of MDR1 gene. 

 

Table 5.  Modulators of P-gp. 

 

  

Calcium channel blockers  

Verapamil  

Diltiazem 

Antihypertensives  

Reserpine 

Propranolol 

Calmodulin antagonists   

Trifluoperazine  

Chlorpromazine 

Fluphenazine 

Pimozide 

Hydrophobic peptides   

Cyclosporin A 

SDZ PSC 833 

Valinomycin 

Gramicidin D 

Antiarrythmics  

Quinidine 

Amiodarone 

Aropafenone 

Hormones  

Progesterone 

Spironolactone 

Tamoxifen 

Antihistaminic drugs  

Promethazine 

Terfenadine 

Antimalarial drugs  

Mefloquine 

Quinine 

Synthetic  

Elacridar 

Zosuquidar 

Tariquidar 

ONT-093 

Others 

Antidepressant 

Amitriptyline 

Antocoagulant  

Dipyridamole 

Antibiotic  

Fucidin  

Anthracycline analog  

N-acetyl daunorubicine   
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Physiological functions of P-gp 

 

There is no doubt that P-gp is a key player in the defence of the body against 

amphipathic xenobiotics. In the gut mucosa it prevents entry of toxins into the body; in the 

bood-brain barrier, syncytiotrophoblasts, testis, and bone marrow it provides protection of 

vital body parts; and in the gut, liver, and kidney P-gp helps to eliminate toxins from the 

body (Borst and Elferink, 2002). P-gp is mainly present at epithelial cells, where is 

localized to the apical membrane. Here is a brief list of the most important locations and 

pharmacological functions of P-gp. 

 

Blood-brain barrier  

 

This barrier consists of the endothelial cells that cover the entire wall of the brain 

capillaries, and which are linked together by tight junctions and lack the holes found in 

capillaries elsewhere in the body (Schinkel, 1997). As a consequence, all compounds that 

are not small enough to diffuse between the cells have to cross the endothelial cell in order 

to translocate from the blood into the surrounding brain tissue. Since most P-gp substrates 

are hydrophobic, they have the possibility to passively diffuse through the endothelial cell 

membrane, and enter the brain at reasonable rate. However, owing to a high level of P-gp 

in the luminal membrane of the endothelial cells substrates that enter the brain surrounding 

from the blood are immediately pumped back (Cordon-Cardo et al., 1989). Substrates of P-

gp in blood-brain barrier also include anticancer drugs, such as doxorubicin, paclitaxel and 

vincristine.   

 

Blood-testis barrier 

 

In this barrier, the P-gp function is almost the same as those found in the blood-brain 

barrier. Again, it appears that P-gp can help in protecting relatively sensitive and critical 

tissues from xenotoxic compounds (Choo et al., 2000). 
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Maternal-fetal barrier  

 

P-gp is functional in the placental syncytiotrophoblasts, where it is presented in the 

apical membrane, facing the maternal blood compartment. It is optimally placed to protect 

the sensitive developing fetus against incoming amphipathic toxins (Ceckova-Novotna et 

al., 2006).  

 

There was reported the case of a 36-year-old pregnant woman with a T2N1M0 breast 

cancer who received sequential chemotherapy including epirubicin and paclitaxel from the 

14th to the 32nd week of gestation. The patient delivered a normal female baby by 

caesarean section at the 36th week. The examinations of the placenta showed a diffuse, 

strong P-gp expression. In addition, thirty-six months after the delivery, the mother was 

disease-free and the infant showed normal development and growth. They concluded that 

strong placental expression of P-gp might play a major role in limiting fetal exposure to 

anthracyclines and taxanes (Gadducci et al., 2003). 

 

Hepatobiliary and intestinal excretion  

 

P-gp is mainly localized in hepatocytes and in cells in the intestinal lumen where P-gp 

helps to eliminate drugs and other compounds from the liver hepatocytes into the bile, and 

from the intestinal epithelium into the intestinal lumen. The expression of P-gp resulted in 

a faster clereance of intravenously administered drugs from plasma and better detoxication 

through hepatocytes, and lower absorption of drugs orally administered through the 

intestinal lumen (Mayer et al., 1996; Spareboom et al., 1997). 

 

P-gp expression in breast tumors 

The overexpression of P-gp is one of the major obstacles to the effective treatment of 

breast cancer. Overexpression of P-gp can be present in breast tumors at the time of initial 

diagnosis or can develop following treatment with chemotherapeutic agents associated 

with MDR. 

 The MDR1 mRNA expression rates in 84 cases of breast cancer were measured using 

semiquantitative RT-PCR assay in the study of Feng. The positive rate of MDR1 mRNA 
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expression in primary breast cancer tissue was 79.7%, with the medium and high levels as 

high as 33.3. The positive rates of MDR1 mRNA in the group having received 

chemotherapy before surgery and the group not receiving chemotherapy before surgery 

were 87.8% and 68.6% respectively. In the group showing a lymph nodes and the group 

without metastases in axillary lymph nodes the positive rates were 89.1% and 68.4%, 

respectively indicating a significant difference (P < 0.05). The results leads on to 

conclusion that mRNA expression level of MDR1 gene has a relatively high correlation 

with the clinical response to chemotherapy, and thus can be used to monitor the 

effectiveness of chemotherapy. Chemotherapy before surgery induces MDR1 mRNA 

expression (Feng et al., 2001). 

The purpose of the study was to determine the expression of P-gp in breast carcinoma 

patients treated with preoperative chemotherapy. The expression of P-gp in breast 

carcinomas was studied by immunohistochemistry both prior (n = 80) and after (n = 68) 

preoperative chemotherapy and compared its expression with response to preoperative 

chemotherapy. In paired samples prior and after chemotherapy, the expression of P-gp was 

significantly lower in prechemotherapy samples as compared with postchemotherapy 

specimens (55% vs. 100%, P < 0.001), respectively. P-gp expression was more frequently 

detected in lobular carcinomas than in ductal carcinomas (93% vs. 46%, P = 0.001) and in 

patients with positive lymph nodes than in patients with negative lymph nodes (65% vs. 

31%, P = 0.008), respectively. However, the expression was independent of other clinical 

parameters. No significant associations were found between the prechemotherapy or 

postchemotherapy expression and response to preoperative chemotherapy (Rudas et al., 

2003). 

The objective of another study was to investigate the expression of P-gp in breast 

carcinoma and its relationship with prognosis. Immunohistochemical assay with the LSAB 

immunostaining technique was used to determine protein expression of P-gp in the 

specimens of paraffin-embedded tissues from 151 cases of breast carcinoma and 40 normal 

breast tissues (control). The expression of P-gp was found in 62 (40.8%) of the breast 

carcinoma samples and in 1 (2.5%) of control samples. The difference between the two 

groups was statistically significant (Chi(2)=21.27,P< 0.01). The expression of P-gp was 

irrelative to age, tumor size, histotype, lymph nodes metastasis, tissue grading, clinical 

staging, ER condition, and prognosis (Yu et al., 2003). 
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Larkin et al. conducted a retrospective study of the expression of 2 drug resistance 

efflux pumps, MRP1 and P-gp, in 177 invasive breast carcinomas. P-gp was linked 

strongly to higher histologic grade (grade III) and was expressed in approximately 66% of 

patients. No association was shown in the overall group between either P-gp or MRP1 and 

any of the other clinicopathologic features and between P-gp expression and either relapse-

free survival or overall survival time in any subgroup of patients (Larkin et al., 2004). 

 

In another study P-gp expression was evaluated by immunohistochemistry and 

functional activity of the P-gp transporter was determined before and after administration 

of tariquidar with serial technetium-99m ((99m)Tc)-sestamibi scans. Seventeen women 

with Stage III-IV breast carcinoma were included in the study who progressed (n = 13 

women) or had stable disease (n = 4 women) on doxorubicin-containing or taxane-

containing chemotherapy regimens. During the study, the same chemotherapy was 

continued without dose modifications, but tariquidar (150 mg intravenously) was added to 

the treatment regimen. Thirty-six percent of patients had P-gp positive tumors by 

immunohistochemistry, and 5 patients (29%) experienced increases > or = 10% in 

sestamibi uptake (median increase, 40%; range, 10-63%) after the administration of 

tariquidar. There was one partial response in a patient who showed inducible P-gp 

expression and one patient who experienced severe doxorubicin/docetaxel-related toxicity 

after tariquidar was added to her chemotherapy regimen (Pusztai et al., 2005). 

 

In more recent study the P-gp expression was evaluated. Results showed that P-gp was 

not expressed in normal
 
mammary glands. However, P-gp was expressed in 12 (44%) of 27 

tumors examined before treatment with
 
paclitaxel and in 19 (70%) of the same samples 

after chemotherapy. Results confirmed the fact that the administration of paclitaxel 

increases P-gp expression (Fujita et al., 2005).  

 

Another study involved 171 patients treated by surgery, adjuvant chemotherapy+/-

radiotherapy+/-hormonal therapy (mean follow-up: 55 months). They studied the 

expression of MDR1 gene and the impact of gene expression levels on 5-year disease-free 

survival and overall survival by univariate and multivariate Cox analysis. Results showed 

that the levels of MDR1 gene expression had no significant influence on disease-free 

survival and overall survival (Moureau-Zabotto et al., 2006). 
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Role of P-gp expression in the therapy of breast cancer  

 

The efflux pump inhibitors or the MDR1 gene inhibitors are types of potential 

strategies used in the breast cancer therapy. However, there are other possibilities that have 

to be taken into consideration, for example the use of P-gp targeted antibodies such as 

UIC2 or the use of antisense strategies targeting the MDR1 mRNA. More recently, the 

development of transcriptional regulators appears promising. Also anticancer drugs that 

belong structurally to classes of drugs extruded from cells by P-gp but that are not 

substrates of this drug transporter may act as potent inhibitors of MDR tumors (e.g. 

epothilones, second generation taxanes). There also has to be taken an advantage of MDR 

into consideration. Bone marrow suppression, one of the major side effects of cancer 

chemotherapy, can compromise the potential of curative and palliative chemotherapy. It is 

conceivable that drug resistance gene transfer into bone marrow stem cells may be able to 

reduce or abolish chemotherapy-induced myelosuppression and facilitate the use of high 

concentrations of anticancer drugs (Nobili et al., 2006). 

In the following chapters three general ways of using the P-gp expression in the breast 

cancer therapy will be described.  

 

Modulators of P-gp 

 

P-gp modulators used in breast cancer therapy belong to any of three generations of 

modulators and they vary in chemical structure. 

 

PSC833 

 

PSC833 is a cyclosporine derivative that lacks immunosuppressive and nephrotoxic 

effects and has been reported to be an efficient MDR modulator in animal studies (Bates et 

al., 2001). PSC833 was conceived that could inhibit the development of cancer especially 

by inhibiting P-gp function (Kankesan et al., 2004). In tumor cells with P-gp expression, 

PSC833 acts as a competitive P-gp blocker and interferes with the ceramide glycosylation 

pathways (Cabot et al., 1998). In addition, PSC833 may act on the membrane physical 

status, inducing a moderate effect on intracellular drug concentration independent of its P-

gp-blocking activity (Hwang et al., 1996).  
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Also a pilot phase II trial of the Eastern Cooperative Oncology Group wanted to assess 

the activity and toxicity of PSC833 in vivo. They used PSC833 in combination with 

paclitaxel in women with anthracycline refractory, metastatic breast cancer. Patients were 

treated with PSC833 at 5 mg/kg/dose orally every 6 hours for 12 doses in combination 

with paclitaxel 70 mg/m2 administered intravenously as a 3-hour infusion beginning 4 

hours after the fifth dose of PSC833, every 3 weeks. Treatment was continued until disease 

progression or unacceptable toxicity. At the end of therapy, thirty-four patients were 

evaluable for response and thirty- seven for toxicity. Two (6 percent) patients achieved a 

complete response and 5 (15 percent) a partial response for an objective response rate of 21 

percent (95 percent confidence interval of 9 to 38 percent). Median duration of response 

was 9.7 months, median time to progression was 3.3 month, and median survival was 12 

months. The toxicity experienced was acceptable. Results revealed, that although the 

combination of PSC833 and paclitaxel is an active regimen and has acceptable toxicity, 

this combination is not clearly more active than single agent paclitaxel (Carlson et al., 

2006).  

 

Tariquidar 

 

Tariquidar (XR 9576) is a selective P-gp inhibitor that has been shown to reverse 

resistance to cytotoxic drugs in tumor cell lines and mouse xenografts (Di Nicolantonio et 

al., 2004).  

 

This inhibitor was studied in patients with chemotherapy resistant advanced breast 

carcinoma. The primary objective of this study was to determine whether addition of the 

selective P-gp inhibitor tariquidar to chemotherapy could induce an objective tumor 

response in patients who previously were resistant to the same agents. The secondary 

objectives were to evaluate P-gp expression by immunohistochemistry, to determine 

expression of the P-gp transporter before and after administration of tariquidar with serial 

technetium-99m ((99m)Tc)-sestamibi scans, and to correlate those parameters with clinical 

response. In the study thirty-six percent of patients had P-gp-positive tumors by 

immunohistochemistry, and 5 patients (29%) experienced increases in sestamibi uptake 

after the administration of tariquidar. One patient, who had the greatest increase in 

sestamibi uptake and who also showed inducible P-gp expression, had a partial response. 
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There was also one patient who experienced severe doxorubicin/docetaxel-related toxicity 

after tariquidar was added to her chemotherapy regimen. In the end of this study tariquidar 

showed limited clinical activity to restore sensitivity to anthracycline or taxane 

chemotherapy (Pusztai et al., 2005). 

On the other hand, the study of the Translational Oncology Research Centre showed 

better results although they used a variety of solid tumors (n = 37). Resistance was seen in 

20 of 37 (54%) tumors tested with doxorubicin, in 27 of 34 (79%) samples tested with 

paclitaxel and 17 of 31 (55%) with vinorelbine. Tariquidar alone showed no activity over a 

wide range of concentrations up to 2 micromol (n = 14). The median IC90s for 

doxorubicin, paclitaxel and vinorelbine, alone were 2.57, 27.4 and 15.5 micromol. These 

decreased to 1.67 (p<0.0005), 20.6 (p<0.05) and 9.5 micromol (p<0.001), respectively, in 

combination with tariquidar. Tariquidar also significantly decreased resistance in 14 of 20 

(70%), six of 27 (22%) and six of 17 (35%) samples tested with doxorubicin, paclitaxel 

and vinorelbine, respectively. Immunohistochemical staining for P-gp was positive in nine 

of 16 (56%) samples and in all of these cases addition of tariquidar improved the activity 

of the cytotoxic. The results show that tariquidar is able to decrease resistance in a number 

of solid tumors resistant to cytotoxic drugs known to be P-gp substrates. These data 

support the introduction of tariquidar in combination with chemotherapy to clinical trials of 

patients expressing P-gp (Di Nicolantonio et al., 2004). 

Tamoxifen                                                                                                                           

Another study was designed to investigate the modulatory effect of the anti-estrogen, 

tamoxifen on epirubicin cytotoxicity in breast cancer cell lines; MCF-7 and NCI-adr.   

NCI-adr cell line was found to be five-folds more resistant to the cytotoxic effect of 

epirubicin in comparison with MCF-7 cell line. Tamoxifen pretreatment enhanced the 

blocking activity of low dose of epirubicin in MCF-7 and induced nearly two-fold increase 

in the percentage of S phase in NCI-adr cells. Determination of cellular epirubicin level 

revealed that tamoxifen induced a significant increase in intracellular epirubicin 

accumulation only in NCI-adr cells, after 48 h. However, the analysis of P-gp function 

showed that tamoxifen failed to modulate P-gp function in both cell lines. Also, the 

assessment of topoisomerase II alpha gene expression showed that neither epirubicin nor 

tamoxifen managed/caused to change its expression level. In conclusion, tamoxifen 
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potentiates epirubicin cytotoxicity in resistant breast cancer cell lines. Although the 

potentiation can not be explained by inhibition of P-gp expression. 

The explanation can be hidden in an enhancement of cell accumulation in S and G2/M 

phase, at which the cells are most sensitive to the cytotoxic effect of epirubicin as well as 

an increase in the intracellular level in resistant cell line (Azab et al., 2005). 

Schisandrin B 

 

Li et al. focused attention on Schisandrin B, another modulator that was compared with 

verapamil in their study. They worked with human breast cancer cell line MCF-7 which 

was transfected with MDR1 gene to establish a P-gp stable-expressing cell line MCF-

7/MDR1. The resulting MCF-7/MDR1 cells exhibited resistance to multiple drugs, 

including adriamycin, vincristine, pacilitaxel and homoharringtonine. Schisandrin B       

(25 micromol/L) significantly enhanced the sensitivity of the MCF-7/MDR1 cells to above 

mentioned chemotherapeutic agents, with a reversal factors of 6.03 to 23.94 time and the 

effect on Rhodamine 123 accumulation was equivalent to that of 10 micromol/L 

verapamil. This study showed that schisandrin B is able to restore the drug sensitivity in 

the P-gp overexpressing cells, with a possible mechanism of increasing the drug influx via 

inhibiting the P-gp function (Li et al., 2005a).  

 

FG020327 

 

FG020327 is a novel compound under investigation as a new MDR modulator. The 

mechanism that enables to inhibit P-gp transporter function was studied on two P-gp 

expressing tumor cell lines, KBv200 and MCF-7/ADR. FG020327 significantly enhanced 

sensitivity of MDR cells to cytostatic drugs. Five micromol/L enhanced sensitivity of 

KBv200 cells to vincristine by 44.9 folds, the reversal activity of which was 3 times that of 

verapamil. However, FG020327 had little effect on drug-sensitive MCF-7 cells and KB 

cells in which almost none P-gp is expressed. FG020327 of 2.5, 5, and 10 micromol/L also 

enhanced ADM accumulation in MCF-7/ADR cells by 2.3, 2.7, and 3.7 folds, respectively, 

but didn't affect ADM accumulation in MCF-7 cells without P-gp expression. Because of 

these results, the reversal of drug-resistance by FG020327 is probably related to enhanced 
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cytostatic drug accumulation, and inhibition of P-gp function in MDR tumor cells (Chen et 

al., 2005).   

 

 

Unfractionated heparin 

 

A new potential modulator that can inhibit the P-gp mediated MDR is unfractionated 

heparin (UFH), compound, used to prevent venous thromboembolism in cancer patients. 

Scientists concentrated on the ability of unfractionated heparin to inhibit P-gp mediated 

MDR on human breast cancer cell line (MDA-MB231) and its doxorubicin resistant 

subline. P-gp activity was studied by measuring intracellular drug accumulation in 

doxorubicin resistant subline, treated with either UFH or verapamil. The results were very 

similar in both cases, using UFH and verapamil, and demonstrate the effect in vitro of 

UFH on doxorubicin accumulation and cytotoxicity in the MDA-231 cell line and its 

doxo-resistant subline These results also lead into conclusion that UFH could be used as a 

potential inhibitor of P-gp expression in cancer therapy (Angelini et al., 2005).  

 

O-(4-ethoxyl-butyl)-berbamine 

 

O-(4-ethoxyl-butyl)-berbamine (EBB) is an inhibitor that has the reversal effect on 

MDR in breast cancer MCF-7/ADR cells.There was an effort to assess the antitumor 

effects of EBB and to determine the reversal effects of different concentrations in 

comparison to verapamil. The sensitivity of MCF-7/ADR to adriamycin was enhanced up 

to 50. 40, 89.80, and 14.88 folds after exposure of the cells to 3 micromol/L EBB,           

7.5 micromol/L EBB, and 10 micromol/L verapamil, respectively. After 2 hours of 

incubation with 6 micromol/L EBB, intracellular Rhodamine 123 accumulation in 

MCF-7/ADR cells was increased to the level comparable to that in MCF-7 cells. When 

6 micromol/L EBB was added together with 2 micromol/L ADR, MCF-7/ ADR cells 

showed to be arrested in the G2/M phase. It means that EBB has a strong reversal effect on 

MDR in MCF-7/ ADR cell, which may be achieved by enhancing the arrestment of 

MCF-7/ADR cells at G2/M phase and increasing intracellular drug concentration may be 

caused by decreasing the P-gp expression (Cheng et al., 2006). 
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Grape seed polyphenol 

 

Grape seed polyphenol is a potential modulator that can negatively influence the MDR 

of MCF-7/ADR cells in vivo. The transplantable breast carcinoma cell line MCF-7/ADR 

model was established in BALB/C-nu/nu mice by subcutaneous implantation. Flow 

cytometry was used to investigate the changes of P-gp expression and apoptosis rate after 

different drug treatment. The rate of inhibition of tumor cells growth was meassured and 

was equal to 18.35%. Results showed that Grape seed polyphenol in combination with 

adriamycin may correlate with the significant inhibition of tumor cells growth in nude 

mice. The mechanism of the cytostatic effect may correspond to the inhibition of P-gp 

expression and apoptosis (Zhang et al., 2004).  

 

Modulators of genes and promoters 

 

Detection and localization of MDR1 gene has opened new direction of investigation 

and enabled to study the usage of the molecular genetic methods to regulate  P-gp 

expression. 

 

Small interfering RNA 

 

The study was to explore the feasibility of silencing MDR1 gene by siRNA in drug 

resistant breast cancer cell line MCF-7/ADR. The siRNA was inserted into the plasmid, 

which was, after amplification and purification, transfected into MCF-7/ADR cells, and to 

the corresponding sensitive MCF-7 cells. Positive rate of P-gp in MCF-7/ADR cells 

decreased from 99.8% (before siRNA transfection) to 12.3% (after siRNA transfection). 

Real- time PCR revealed that the threshold cycle value of MCF-7/ADR cells (positive rate 

of mdr1 gene)  increased from 25.22 to 30.64 after transfectection with siRNA. The IC(50) 

of ADM for MCF-7/ADR cells transfected with siRNA was 0.51 micromol/L, while that 

for MCF-7/ADR cells without transfection was 17.88 micromol/L. Althogh the results 

were obtained in vitro there is a strong reason for believing that siRNA silencing MDR1 

gene may become a new, effective medical technique (Li et al., 2004). 
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Antisense oligonucleotide 

 

Gao et al. were interested in blocking transcription of activating sites of MDR1 gene. 

They used breast carcinoma cells transinfected with several antisense oligonucleotide, 

complementary to MDR1 by lipofectin. Then the production of MDR1 mRNA as well as 

the expression and function of P-gp were detected. The study revealed that antisense 

oligonucleotide can down-regulate the transcription of MDR1 gene by blocking 

transcription activating sites. Reduction of  the expression of MDR1 mRNA and P-gp can 

reverse MDR of carcinoma cells (Gao et al., 2003).         

 

Anti-mdr1 ribozymes 

 

Two other studies were interested in anti-mdr1 ribozymes that could reverse MDR in 

breast carcinoma cells.In the first study two anti-mdr1 ribozyme plasmids, RZ196 and 

RZ179, were used. They were constructed with Enhanced Green Fluorescence Protein 

(EGFP) as reporter gene and transfected into drug-resistant breast carcinoma cells in vitro. 

After transfection with RZ196 and RZ179, the MDR1 indices were reduced from 2.20 to 

0.76 and 1.40, the expression rates of P-gp were reduced from 55.0% to 4.6% and 18.2%, 

and the fluorescence intensity increased from 22.0% to 46.2% and 70.1%, respectively. In 

addition, after two months, the MDR1 indices remained at 0.81 and 1,47 in the cells 

transfected with RZ196 and RZ179, respectively. The expression rates of P-gp were 5.2% 

and 19.5% and the Rh123 fluorescence intensity was 51.4% and 71.6%, respectively. In 

conclusion, both anti-mdr1 ribozyme plasmids,  RZ196 and RZ179, can stably reverse 

MDR phenotype of breast carcinoma cells in vitro (Gao et al., 2004).   

 

More recent study chose different two anti-mdr1 ribozymes, RZ106 and RZ135, that 

were cloned into the plasmid. After transfection with the recombinant plasmid and selected 

by G418, the stable cell clones were produced and used for detection. The results showed 

that after transfection with RZ106 and RZ135, the amount of the MDR1 mRNA and P-gp 

decreased significantly and the efflux function of P-gp was inhibited accordingly. 

Nine-fold and sexteeen-fold reduction of resistance for adriamycin was observed in the two 

groups of treated cells. These results suggested that both ribozymes can reverse the MDR 

phenotype by inhibiting the expression of MDR1 mRNA and P-gp, and the RZ135 showed 
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the better cleavage efficiency. The ribozyme strategy designed according the secondary 

structure of the target RNA could be a useful therapy for reversal of MDR (Gao et al., 

2006).    

 

tetra-O-methyl nordihydroguaiaretic acid  

 

The purpose of another study was to explore the possibility of using the transcription 

inhibitor tetra-O-methyl nordihydroguaiaretic acid (M4N) to inhibit Sp1-regulated MDR1 

gene expression and restore doxorubicin and paclitaxel sensitivity to multidrug resistant 

human cancer cells in vitro and in vivo. They found that M4N acted synergistically with 

doxorubicin and paclitaxel in inhibiting the growth of the cells in culture allowing 

significant dose reductions of both drugs. They observed no such synergism when M4N 

was used in combination with cisplatin which is not a P-gp substrate. Analysis of MDR1 

mRNA and P-gp levels revealed that at sublethal doses, M4N inhibited MDR1 gene 

expression by Rhodamine 123 retention. In addition, M4N was found to inhibit 

doxorubicin-induced MDR1 gene expression in drug sensitive MCF-7 breast cancer cells. 

They concluded that M4N is able to reverse the MDR phenotype of the tumor cells. 

Combination therapy with M4N and paclitaxel was evaluated as an effective while the 

combination inhibit growth of breast tumors in nude mice (Chang et al., 2006). 

 

Modulators of proteins and genes that regulate P-gp expression in cells 

Y-box  binding protein 

 

MDR1 is one of the target genes for Y-box binding protein 1
 
(YB-1). YB-1 is a 

member of a family of DNA-binding proteins
 
that contain a highly conserved, cold shock 

domain and interact
 
with inverted CCAAT boxes in the promoter regions

 
of various 

eukaryotic genes, especially growth-related genes
 

(Furukawa et al., 1998). YB-1 is 

localized mainly in the cytoplasm but is translocated
 
into the nucleus when cells are 

exposed to either UV irradiation
 
or anticancer agents (Koike et al., 1997). Moreover, YB-1 

levels directly
 
alter the genotoxic stress-induced activation of the MDR1 promoter

 
(Ohga et 

al., 1998). Recent studies have indicated that the nuclear localization
 
of YB-1 is closely 

associated with MDR1 gene expression. P-gp has been highly expressed in breast cancer, 

osteosarcoma,
 
and ovarian serous adenocarcinoma cells in which YB-1 has been localized 
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within the nucleus. However, the     P-gp expression has been low in those tumor cells in 

which YB-1 has been localized only within the cytoplasm (Oda et al., 1998). 

The study reported that high level of nuclear YB-1 expression in
 
breast cancer tissues 

was associated with an unfavorable clinical
 
course and showed that YB-1 expression is 

associated with clinical
 
drug resistance as well as tumor aggressiveness (Janz et al., 2002). 

 

Then YB-1 was investigated to find out whether it is involved
 
in the development of 

drug resistance to paclitaxel in breast
 
cancer, scientists examined the correlation between 

the nuclear expression
 
of YB-1 and the expression of P-gp in breast tumors

 
from patients 

treated with paclitaxel.  

 

P-gp was not expressed in normal
 
mammary glands, but it was expressed in 12 (44%) 

of 27 tumors examined before treatment with
 
paclitaxel and in 19 (70%) of the same 

samples after chemotherapy. Nine (69%) of the 13 tumors
 
positive for nuclear YB-1 

translocation during treatment with
 
paclitaxel showed increased expression of P-gp during

 

the course of treatment. In addition, nuclear translocation
 
of YB-1 was observed in 9 of 11 

(82%) tumors that showed increase
 
of P-gp expression during treatment with paclitaxel.

 
On 

the other hand, levels of P-gp expression maintained
 
negative or unchanged during the 

course of treatment in 12 of
 
the 14 (85%) tumors in which YB-1 translocation from 

cytoplasm
 
to nucleus was not detected. These results suggest that nuclear YB-1 may be 

involved in modification
 
of the sensitivity of breast cancer to paclitaxel. These results

 

directly show that paclitaxel can up-regulate P-gp expression in a Y-box dependent manner 

(Fujita et al., 2005).  

 

Ring finger protein 2  

 

The study of Rao et al. identified ring finger protein 2 (RNF2), an E3 ubiquitin ligase, 

as a prominent P-gp interacting protein. Expression of RNF2 together with P-gp in Sf9 

insect cells resulted in decreased ATP-ase activity and proteolytic protection of the 

transporter protein.Experiments confirmed the physical interaction between these two 

protein and showed the presence of RNF2 in the cytoplasm of the P-gp-negative, drug-

sensitive MCF-7 breast cancer cells. However, it was undetectable in the Pgp-positive and 

drug-resistant   MCF-7 cells. They suggest that RNF2 regulates the cellular abundance of 
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P-gp, and plays a key role in the development of cancer drug resistance through its own 

down-regulation (Rao et al., 2006). 

 

Caveolin-1 

 

Caveolin-1 is a 21-24 kDa integral caveolae-coat protein involved in a variety of cell 

signaling processes. Some studies have suggested that the level of caveolin-1 expression 

positively correlates with multi-drug resistance in cancer cells. One of them demonstrated 

that Hs578T doxorubicin resistant breast adenocarcinoma cells (Hs578T/Doxo), which 

contain low levels of endogenous caveolin-1 and high levels of P-gp, are rendered drug-

sensitive by overexpression of exogenous caveolin-1. Experiments showed that after 

overexpressing caveolin-1, the drug resistance of Hs578T/Doxo cells to doxorubicin and 

cisplatin was reduced from 25.4 +/- 1.5 and 65.3 +/- 2.5 microg/ml to 0.8 +/- 0.15 and 23.2 

+/- 2.1 microg/ml, respectively (i.e. reduced by 97% and 64%, respectively). Furthermore, 

they observed a significant decrease in P-gp activity in caveolin-1 overexpressing cells, 

similar to that observed with 5 micromol cyclosporine A or 10 micromol verapamil. These 

results suggest that overexpression of caveolin-1 changes the state of the cells from drug-

resistant to drug-sensitive by inhibiting P-gp transport activity (Cai and Chen, 2004).       

 

To elucidate the possible mechanism between caveolin-1 and P-gp expression, in 

another study, scientists overexpressed caveolin-1 in the Hs578T/Doxo breast 

adenocarcinoma cells and then selected single clone cells highly expressing caveolin-1 

level. Through measuring the changes of drug resistance and P-gp transport activity in the 

samples, they found out that overexpression of caveolin-1 reversed drug resistance and 

lowered their P-gp transport activity to the level of Hs578T/S. Taken together, their results 

indicate that such suppression of P-gp by overexpressing caveolin-1 may occur at the 

transcriptional level (Zhu et al., 2004).  

 

Cyclooxygenase 2 

 

Cyclooxygenases (COXs) comprise a group of enzymes that participate in the 

conversion of arachidonic acid to prostaglandins (Gasparini et al., 2003). Cyclooxygenase 

2 (COX-2) has been found to be an independent, unfavourable prognostic factor in breast 

cancer patients (Denkert et al., 2003). Numerous in vivo and in vitro studies indicated that 
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COX-2 inhibitors (coxibs) enhance the efficacy of various anticancer therapy methods. The 

effect of coxibs on the biology of the tumour has been explained by induction of apoptosis, 

inhibition of angiogenesis and by a decreased invasive potential of tumour cells (Gasparini 

et al., 2003). And what is more, the in vitro studies have demonstrated that COX-2 up-

regulates expression of P-gp (Patel et al., 2002). Therefore, confirmation of the relationship 

between COX-2 and P-gp in a clinical material may open novel perspectives in the therapy 

of tumours. 

 

Ratnasinghe et al. have described a positive correlation between COX-2 and P-gp 

expression in breast cancer cases and cell lines (Ratnasinghe et al., 2001). 

The study made by Surowiak et al., confirmed that a higher expression of P-gp was 

typical for COX-2 positive breast cancer cases. They also demonstrated that COX-2 

expression was typical for cases of a higher grade, a shorter overall survival time and a 

shorter progression-free time. For the first time  they investigated a negative prognostic 

significance of COX-2 and P-gp coexpression in breast cancers. The data suggest that even 

more clinical studies should be performed on coxibs, COX-2 inhibitors, in chemotherapy-

supporting treatment. Apart from their anti-tumour effects, these drugs might prevent the 

development of, or decrease the intensity of, the already existing MDR phenomenon 

(Surowiak et al., 2005).  

 

WTH3 gene 

 

In the past, there were used the methylation-sensitive representational
 
difference 

analysis technique to study DNA hypermethylation
 
events in a human MDR breast cancer 

cell line, MCF7/AdrR, compared
 
with its parental line, MCF7/WT. This led to the 

discovery of
 
the WTH3 gene, a homologue of the Rab6 and Rab6c genes that

 
belong to the 

ras superfamily. WTH3 is primarily located in the cytosol instead of the Golgi
 
apparatus, 

where Rab6 and Rab6c reside. These findings indicate
 
that WTH3 could have diverse 

biological use compared with its
 
homologues. Previous studies showed that WTH3 plays a 

negative
 
role in MDR development in vitro because it was down-regulated

 
in MDR cell 

lines and its introduction into those lines reversed
 

the MDR phenotype to various 

anticancer drugs (Shan et al., 2002). Earlier research
 
also identified several mechanisms 

that could be involved in
 
the down-regulation of WTH3 in MCF7/AdrR cells. These 

observations
 
indicated that the WTH3 gene played an important role in cells

 
with the MDR 
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phenotype that was artificially induced. On the other hand, another investigation
 
implied 

that its micro-RNA was able to regulate protein production
 
of target transcripts by yet to be 

determined mechanisms (Mattick et al., 2005).
 
The focus

 
of the study was to explore 

potential epigenetic roles involved
 
in the regulation of WTH3 in primary breast cancer 

epithelial
 
cells with drug-resistant phenotypes and in a newly induced

 
drug-resistant cell 

line, MCF7/inR. The possible
 
relationship between WTH3 and the MDR1 gene at the 

transcriptional level was examined. 

 

The results showed that the
 
amount of MDR1 mRNA in the host cell lines containing 

the WTH3
 
transgene was reduced compared with the corresponding controls

 
that were 

transfected with the empty vector and determined that the expression level of
 
the MDR1 

gene in MCF7/AdrR or MES-SA/Dx5 was 3.5 or 8 times
 

less than that in the 

corresponding control. This
 
suggests that the WTH3 gene could be a component in the 

transcriptional
 
regulation pathway of the MDR1 gene.

 
In addition, they investigated that 

trichostatin
 
A, a potential Mdr modulator, might not directly influence MDR1 gene 

expression.
 
Instead, trichostatin A could stimulate WTH3 gene expression

 
 and, in turn, 

down-regulate MDR1 (Tian et al., 2005).  

 

 

Adrenalin 

 

It is confirmed that psychological distress reduces the efficacy of chemotherapy in 

breast cancer patients and the mechanism may be related to the altered neuronal or 

hormonal secretions during stress. Already it was reported that adrenaline, a hormone 

mediating the biological activities of stress, upregulates mdr1 gene expression in MCF-7 

breast cancer cells via alpha(2)-adrenergic receptors in a dose-dependent manner. 

Consequently, adrenergic stimulation enhances the pump function of P-glycoprotein and 

confers resistance of MCF-7 cells to paclitaxel. In vivo, restraint stress increases mdr1 gene 

expression in the MCF-7 cancers that are inoculated subcutaneously into the SCID mice 

and provokes resistance to doxorubicin in the implanted tumors. The effect can be blocked 

by injection of yohimbine, an alpha(2)-adrenergic inhibitor, but not by metyrapone, a 

corticosterone synthesis blocker. Therefore, scientists concluded that breast cancers may 

develop resistance against chemotherapeutic drugs under psychological distress by 

overexpressing mdr1 via adrenergic stimulation (Su et al., 2005).   
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Gene therapy – protection of bone marrow using MDR1 gene 

 

Gene therapy is promising as another useful therapeutic approach for advanced breast 

cancer. Strategies of gene therapy for breast cancer in ongoing clinical protocols can be 

divided into four: (1) suppression of oncogenes or transduction of tumor suppressors; 

(2) enhancement of immunological response to cancer cells; (3) transduction of suicide 

genes; and (4) protection of bone marrow using drug resistance genes. For this work, the 

fourth strategy of using gene therapy is important (Takahashi et al., 2003).      

 

Myelosuppression is a major dose-limiting factor in cancer chemotherapy. Introduction 

of drug-resistance genes into bone marrow cells of cancer patients has been proposed to 

overcome this limitation. In theory, any gene whose expression protects cells against the 

toxic side effects of chemotherapy should be useful in vivo for this purpose. MDR1 gene is 

the one possiblity to increase the resistance of hematopoietic stem cells (HSCs) in bone 

marrow (Sugimoto, 1999).    

 

Then, hematopoietic
 
toxicity of high-dose chemotherapy can be diminished with the 

use
 
of HSC support, and clinical studies have demonstrated that

 
the treatment of breast 

cancer patients with high-dose chemotherapy
 

in combination with HSCs support is 

associated with high clinical response rates
 
(Altman et al., 1997). In addition, pilot studies 

have suggested that high-risk
 

stage II breast cancer patients treated with high-dose 

chemotherapy
 
and HSC support may have increased disease-free survival and

 
overall 

survival relative to historical controls (Peters et al., 1993). 

 

What is more, the potential of gene therapy
 
to impart the chemotherapy resistance of 

HSCs would allow the
 
use of high-dose therapy earlier in the overall course of therapy

 
and 

the safe escalation of antibreast cancer chemotherapy after
 
autologous transplantation.  

Previous studies in transgenic animals have demonstrated that
 
overexpression of the 

multidrug resistance gene mdr1 in murine
 
bone marrow cells results in protection from 

hematopoietic toxicity
 
from chemotherapy drugs that are substrates for the P-gp drug

 
efflux 

pump (Mickisch et al., 1992). Subsequent studies in mice reconstituted
 
with hematopoietic 

cells transduced with an MDR1 retroviral
 
vector demonstrated that MDR1-transduced 
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hematopoietic cells
 
could be expanded in animals after treatment with P-gp substrates

 

(Richardson and Bank, 1995).
 
Therefore, the transfer of MDR1 into HSCs may lessen the 

subsequent
 

chemotherapy-induced myelotoxicity of breast cancer patients
 

and may 

ultimately permit treatment with increased dose intensity. 

  

The pilot clinical study was initiated to study the reconstitution
 
of breast cancer patients 

with MDR1 gene-transduced HSCs cells
 
after autologous HSCs transplantation and to 

examine the effects
 
of subsequent chemotherapy with the P-gp substrate paclitaxel

 
on the 

level of hematopoietic cells containing the MDR1 transgene. 
 
Despite the low level of 

engraftment of MDR1-marked cells, a
 
correlation was observed between the relative 

number of granulocytes
 
containing the MDR1 transgene and the granulocyte nadir after

 

paclitaxel therapy. No adverse reactions to the genetic manipulation
 
procedures were 

detected. Therefore, engraftment of human HSCs
 
transduced with the MDR1 gene can be 

achieved. In conclusion, the
 
overall transduction efficiency and stable engraftment of 

gene-modified
 
HSCs must be improved before MDR1 gene therapy. However, in vivo 

selection
 
with anticancer drugs can be reliably to protect cancer

 
patients from drug-related 

myelosuppression (Cowan et al., 1999).  
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Breast cancer resistance protein (BCRP) 

 

The intensive study of cell lines for MDR in the past three decades led to the discovery 

of P-gp and MRP1. Although the increased level of either transport could account for the 

drug resistance of most of these cell lines, the resistance of a few cell lines remained 

unexplained. These cell lines were characterized by high mitoxantrone resistance and 

lower resistance to anthracyclines and camptothecins. Resistance was a result of decreased 

drug accumulation, which suggested the presence of a new drug transporter. Recently, a 

novel drug transporter gene was independently discovered and cloned by three different 

laboratories: Doyle et al. applied the RNA finger printing technique to identify a breast 

cancer resistance protein (BCRP) in atypically multidrug resistant MCF-7AdrVp cells 

(Doyle et al., 1998), which had been selected in a combination of adriamycin and the P-gp 

inhibitor verapamil in order to identify mechanisms of drug resistance other than P-gp 

(Chen et al., 1990). In the same time, Allikments et al. mapped the gene to chromosome 

4q22 and cloned this highly expressed gene from placenta and they named this gene as 

ABC transporter in placenta (ABCP) (Allikments et al., 1998). At the National Cancer 

Institute, the same resistant gene was cloned by differential hibridization from the highly 

mitoxantrone-resistant human colon carcinoma cell line S1-M1-80. The gene was 

designated MXR for mitoxantrone resistance-associated gene (Miyake et al., 1999). 

 

The BCRP gene encodes a 655-amino acid, 72,1-kDa membrane protein. This BCRP 

protein belongs to a novel branch, the subfamily G, of the large ABC transporter 

superfamily. The founding member of ABCG subfamily is ABCG1, a human homolog of 

the Drosophila white gene. BCRP is the second member of subfamily G and hence 

designated as ABCG2. At present, 4 human members in the subfamily G, namely, ABCG1, 

ABCG2, ABCG5, and ABCG8, have been identified. ABCG1 has been implicated in 

regulation of cellular lipid homeostasis in macrophages through facilitating efflux of 

cellular lipids including cholesterol and phospholipids (Klucken et al., 2000). ABCG5 and 

ABCG8 have also been shown to efflux cholesterol and plant sterols (Yu et al., 2004; Graf 

et al., 2003).
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Comparison of ABCG protein sequences with that of P-gp and MRP1 revealed that, 

unlike P-gp and MRP1, which are organized in 2 repeated halves, all ABCG proteins are 

half transporters that are composed of a single nucleotide binding domain (NBD) followed 

by one transmembrane domain (MD) with 6 predicted transmembrane α-helices. Two or 

three putative N-glycosylation sites (N418, N557, or N596) are predicted to be in the 

extracellular loops (see Fig. 2). There is increasing evidence to suggest that ABCG 

proteins may operate as either homodimers or heterodimers (Xu et al., 2004). The second 

unique feature is the configuration of ABCG proteins in which the NBD precedes the MD, 

whereas P-gp or MRP1 has an opposite domain arrangement, that is, the MD is followed 

by the NBD. Such a unique domain organization is only observed in the subfamily G of 

human ABC transporters and implies that the transport mechanisms of ABCG proteins 

may be different from those of other ABC transporters (Haimeur et al., 2004). 

 

 

 

 

 

Fig. 2.  A membrane topology model of BCRP. BCRP contains one nucleotide binding 

domain (NBD) followed by one transmembrane domain (MD) with 6 predicted 

transmembrane α-helices. Two or 3 putative N-glyc osylation sites (N418, N557, or N596) 

are predicted to be in the extracellular loops as indicated (adopted from Mao and Unadkat, 

2005). 
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Mutations in BCRP 

 

In some drug- selected cell lines, BCRP was reported to confer relatively high levels of 

resistance to anthracyclines (and bisantrene), but in other cell lines, resistance to these 

drugs was barely detectable when compared with mitoxantrone resistance, which was 

consistently high. In addition, topotecan resistance levels were inconsistent in different 

BCRP overexpressing cell lines. Now, it is known that more variants of BCRP exist. They 

contain different amino acids at position 482 (Sarkadi et al., 2004). The transporter 

containing Arginine at position 482 has been named wild-type BCRP while two variants 

called mutated BCRP have threonine (R482T) or glycine (R482G) instead of arginine. 

Only the mutated BCRP proteins confer high levels of resistance to anthracyclines while 

topotecan is a better substrate for wild-type BCRP (Nakanishi et al., 2003; Robey et al., 

2003). The study that has been made on HeLa cells confirmed that the wild-type BCRP 

could
 
efficiently extrude mitoxantrone but not Rhodamine 123 or doxorubicin,

 
whereas 

both mutants efficiently extruded all three compounds
 
(Honjo et al., 2001). 

 

Position 482 is predicted to be located at the COOH-proximal terminus of the third 

transmembrane segment (TM3) close to the cytoplasmic face. Thus, Arg at position 482 is 

likely part of the drug binding pocket located in the MD. Since Arg is a positively charged 

residue, it is possible that the loss of a charged residue in the drug binding pocket can alter 

substrate recognition by changing salt-bridge interactions of BCRP with substrates. Thus, 

charged amino acids in or proximal to the MD may be important for substrate recognition 

by BCRP. 

 

In all of the parental cell lines, only the wild-type
 
BCRP sequence was found, 

indicating that in some lines the extended
 
drug selection must have resulted in selection of 

mutant BCRPs
 
that were more efficient in conferring resistance to the selecting

 
drug. 
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Fig. 3. Transported substrates of the wild-type and R482G ABCG2 protein (adopted 

from Robey et al., 2003).  

 

Substrates of BCRP 

 

Functional characterization in recent years has demonstrated that BCRP can transport a 

wide range of substrates ranging from chemotherapeutic agents to organic anion 

conjugates. Most of the drug-selected cell lines overexpressing BCRP display strong 

resistance to mitoxantrone (Doyle and Ross, 2003). BCRP expression also strongly 

correlates with marked reduction in accumulation of aza-anthrapyrazole (BBR3390) in 

BCRP-overexpressing cells (Hazlehurst et al., 1999). This is as expected since BBR3390 is 

a mitoxantrone analog with similar anthracenedione structure. 

 

Camptothecin derivates are the second most important class of chemotherapeutic 

agents that are transported by BCRP. Various BCRP-overexpressing cell lines demonstrate 

resistance to the camptothecin derivates including topotecan, irinotecan (CPT-11), and 

SN-38 (the active metabolite of irinotecan) (Maliepaard et al., 2001; Kawabata et al., 

2001). Yoshikawa et al. analyzed a series of camptothecin with high polarity over the 

analogs with low polarity. Thus, polarity seems also important for recognition of the 

camptothecin analogs by BCRP. All such information would be important for the design of 

clinically useful camptothecin analogs that are not transported by BCRP (Yoshikawa et al., 

2004). 
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Substrates of BCRP are not limited to chemotherapeutic agents. For example, 

BODIPY-prazosin, a fluorescent analog of the quinazoline α-blocker prazosin was shown 

to be transported by BCRP and it can be used to detect BCRP expression levels in cell 

lines. BCRP is also a transporter of other fluorescent compounds as for example rhodamine 

123 and Lyso-Tracker Green. However, they are substrates of BCRP mutants R482G and 

R482T but not substrates of the wild-type protein (Robey et al., 2001). The fluorescent dye 

Hoechst 33342 is also an effective BCRP substrate (Kim et al., 2002). 

  

Recently, BCRP was shown to directly transport conjugated organic anions in transport 

studies using plasma membrane vesicles. BCRP is a high-affinity transporter for 

estrone-3-sulfate (E1S) and dehydroepiandrosterone (DHEAS). Since both belong to the 

group of the major estrogens that are synthesized and secreted by the placental 

syncytiotrophoblasts in the mother‟s body, they represent the first physiologic substrates of 

BCRP identified so far (Suzuki et al., 2003; Imai et al., 2003). 

  

In addition to chemotherapeutic agents and organic anions, BCRP can transport a 

variety of chemical toxicants. Wang et al. have examined the cytotoxicity of the human 

immunodeficiency virus (HIV) nucleoside reverse transcriptase inhibitors zidovudine and 

lamivudine (Wang et al., 2003). Then was suggested that zidovudine and lamivudine may 

be BCRP substrates. The most recent direct transport studies have indeed confirmed that 

zidovudine and its active metabolites such as zidovudine 5′-monophophate are BCRP 

substrates (Wang et al., 2004).  

 

As I mentioned before, anthracyclines do not appear to be transported by wild-type 

BCRP but are substrates of the BCRP mutants R482G and R482T. In contrast, the 

antifolate drug methotrexate and methotrexate polyglutamates appear to be substrates of 

wild-type BCRP only (Chen et al., 2003). A systematic analysis of drug-resistance 

phenotype revealed that compounds such as vinblastine, verapamil, and paclitaxel are not 

substrates of either wild-type BCRP or its mutants (Litman et al., 2000).
 
Direct studies 

indicate that, in contrast to MRP1, which requires GSH to cotransport certain unconjugated 

drugs, BCRP seems able to directly transport unmodified drugs without the need of a 

cofactor (Shiozawa et al., 2004). Substrates of BCRP are summerized in table 
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Modulators of BCRP 

 

So far, only a few potent BCRP modulators has been identified. GF120918, a highly 

efficient P-gp modulator, which belongs to the acridone carboxamide derivatives, can be 

used in animals and patients, is also an effective BCRP modulator (Bruin et al., 1999). 

Obviously, GF120918 is not a specific BCRP modulator, but for some clinical applications 

this may be an advantage, as two multidrug transporters, BCRP and P-gp, each with their 

own potentially adverse activity, can be blocked at the same time. Nevertheless, whereas it 

is not entirely surprising
 
that a P-gp modulator can act on another ABC transporter with

 

overlapping substrate specificities, this is not the rule; verapamil,
 
cyclosporin A, PSC833 

and most other P-gp inhibitors that have been
 
tried have little effect on BCRP. 

 
 

Rabindran et al. discovered early on that the natural product fumitremorgin C (FTC), a 

tremorgenic mycotoxin produced by the fungus Aspergillus
 
fumigatus, could effectively 

reverse drug resistance and increase
 
cellular drug accumulation in BCRP expressing cells. 

FTC effectively
 
inhibited BCRP in vitro at concentrations (1–5 micromol)

 
well below those 

toxic to cultured cells (IC50 > 80 micromol)
 

and had little effect on P-gp- or 

MRP1-mediated drug resistance,
 
making it very useful for cell pharmacological studies of 

BCRP (Rabindran et al., 1998, 2000).However, the neurotoxicity of FTC precludes its use 

in in vivo studies. Recently, several FTC analogs such as Ko132 and Ko134, with a much 

more potent inhibitory effect than FTC while displaying low in vivo toxicity, have been 

developed (Allen et al., 2002). 

The epidermal growth factor receptor (EGFR) is a transmembrane
 
glycoprotein with 

specific tyrosine kinase activity, and it
 
serves to regulate proliferation and differentiation of 

epidermal
 

cells (Aaronson, 1991). In human solid tumors, overactivation and/or 

dysregulation
 
of EGFR promotes tumor progression, including invasion, angiogenesis,

 

metastasis, and treatment resistance with blocking apoptosis
 
(Threadgill et al., 1995). 

Because EGFR is important in epithelial tumor biology, EGFR-targeted cancer therapy has 

been developed (Ciardiello and Tortura, 2002). Tyrosine kinase inhibitors (TKIs) belong to 

a new generation of chemotherapeutic agents designed to specifically inhibit cellular 

signaling pathways and hence prevent cancer cell growth and metastasis. Interactions of 
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TKIs with efflux transporters would be important for effective disposition of these drugs. 

Several of the TKIs have been shown to be potent inhibitors of BCRP. The HER TKI 

CI1033 inhibits BCRP-mediated efflux of topotecan and itself is a BCRP substrate 

(Erlichman et al., 2001). Imatinib mesylate (STI571 or Gleevec), a 

phenylaminopyrimidine, was showed to effectively reverse topotecan and SN- 38 

resistance in BCRP-overexpressing Saos2 human osteosarcoma cells (Houghton et al., 

2004). However, the most recent study demonstrated that imatinib mesylate is a substrate 

of BCRP (Burger et al., 2004). The reason for this apparent discrepancy is unknown but 

may be related to the differences in methods used by the 2 laboratories. Iressa (Gefitinib or 

ZD1839) is another inhibitor of HER tyrosine kinase with structure similar to CI1033. 

Another studies confirmed that Iressa along with other TKIs including STI-571 and 

EKI-785 are potent BCRP inhibitors (Ozvegy-Laczka et al., 2004). 

The recent study has wanted to determine whether the immunosuppressants 

cyclosporin A, tacrolimus and sirolimus are inhibitors and/or substrates of BCRP. All three 

significantly inhibited BCRP-mediated efflux of pheophorbide A, mitoxantrone and 

BODIPY-prazosin and even more they also effectively reversed resistance of HEK cells to 

topotecan and mitoxantrone conferred by BCRP. These results indicate that cyclosporin A, 

tacrolimus and sirolimus are effective inhibitors but not substrates of BCRP. These 

findings could explain the altered pharmacokinetics of BCRP substrate drugs when 

co-administered with the immunosuppressants and suggest that pharmacokinetic 

modulation by the immunosuppressants may improve the therapeutic outcome of these 

drugs (Gupta et al., 2006).  

Recently, it was discovered that the HIV protease inhibitors (HPIs) ritonavir, 

saquinavir, and nelfinavir are effective inhibitors of BCRP. They found that ritonavir,
 

saquinavir, and nelfinavir were effective inhibitors of wild-type
 
BCRP and even more 

inhibitors of R482T and R482G with IC(50) values that were approximately 2 times
 
greater 

than that for the wild type. Direct efflux of radiolabeled
 
HPIs in HEK cells determine that 

none of the HPIs is a substrate of BCRP (Gupta et al., 2004).  

Other BCRP inhibitors include novobiocin (a coumermycin antibiotic), reserpine 

(a rauwolfia alkaloid), the pipecolinate derivatives VX-710 (Biricodar or Incel), and 

tryprostatin A (an Aspergillus fumigatus second metabolite), estrogen antagonists 

tamoxifen and its derivatives TAG-11 and TAG-139.  
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Physiocological functions of BCRP  

Expression of BCRP in normal tissues has been investigated. Doyle et al. analyzed 

expression pattern of BCRP mRNA by Northern blotting in a variety of normal human 

tissues. The highest expression of BCRP mRNA was found in the human placental tissue 

followed by prostate, small intestine, brain, colon, liver, and ovary. There was no 

detectable BCRP mRNA in tissues such as lung, skeletal muscle, kidney, pancreas, and 

spleen (Doyle et al., 1998). Subsequently, Maliepaard et al. examined cellular localization 

and distribution of BCRP protein expression in normal human tissues with 

immunohistochemical detection using BXP-21 and BXP-34. BCRP was found in the 

placental syncytiotrophoblast
 
plasma membrane, which faces the maternal bloodstream, 

and thus
 
effectively forms part of the barrier between maternal and fetal

 
circulation. It was 

also localized to the bile canalicular membrane
 
of the liver hepatocytes and to the luminal 

membrane of villous
 
epithelial cells in the small and large intestine, suggesting

 
an 

excretory and/or uptake-limiting role for its substrates.
 
BCRP was additionally found in the 

apical side of part of the
 
ducts and lobules in the breast. Besides this tissue-specific

 

distribution, BCRP staining was detected in the venous and capillary
 
endothelial cells of 

practically all of the tissues analyzed
 
but at best sporadically in arterial endothelium. In 

fact, high
 
BCRP RNA levels detected in some tissues (cervix, ovary, and

 
kidney) appeared 

to relate mainly to the high BCRP levels in
 
the blood vessels of these tissues.(Maliepaard 

et al., 2001). Taipalensuu et al. showed that BCRP mRNA levels in jejunum biopsies from 

healthy volunteers were even greater than that of P-gp (Taipalensuu et al., 2001). 

Blood-brain barrier                                   

Several studies have demonstrated high level expression of BCRP at the luminal 

surface of the microvessel endothelium of the human brain (Cooray et al., 2002). This 

localization closely resembles that of P-gp at the blood-brain barrier. Zhang et al. 

confirmed high BCRP expression in cultured human cerebromicrovascular endothelial 

cells and the human brain microvessels detected at both mRNA and protein levels. 

Real-time PCR showed that expression level of BCRP appeared to be higher than that of 

P-gp and MRP1 in both nonmalignant human brain and glioblastoma tumors. Moreover, 

BCRP seems to be upregulated in glioblastoma vessels relative to the normal brain (Zhang 

et al., 2003). In another study, they analyzed BCRP mRNA levels in a commercially 

available dot blot that contained RNA from 50 human tissues and found that certain areas 
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of the brain, particularly the midbrain, including putamen, substantia nigra, pituitary gland, 

and thalamus, had high levels of BCRP mRNA. These data suggest that BCRP may be a 

protective efflux pump at the blood-brain barrier and other areas of the brain (Doyle and 

Ross, 2003). 

Hepatobiliary and intestinal excretion                     

Jonker et al. wanted to find out the role of BCRP in the bioavailability. They used the 

BCRP and P-gp inhibitor GF120918, which
 
can be given at high oral dosage to animals 

and humans without
 
obvious toxicity. To prevent confounding effects of P-gp inhibition,

 

they performed pharmacological experiments in Mdr1a/1b knockout 
 
mice, which lack 

drug-transporting P-gp. Therefore, any pharmacological
 
effect of GF120918 observed in 

these mice would most likely
 
result from BCRP inhibition.

 
Indeed, when GF120918 was 

orally coadministered with topotecan,
 
the plasma availability of topotecan increased 6-fold.

 

The hepatobiliary excretion of  intravenously administered topotecan was
 
2-fold decreased 

by oral GF120918, consistent with an excretory
 
role for bile canalicular BCRP. The initial 

plasma clearance
 
of intravenously administered topotecan was also decreased 2-fold, 

whereas
 
the amount of topotecan in the intestinal contents was reduced

 
3-fold 1 h after 

topotecan administration. Taken together, the
 
data indicated that the increased topotecan 

plasma availability
 

after orally administered GF120918 resulted from decreased 

hepatobiliary
 
excretion and more efficient (re-)uptake of topotecan from the

 
intestinal 

lumen (Jonker et al., 2000). A clinical study by Kruijtzer et al. has also demonstrated that 

coadministration of GF120918 significantly increases oral bioavailability of topotecan in 

cancer patients from 40% to 97%. Since topotecan is not extensively metabolized and is a 

weaker substrate for P-gp, the increase in bioavailability of topotecan, therefore, is 

attributable to the inhibition of BCRP by GF120918, which results in increased intestinal 

absorption and decreased biliary excretion of this antineoplastic agent (Kruijtzer et al., 

2002).  

Maternal-fetal barrier                                       

In the study of Jonker et al., they studied not only the bioavailability but even more the 

fetal penetration. When topotecan, labeled by radioactive carbon, was administered 

intravenously to pregnant Mdr1a /1b knockout mice, the relative fetal penetration of 

radioactivity was increased 2-fold owing to oral GF120918 pretreatment. This suggests 
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that BCRP in the placental syncytiotrophoblast counteracts the entry of topotecan into the 

fetus, indicating that BCRP is a protective element of the maternal-fetal barrier (Jonker et 

al., 2000). 

      Stem cells  

 

      Several studies confirmed that BCRP is responsible for the “side population” 

phenotype of stem cells. BCRP is the only ABC transporter identified to be expressed 

within this fraction, to date. It is likely that BCRP plays an essential role in protection of 

stem cells against hypoxia. Its role in protection against xenobiotics is being investigated 

(Staud and Pavek, 2004).                                                                                                                                               

 

BCRP expression in breast tumors 

BCRP mRNA was determined with real-time
 
RT-PCR and immunostaining in samples 

of 25 primary breast carcinomas
 
and 27 patients who received preoperative anthracycline-

based
 
therapy. Tumor response to treatment and patient survival were

 
recorded.

 
Of 27 

patients analyzed after anthracycline-based chemotherapy,
 
clinical response was recorded 

in 22, and survival data were
 
available for all. One patient had a complete remission, 13

 

had a partial remission, and 8 had stable disease. No correlation
 
was found between BCRP 

mRNA expression levels and tumor response
 
to therapy. Patients with stable disease did 

not have increased
 
BCRP levels (0.23) compared with responsive patients (0.18;

 
P = 0.54). 

Overall survival and disease-free survival were not
 
significantly associated with BCRP 

mRNA expression in a Cox
 
regression model (Faneyte et al., 2002). 

 
In another study, there were determined mRNA levels of BCRP in 59 primary breast 

tumor specimens of
 
patients who received chemotherapy as first-line systemic treatment

 

after diagnosis of advanced disease. The mRNA expression levels of BCRP,
 
estimated by 

real-time RT-PCR, were expressed in arbitrary units
 
for all 59 individual primary tumor 

samples.
 
A marked variation in expression level was found for BCRP  and the estimated 

relative mRNA expression levels
 
showed an approximately log-normal distribution. The 

median
 
relative expression level was 177 (range, 24–2065) for

 
BCRP.The objective 

response rate of the patients included in these
 
analyses was 37% (22 of 59 patients), and 

the overall response
 
rate was 58% (34 of 59 patients). Within this cohort of 59 patients,

 
the 

type of response to chemotherapy was not significantly related
 

to any of the 
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clinicopathological patient and tumor parameters. However, comparing
 
the tumors of 

responding versus nonresponding patients with
 
respect to the relative expression levels of 

BCRP gene showed
 
that tumors of responding patients had the lowest median expression

 

levels (174 versus 255) for BCRP (Burger et al., 2003). 

 

Role of BCRP expression in the therapy of breast cancer  

On the basis of the insights obtained thus far, BCRP function
 
may be relevant in two 

areas of cancer chemotherapy: (1) it
 
may be expressed in tumors and other malignancies 

treated with
 
anticancer drugs that are BCRP substrates, and therefore render

 
these cancer 

cells relatively resistant to chemotherapy; and
 
(2) it may be an important factor in the 

pharmacology of substrate
 
anticancer drugs, affecting their oral bioavailability and their

 

plasma clearance through hepatobiliary and intestinal elimination.
 
Most anticancer drugs 

have narrow therapeutic windows, with
 
excessive exposure rapidly leading to unacceptable 

toxicity,
 
and underexposure causing therapeutic inefficacy. Thus, clear

 
insight into the 

mechanisms governing their plasma pharmacokinetics,
 
and opportunities to modulate these 

mechanisms with inhibitors
 
are highly relevant. For instance, the use of BCRP inhibitors

 
to 

improve the oral bioavailability of BCRP substrate drugs
 
such as topotecan was the subject 

of ongoing clinical studies of Schellens et al. During
 
pregnancy, the protective role of 

BCRP in the placenta may also
 

be relevant for cancer chemotherapy and, indeed, 

pharmacotherapy in general (Allen and Schinkel, 2002). Because of the fact that BCRP 

was firstly described in 1998, there are still many unknown substrates and inhibitors of 

BCRP that have to be discovered. Some studies have led to many contrary results and these 

results should be explained.  

Modulators of BCRP 

Novobiocin 

Novobiocin was shown to sensitize cancer cells to etoposide and alkylating agents. In 

the study, human breast carcinoma cells exposed to topotecan (MCF7/TPT300 cells) 

developed resistance to mitoxantrone and topotecan by overexpression of BCRP. In 

addition, topotecan efflux was markedly increased in the resistant cells. They made 
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cytotoxicity tests of topotecan and mitoxantrone, as well as topotecan accumulation tests 

with or without novobiocin in MCF7/TPT300 cells. They found out that novobiocin 

increased topotecan and mitoxantrone toxicity in MCF7/TPT300 cells at a clinically 

relevant concentration and also increased cellular accumulation of topotecan and inhibited 

topotecan efflux in MCF7/TPT300 cells. They led to conclusion that novobiocin may 

enhance topotecan and mitoxantrone toxicity in topotecan-resistant breast carcinoma cells 

and may be useful to reverse topotecan or mitoxantrone resistance in the clinic (Yang et 

al., 2003).  

In another study, scientists focused on drug efflux pump and examined whether 

novobiocin reversed drug resistance in multidrug-resistant cells highly expressing BCRP. 

They used MCF-7/MX breast cancer cells selected with SN-38 of the active irinotecan 

metabolite and mitoxantrone and the BCRP cDNA transfectant MCF-7/clone 8 cells. These 

cells expressed high levels of BCRP mRNA but not other known transporters. Novobiocin 

at 60 microM decreased the degree of the above resistance by approximately 26-fold in 

MCF-7/MX, MCF-7/clone 8 cells highly expressing BCRP. Furthermore, novobiocin 

increased the intracellular topotecan accumulation in these cells. No effects of novobiocin 

in these assay were observed in the parental MCF-7 cells. The kinetic parameters in the 

transport study indicated that novobiocin was a inhibitor for BCRP, resulting in 

competitive inhibition of BCRP-mediated topotecan transport. These findings suggest that 

novobiocin effectively overcomes BCRP-mediated drug resistance at acceptable 

concentrations (Shiozawa et al., 2004).  

Isothiocyanates 

Ji Y. and Morris ME. wanted to investigate the effect of organic isothiocyanates 

(ITCs), dietary compounds with chemopreventive activity, on BCRP-mediated transport. 

They measured the effect of 12 ITCs on the cellular accumulation of mitoxantrone in both 

BCRP-overexpressing and BCRP-negative human breast cancer (MCF-7) and large cell 

lung carcinoma (NCI-H460). Secondly, they  measured intracellular accumulation of 

radiolabeled phenethyl ITC in both BCRP-overexpressing and BCRP-negative NCI-H460 

cells. Results showed that ITCs significantly increased mitoxantrone accumulation and 

reversed its cytotoxicity in resistant cells, but had a small or no effect in sensitive cells. 

These effects were ITC-concentration dependent. Significant increases in mitoxantrone 

accumulation were observed at ITC concentrations of 10 or 30 micromol, and significant 
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reversal of mitoxantrone cytotoxicity was generally observed at ITC concentrations of 

10 micromol. Intracellular accumulation of radiolabeled phenethyl ITC in 

BCRP-overexpressing cells was significantly lower than that in BCRP-negative cells and 

was increased significantly by the BCRP inhibitor FTC. After all measurements they 

concluded that certain ITCs are BCRP inhibitors and phenethyl ITC may represent BCRP 

substrates, suggesting the potential for diet-drug interactions (Ji and Morris, 2004). 

Glucocorticoids 

In anoher study, six different glucocorticoids were investigated for their possible 

interactions with efflux transporters from which also BCRP was tested. Beclomethasone 

dipropionate, mometasone furoate and ciclesonide active principle but not fluticasone 

propionate or triamcinolone, (all at 0.1 to 10 micromol) caused inhibition of efflux, 

resulting in increased accumulation of mitoxantrone in BCRP-expressing MCF7/MR 

breast cancer cells. At 5 micromol the same three stimulated ATP-ase activity associated 

with BCRP expressed in bacterial membrane vesicles. Budesonide also stimulated 

ATP-ase activity. These data demonstrate the capacity of some clinically used 

glucocorticoids to interact with efflux transporters (Cooray et al., 2006).  

 

Gefitinib 

 

Gefitinib
 
("Iressa", ZD1839, AstraZeneca. Co., Macclesfield, United Kingdom)

 
is an 

orally active, selective EGFR tyrosine kinase inhibitor
 
that blocks signal transduction 

pathways implicated in the proliferation
 

and survival of cancer cells (Baselga and 

Averbuch, 2000). Although gefitinib combined
 
with various cytotoxic agents, such as 

taxanes, platinums, and
 
topotecan, has been reported to enhance cytotoxicity in vitro

 
and 

in vivo, the exact enhancement mechanisms still remain undetermined
 
. Therefore,

 
it has 

been hypothesized that gefitinib would reverse drug resistance
 

in cancer cells 

overexpressing BCRP. Here, using plasma membrane
 

vesicles, scientists report that 

gefitinib reverses BCRP-mediated resistance
 
against topotecan, SN-38, and mitoxantrone 

through direct inhibition
 
of BCRP in multidrug-resistant human small cell lung cancer and 

breast cancer cells. Gefitinib at 0.5 to 10 micromol/L dose-dependently increased
 
the 

topotecan accumulation within PC-6/SN2-5H cells,
 
whereas 2 and 10 micromol/L gefitinib 

reversed drug resistance
 

in three BCRP-expressing cell lines. Because the 0.5
 

to 
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10 micromol/L gefitinib used here was in clinically achievable
 
plasma concentrations 

(Ranson et al., 2002), the reversal effects as shown in
 
the present study would be observed 

in vivo. These results showed that gefitinib restored the drug sensitivity
 
of multidrug-

resistant PC-6/SN2-5H and MCF-7/MX cells overexpressing
 
BCRP, and of BCRP cDNA 

transfectant MCF-7/BCRP clone 8 cells,
 
with the increased intracellular accumulation of 

topotecan.
 
No effects of gefitinib were observed in the parental cells.

 
Moreover, using the 

plasma membrane vesicles of the cells, they
 
found that gefitinib inhibited the topotecan 

transport into
 
the vesicles in a dose-dependent manner, and that

 
gefitinib itself was not 

transported into the vesicles.
 
The kinetic parameters in the vesicle study indicated that

 

gefitinib directly inhibited BCRP function, but it was not a
 
BCRP substrate. They 

concluded that gefitinib is probably a BCRP inhibitor,
 

resulting in its overcoming 

resistance to topoisomerase I inhibitors,
 
although they could not exclude the effects of 

gefitinib on the
 
EGFR signaling pathway completely (Nakamura et al., 2005). 

The purpose of another study were direct BCRP-ATPase measurements in isolated 

membranes
 

of BCRP-expressing mammalian MCF-7/MX and A431 cells at various
 

concentrations of gefitinib and Ko143 (fumitremorgin C analog) concentrations.
 
They 

found that the BCRP ATP-ase activity was activated by low
 
concentrations of gefitinib and 

strongly inhibited by Ko143. These
 
direct enzymatic studies indicate that gefitinib is a 

transported
 
substrate of BCRP. In addition, higher gefitinib concentrations

 
were inhibitory 

for the maximum ATP-ase and transport activity
 
of this protein. The data are also in 

accordance with the less
 
effective protective effect of BCRP in the A431 cells at higher 

gefitinib concentrations.
 
Collectively, based on all these cellular and biochemical data,

 
they 

suggest that BCRP is actively transporting gefitinib out from
 
the cells, and this is the basis 

of BCRP protecting the tumor
 
cells from the cytotoxic effects of this TKIs.

 
These results, 

indicating direct extrusion of gefitinib by BCRP
 
were somewhat unexpected based on 

recent studies indicating that
 
another TKI, STI-571 (Imatinib, Glivec), showing high-

affinity
 
interaction with BCRP (Ozvegy-Laczka et al., 2004), was found to be only an 

inhibitor
 
and not a transported substrate of this multidrug resistance

 
protein (Houghton et 

al., 2004) 

The current study made by Liu et al., was undertaken to investigate the underlying 

molecular changes after fulvestrant-resistance and find new therapeutic targets and agents 

for fulvestrant-resistant breast cancer cells. Fulvestrant, the selective ER downregulator, is 
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currently approved as a second line endocrine therapy after onset of resistance to prior 

antiestrogen therapy in postmenopausal breast cancer patients. Resistance to antihormonal 

therapies is common and, therefore, we anticipate that fulvestrant-resistance will occur as 

well. They developed a unique fulvestrant-resistant cell line (MCF-7/F), derived from 

MCF-7 estrogen receptor alpha (ER alpha)-positive human breast cancer cells. MCF-7/F 

cells grew in a hormone-independent manner. Interestingly, MCF-7/F cells overexpressed 

both EGFR and BCRP. Gefitinib preferentially inhibited the growth of MCF-7/F cells 

relative to MCF-7 cells by inhibiting both MAPK44/42 and Akt phosphorylation. MCF-7/F 

cells became less sensitive to chemotherapeutic agents such as mitoxantrone. Moreover, a 

specific BCRP inhibitor FTC significantly increased the efficacy of mitoxantrone in 

MCF-7/F cells. Gefitinib increased the inhibitory effect of mitoxantrone on cell growth. 

Similarly, fumitremorgin C increased the inhibitory effect of gefitinib on cell growth, 

suggesting that there is a bidirectional crosstalk between EGFR and BCRP. More 

importantly, these results provide a molecular basis for using gefitinib, BCRP inhibitors, 

and chemotherapeutic agents as combination therapy approaches in fulvestrant-resistant 

breast cancer (Liu et al., 2006).  

 

Modulators of genes and promoters 

 

Nakanishi et al. tried to investigate transcriptional activation of the BCRP gene. They 

examined the 5' untranslated region of BCRP mRNA in cell lines with high BCRP 

transcriptional activity and in normal tissues. Human choriocarcinoma cells with high 

endogenous BCRP expression (JAR and BeWo) and human cancer cells (MCF-7 and 

Igrov1) and their BCRP-overexpressing, drug-selected, multidrug-resistant derivatives 

(MCF-7/AdrVp, Igrov1/MX3, and Igrov1/T8) were studied. Rapid amplification of 

5'-cDNA ends-PCR (5'RACE-PCR) revealed at least three novel forms of the untranslated 

exon 1 (E1a, E1b, and E1c) that are spliced to a common exon 2, with differential 

expression of these splice variants in the drug-selected cell lines. Additionally, sequence 

analysis of the 5'RACE-PCR products revealed multiple transcriptional start sites for each 

variant, particularly in the drug-selected cells. The E1c isoform predominated in 

drug-selected MCF-7 cell lines and was translated more efficiently in MCF-7 cells than the 

E1a isoform. Varying patterns of expression of the exon 1 isoforms were observed in a 

variety of human tissues, suggesting that tissue-specific alternative promoters of BCRP 
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exist. In summary, they found out that BCRP overexpression in the drug-selected cells is 

accompanied by multiple transcriptional start sites and predominance of the more 

efficiently translated E1c isoform. The exon 1 variation we observe suggests that 

alternative promoters of the BCRP gene exist (Nakanishi et al., 2006).  

 

 

Hammerhead ribozyme 

 

Ribozymes are an effective tools to reduce the mRNA levels of specific target genes. A 

plasmid encoding a hammerhead ribozyme against the BCRP gene was stably transfected 

into multidrug-resistant MCF7/MX cells that express very high levels of the BCRP protein. 

After all measurements the results showed that the ribozyme reduced BCRP mRNA levels 

to less than 10% of control values, which resulted in the concomitant reduction of BCRP 

protein levels and sensitization of the cells to mitoxantrone and methotrexate. The 

ribozyme used in this study was highly effective in reducing the expression of its target 

BCRP gene and was able to modulate the associated multidrug-resistant phenotype 

(Kowalski et al., 2004). 

 

Estrogenes 

 

Previously, it was reported that BCRP transports sulfated estrogens. In this study, Imai 

et al. show that at physiologic levels, estrogens markedly decrease endogenous BCRP 

expression in the estrogen-responsive and estrogen receptor alpha (ERalpha)-positive 

human breast cancer MCF-7 cells, but not in estrogen-nonresponsive human cancer cells. 

17 beta-Estradiol (E(2)) also significantly reduces exogenous BCRP expression, driven by 

a constitutive promoter, in BCRP-transduced estrogen-responsive and ER alpha-positive 

MCF-7 (MCF-7/BCRP) and T-47D cells, but not in BCRP-transduced estrogen 

nonresponsive MDA-MB-231 and SKOV-3 cells. E(2) potentiates the cytotoxicity of 

SN-38, but not vincristine, in MCF-7/BCRP cells significantly, and increases cellular 

topotecan uptake in MCF-7 and MCF-7/BCRP cells. Antiestrogen tamoxifen partially 

reverses E(2)-mediated BCRP down-regulation in MCF-7 and MCF-7/BCRP cells and 

treatment of MCF-7/BCRP cells with an ERalpha small interfering RNA abolished 

E(2)-mediated BCRP down-regulation, suggesting that interaction of E(2) and ERalpha is 

necessary for BCRP down-regulation. E(2) does not affect endogenous BCRP mRNA 
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levels in MCF-7 cells or exogenous BCRP mRNA levels in MCF-7/BCRP cells. The 

results from pulse-chase labeling experiments with MCF-7/BCRP cells suggest that 

decreased protein biosynthesis and maturation, but not alterations in protein turnover, 

might underlie E(2)-mediated BCRP down-regulation. These data indicate that estrogen 

down-regulates BCRP expression by novel posttranscriptional mechanisms. This is the 

first report of small molecules that can affect BCRP protein expression in cells and may 

therefore assist in establishing new strategies for regulating BCRP expression (Imai et al., 

2005).  

 

Small interfering RNA 

 

An alternative procedure to circumvent BCRP-mediated MDR in cancer cells is to 

prevent the biosynthesis of BCRP by selectively blocking the expression the 

BCRP-specific mRNA. Thus, in previous studies, antisense oligonucleotides and 

hammerhead ribozymes were designed and successfully applied to decrease the expression 

level of BCRP mRNA. 

A novel means for specific inhibition of a gene of interest is the use of siRNA. Since 

the discovery of RNA interference (RNAi), it has become a powerful tool to inhibit 

expression of specific genes in whole organisms or cell lines, gene therapy of cancer; drug 

resistance-mediating molecules are the potential targets for such a gene therapeutic 

strategy. To overcome the BCRP-mediated MDR, RNAi delivered by adenovirus targeting 

BCRP mRNA was used to inhibit the atypical MDR expression by infecting 

MCF-7/MX100 cell lines with constructed RNAi adenovirus.   

Compared with the antisense oligonucleotides and hammerhead ribozymes, secondary 

structure of siRNA target mRNAs does not appear to have a strong effect on gene 

silencing.The siRNA-mediated reversal of the multidrug-resistant phenotype was assessed 

by comparison of IC(50) values determined by cell proliferation assay in plasmid-BCRP 

treated cells and controls. Cytotoxicity experiment was performed 1 week after infection. 

The degree of mitoxantrone resistance can decrease from 1208-fold to 32.6-fold (decrease 

to 2.7% of the initial value, i.e. 97.3% reversal) in MCF-7MX100 cells after infection of 

pAd-BCRP. pAd-BCRP can inhibit mitoxantrone efflux on MCF-7/MX100 cells 

obviously, the intensity of mitoxantrone fluorescence increased from 5.8 to 132.3. 

Plasmid-BCRP can obviously decrease BCRP mRNA level 24 hours after infection. After 
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the selection of the infected-positive cells, the mRNA reduction was almost reached to the 

level of parent MCF-7 cells and 4 weeks later, the BCRP mRNA level can still maintained 

at a very low level. Western blot analyses showed that the siRNA constructs can destroy 

the cellular BCRP in MCFf-7/MX100 cells almost completely. This reduction of 

transmembrane transport protein concentration was related to the decrease of BCRP 

mRNA level. In summary, RNAi is of interest as a new tool for in vitro studies as well as 

in functional assays of BCRP-dependent drug efflux activity for individual tailoring of 

regiments with potential therapeutic use. RNAi targeting BCRP delivered by adenovirus 

can degrade BCRP mRNA specially and resensitizes BCRP-expressing cells to 

mitoxantrone cytotoxicity almost completely (Li et al., 2005b).  
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Conclusion 

In this thesis a short characterization of P-gp and BCRP and their role in breast cancer 

has been done. The physiological function of P-gp and BCRP seems to be the protection of 

body and its sensitive tissues against potentially toxic xenobiotics. Unfortunately, the 

transporters extrude also xenobiotics such as drugs, administered to the patient with 

purpose of treating his desease. Significantly, some breast tumor cells have the ability to 

overexpress P-gp or BCRP that are able to decrease the concentration of anticancer drugs 

inside cells. Many studies testing new modulators of P-gp and BCRP have been published 

as they seem to be perspective on usage in cancer treatment. Additionally, the effectiveness 

but also toxicity of these modulators has been evaluated in combination with classic 

anticancer drugs used in chemotherapy. Although results show the potency of this 

combination therapy there is no modulator used in clinical practise yet. 
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Abstract 
 

ABC (ATP-binding cassette) proteins form the largest known transporter
 
gene family.     

P-gp and BCRP are so far the most described members of the ABC family that translocate 

a variety of endogenous as well as exogenous compounds including drugs across cellular 

compartments. In this way the transporters protect human healthy tissues from xenobiotic 

compounds which can impair structure or function of the tissue. In recent years, many 

studies have been done to find the correlation between the expression of ABC transporters 

in breast tumor cells and failure of the breast cancer therapy. It has been confirmed that 

P-gp and BCRP (two specific ABC transporters) are expressed in breast tumors in a higher 

degree and can be responsible for the decrease of cytotoxic drugs inside the cell leading to 

the noneffective therapy. Many modulators of P-gp and BCRP have been developed to 

inhibit transporter expression causing the subsequent sensivity to cytotoxic drugs. There 

are new perspective treatment strategies formed, such as the combination of 

chemotherapeutics with substances inhibiting and/or preventing drug resistance of cancer 

cells, that could be used in clinical practise in the future. 

 

Souhrn 

ABC proteiny tvoří největší genovou rodinu transportérů. P-gp a BCRP jsou dosud 

nejvíc prozkoumanými členy ABC rodiny, které přes buněčné kompartmenty přenášejí 

různé endogenní a exogenní sloučeniny včetně léků. Tímto způsobem transportéry chrání 

zdravou lidskou tkáň před cizorodými látkami, které mohou poškodit strukturu nebo funkci 

tkáně. V posledních letech bylo vytvořeno mnoho studií, které hledali vztah mezi expresí 

ABC transportérů v nádorových buňkách u karcinomu prsu a selháním její léčby. Bylo 

potvrzeno, že exprese P-gp a BCRP probíhá u karcinomu prsu ve vyšší míře a může být 

zodpovědná za snížení koncentrace  cytotoxických léků v buňce a následnému selhání 

léčby. Bylo vytvořeno mnoho P-gp a BCRP modulátorů, které zabránili expresi 

transportérů a tím následně zvýšili citlivost na léky. To vytváří nové a perspektivní 

strategie léčby, jako například kombinaci klasických chemoterapeutik spolu s látkami, 

které inhibují a/nebo chrání buňku před lékovou rezistencí. 
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