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Abstract

Organic anion transporting polypeptides (OATPs) are members of the SLCO
gene superfamily of proteins. The 11 human OATPs are classified into 6
families and subfamilies on the basis of their amino acid sequence simi-
larities. OATPs are expressed in several epithelial tissues throughout the
body and transport mainly amphipathic molecules with molecular weights
of more than 300 kDa. Members of the OATP1 and OATP2 families are
functionally the best-characterized OATPs. Among these are the multispe-
cific OATP1A2, OATP1B1, OATP1B3, and OATP2B1. They transport
various endo- and xenobiotics, including hormones and their conjugates as
well as numerous drugs such as several anticancer agents. Recent reports
demonstrate that some OATPs are up- or downregulated in several cancers
and that OATP expression might affect cancer development. On the basis
of the findings summarized in this review, we propose that OATPs could be
valuable targets for anticancer therapy.
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OATP: organic anion
transporting
polypeptide

SLCO: solute carrier
of the OATPs

INTRODUCTION

Transport proteins are important for the absorption, distribution, and excretion of drugs and other
xenobiotics that cannot freely diffuse through cellular membranes. Among these transporters is
the superfamily of organic anion transporting polypeptides, abbreviated OATPs (1, 2). OATPs are
multispecific transport proteins, which means that they can transport a wide range of structurally
unrelated compounds. They are expressed in a wide range of tissues in the body and are responsible
for the Na+-independent uptake of large amphipathic organic anions into cells. Generally, OATP
substrates are anions with molecular weights greater than 300 kDa. However, OATP substrates
are not limited to anions; they transport cationic and neutral compounds as well.

OATPs belong to the superfamily of solute carrier transporters and are classified within the
solute carrier of the OATPs (SLCO) gene family (2). There are 11 known human OATPs that are
divided into six families, on the basis of a 40% amino acid sequence identity. Families are further
divided into subfamilies, on the basis of a 60% amino acid sequence identity. Thus far, the OATP1
family is the best characterized among the OATP families. This family includes the multispecific
transporters OATP1A2, OATP1B1, OATP1B3, and OATP1C1. The OATP2 family contains two
members, OATP2A1 and OATP2B1, both of which have a narrow substrate specificity compared
with other OATPs. OATP3A1, OATP5A1, and OATP6A1 are the only members in the OATP3,
OATP5, and OATP6 families, respectively. The OATP4 family is composed of both OATP4A1
and OATP4C1. Orthologs of human OATPs are present in other species; however, owing to
species divergence and gene duplication events, more than one rodent ortholog can correspond
to a single human OATP or vice versa (2).

The OATP protein structure is predicted to have 12 transmembrane domains with intracellular
amino and carboxy termini (Figure 1). Several structural features seem important for membrane
localization and transport function. For instance, many OATPs contain a PDZ consensus sequence
that is thought to be important for membrane anchoring (3). The fifth extracellular loop contains
numerous conserved cysteines, which are thought to form S-H bonds that may be important
for surface expression (4). Recent structure-function studies have highlighted amino acids within
transmembrane domain 10 of OATP1B1 and OATP1B3 that are believed to be important in
initial substrate recognition and translocation across the membrane (5–7).

OATPs function in the uptake of compounds into cells and can be either tissue-specific or
expressed in multiple tissues throughout the body. Aside from OATP expression in normal tissues,
recent studies have shown that OATP expression is up- or downregulated in certain cancers. This
has led to an increased interest in the roles these uptake transporters play in cancer. This review
focuses on the tissue distribution of OATPs in normal and cancer tissue; the substrate specificity
of OATPs, including their ability to transport anticancer drugs; and their potential role in cancer
development and treatment.

NORMAL TISSUE DISTRIBUTION OF OATPs

Some OATPs are expressed in multiple tissues, whereas the expression of other OATPs is re-
stricted to a single tissue. In the OATP1 family, expression of OATP1A2 mRNA is highest in the
brain, followed by expression in the kidney, liver, lung, testis, and placenta, according to Northern
blot analysis (8, 9). OATP1A2 expression was confirmed at the protein level in the blood-brain
barrier (10, 11); at the apical membrane of distal nephrons (11); at the apical membrane of ente-
rocytes, where it is thought to be critical in the absorption of numerous xenobiotics (12); and at
the apical membrane of cholangiocytes, which make up the bile duct epithelium (11). OATP1B1
and OATP1B3 are examples of tissue-specific OATPs. Expression of OATP1B1 was shown in
adult and fetal liver by Northern blot analysis. This expression was confirmed at the protein level
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a b OATP1A2 Homology model of OATP1B1
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Figure 1
Predicted 12 transmembrane domain (a) secondary structure model of OATP1A2 and (b) homology model of OATP1B1. (a) Putative
transmembrane domains were predicted on the basis of amino acid hydrophobicity. The highly conserved cysteine residues in the loop
between transmembrane domains 9 and 10 are indicated by purple circles. At the C-terminal end, OATP1A2 has the “KTKL” PDZ
consensus sequence, indicated by brown circles. (b) The homology model for OATP1B1 was calculated on the basis of the crystal
structure of the bacterial multidrug transporter EmrD.

RT-PCR: real-time
polymerase chain
reaction

and localized to the basolateral membrane of hepatocytes throughout the liver lobule. Similarly,
OATP1B3 is expressed exclusively in the liver at the basolateral membrane of hepatocytes; how-
ever, expression was much stronger in the pericentral region compared with the periportal region
(13, 14, 15, 16, 17). A recent study based on real-time polymerase chain reaction (RT-PCR) anal-
ysis described OATP1B3 mRNA expression in the retina; however, protein expression has not
been confirmed (18). OATP1C1 mRNA expression is highest in the brain and testis, and, because
of its high affinity for T4 and reverse T3 (in the nanomolar range), OATP1C1 is thought to be a
crucial thyroid hormone transporter (19–21). In addition, OATP1C1 protein was localized to the
basolateral membrane of the choroid plexus epithelium (22), to the basolateral membrane of the
pigmented ciliary body epithelium (23), and in Leydig cells of the testis (19).

OATP2A1, which is also known as the prostaglandin transporter, is thought to be ubiquitously
expressed. OATP2A1 mRNA was detected in brain, colon, heart, liver, kidney, ovary, lung, pan-
creas, prostate, skeletal muscle, spleen, and small intestine (24). Thus far, expression of OATP2A1
at the protein level has been demonstrated in neurons in the frontal gyrus of the brain (25), in the
pyloric glands of the antrum and parietal cells in the gastrointestinal tract (26), and in the luminal
and glandular epithelium of the endometrium (27). OATP2B1, the second member of the OATP2
family, is expressed in several different tissues in the body, with the highest transcript levels in the
liver (28, 29). OATP2B1 protein expression was confirmed at the basolateral membrane of hep-
atocytes (29), at the apical membrane of enterocytes (30), at the endothelium of the blood-brain
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barrier (31), at the endothelial cells of the heart (32), at the myoepithelium of mammary ducts
(33), and in the placenta (34).

OATP3A1 is the most highly conserved OATP among all species and has two different splice
variants in humans (35). In general, OATP3A1 is considered to be widely expressed and was shown
to be expressed at the mRNA level in testis, brain, heart, lung, spleen, peripheral blood leukocytes,
and thyroid (35, 36). At the protein level, the two splice variants were localized to different cell
types or cellular membranes in various tissues. OATP3A1_v1 was localized to the germ cells of
the testes, to the neuroglial cells of the frontal cortex, and to the basolateral membrane of the
choroid plexus. In contrast, expression of OATP3A1_v2 was shown in Sertoli cells in the testes, at
the apical membrane of the choroid plexus, and in cell bodies of the frontal cortex neurons (35).
Recently, OATP3A1 protein expression was demonstrated in epithelial cells of the lactiferous
ducts in normal breast tissue (37).

OATP4A1 is another ubiquitously expressed OATP, with highest mRNA levels in the heart
and placenta, followed by levels in the lung, liver, skeletal muscle, kidney, and pancreas (28,
38). Thus far, OATP4A1 protein expression has been confirmed only at the apical membrane
of syncytiotrophoblasts in the placenta (39). The other OATP4 family member, OATP4C1, is
expressed only in the kidney, as shown by Northern blot analysis (40), and thus is considered a
kidney-specific OATP.

Little is known about OATP5A1 and OATP6A1. OATP5A1 protein was recently reported
to be expressed at the plasma membrane of the epithelial cells that line the lactiferous ducts in
normal breast tissue (37), whereas OATP6A1 mRNA expression has been detected in the testes,
with low levels in the spleen, brain, fetal brain, and placenta (41, 42).

ALTERED TISSUE DISTRIBUTION OF OATPs IN CANCERS

Many different types of cancers have altered expression of OATPs. Altered OATP1A2 expression
has been identified in gliomas, colon polyps and tumors, and cancers of the breast and bone.
A study of human gliomas by RT-PCR showed OATP1A2 expression in different histological
subtypes. Through the use of immunofluorescence microscopy, OATP1A2 was localized in the
luminal membrane of the blood-brain barrier endothelium and in the blood-tumor barrier but
not in the glioma cells (31). Through the use of RT-PCR, OATP1A2 expression was detected
in healthy colon tissue; however, expression was decreased in polyps and in colon cancer tissue
(43). In breast cancer cell lines, RT-PCR analysis showed that expression of OATP1A2 was
highest in T47-D and ZR-75-1 cells and low in MCF-7, MDA-MB-231, and MDA-MB-468
cells. OATP1A2 expression was confirmed in tissue obtained from patients with breast cancer and
was localized to the cell membrane and cytoplasm of breast carcinoma cells. However, OATP1A2
expression was not observed in non-neoplastic epithelium, stroma, and adipose tissue surrounding
the carcinoma (44). These results were confirmed through the use of RT-PCR (45). OATP1A2
transcript levels were significantly higher in malignant breast tissue than they were in adjacent
nonmalignant breast tissue, and transcripts of OATP1A2 were highest in stage I and stage IIA
breast cancers (45). Immunofluorescence analysis confirmed OATP1A2 protein expression and
demonstrated that it was restricted to the malignant cells of the breast tissue samples (45). In
contrast, Wlcek et al. (46) were unable to detect significant mRNA levels of OATP1A2 in the
four breast cancer cell lines MCF-7, MDA-MB-231, ZR-75-1, and MCF-10A, or in breast cancer
tissue. These discrepancies might arise from differences found in cell lines cultured in different
laboratories (47); therefore, such results must be interpreted cautiously if the exact experimental
conditions are not known. OATP1A2 transcripts were detected both in bone metastases from
primary kidney cancer and in the malignant osteosarcoma cell lines HOS and MG-63 (48).
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HCC: hepatocellular
carcinoma

In general, the expression of OATP1B1 and OATP1B3, both specific to the liver, tends to
be reduced in hepatocellular carcinomas (HCCs). OATP1B1 and OATP1B3 mRNA was un-
detectable or reduced in the Hep3B and HepG2 cell lines (49, 50), confirming the previously
reported reduced expression in HepG2 and PLC cell lines as well as in HCC tissue samples at the
protein level (51, 52). Vavricka et al. (53) also reported reduced expression of OATP1B3 in 60%
of HCC tissues compared with normal surrounding tissue. However, OATP1B1 levels were not
significantly different in HCC samples compared with normal liver samples in their study. The ex-
pression of OATP1B1 and OATP1B3 in different benign liver tumors was investigated by Vander
Borght and colleagues (54). They showed reduced expression of both OATPs in hepatocellular
adenomas and a strong diffuse expression of both OATPs in focal nodular hyperplasia. Recently,
Tsuboyama et al. (55) supported the general trend of reduced OATP1B1 and OATP1B3 expres-
sion in HCC tissue samples. In conclusion, the downregulation of OATP1B1 and OATP1B3 in
HCC resembles the downregulation observed in primary cultured hepatocytes (56) and could be
the result of dedifferentiation of the HCC cells.

Expression of the normally liver-specific OATP1B1 and OATP1B3 has also been identified in
cancers of many different tissues (17). Overall, OATP1B3 is upregulated in a wide range of cancer
types. Northern blot analysis showed that OATP1B3 is expressed in different gastrointestinal
cancer cell lines and cancers, including the gastric cancer cell line KatoIII; the colon cancer
cell lines DLD-1, MIP-101, Clone A, and CX-1; the pancreatic cancer cell lines MIA-Paca2,
BXPC-1, PK-8, PK-9, and PK-45P; and the gallbladder cancer cell lines HuCCT-1, OcuchLM1,
and TFK-1. Weak expression levels were also seen in the lung cancer cell line A549 and the
glioblastoma cell line A172. Moreover, immunohistochemical staining of OATP1B3 was detected
in gastric cancer tissue, pancreatic cancer tissue, colon cancer tissue, and a colon cancer metastatic
to a lymph node (17). OATP1B1 was increased in colon polyps and in colon cancer tissue at
the mRNA level as compared with normal colon tissue (43). However, the same study could not
demonstrate significant differences in OATP1B3 mRNA expression between healthy and colon
cancer tissue (43). OATP1B3 expression was markedly increased in colorectal adenocarcinoma
tissues with obvious staining in the cytoplasm as opposed to membranous expression in normal
liver (57). Analysis of OATP1B3 expression across different colorectal tumor stages showed that
it was highest in earlier-stage and lower-grade tumors, suggesting that OATP1B3 expression
might be indicative of clinical outcome (58). In non-small-cell lung cancer, OATP1B3 mRNA
expression was significantly increased as compared with the nonmalignant surrounding tissue (49).
OATP1B3 transcript levels were observed in prostate cancer tissue through the use of RT-PCR
(59). Additionally, OATP1B3 expression was confirmed at the protein level in prostate tumor
tissue but not confirmed in normal prostate or benign prostatic hyperplasia (60). Muto et al. (61)
detected OATP1B3 by using immunohistochemistry in cells of invasive ductal breast carcinoma
and suggested that OATP1B3 expression could be used as a prognostic factor in breast cancer.

Thus far, the only report to show expression of OATP1C1 in cancer demonstrated OATP1C1
mRNA in several samples from osteosarcomas, in a sample from a kidney cancer metastasis, and
in several specimens from aneurysmal bone cysts, which had the highest levels (48).

OATP2A1 mRNA was detected at high levels in bone metastases from kidney cancer (48);
in breast cancer; and in the breast cancer cell lines MCF-7, MDA-MB-231, and ZR-75-1 (46).
OATP2A1 mRNA expression was generally higher in malignant breast tissue compared with
adjacent nonmalignant breast tissue, but the difference did not reach statistical significance (46).
Holla and colleagues (62) showed a trend for decreased OATP2A1 expression in colorectal tumor
specimens as well as in stomach, ovary, lung, and kidney tumors. They were not able to detect
OATP2A1 in several colorectal cancer cell lines, including LS-174T, HCT-116, HT-29, SW-
620, SW-480, HCT-15, and HCA-7, although the colorectal cancer cell line LoVo showed high
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expression levels of OATP2A1 mRNA and protein (62). OATP2A1 was also detected at the
protein level in hepatocellular carcinoma, in cholangiocellular carcinoma, and in liver metastases
from colon tumors (63).

OATP2B1 mRNA expression was identified in the colon adenocarcinoma cell line CX-1 (28)
and was higher in bone cysts than in osteosarcoma tissues (48). With respect to breast cancer,
OATP2B1 expression was shown in both normal and breast tumor specimens, and expression
increased with increased tumor grade (64). This has also been studied by Wlcek et al. (46), who
detected higher expression levels of OATP2B1 in nonmalignant specimens than in malignant
breast tumors. OATP2B1 expression was also identified in human gliomas, where it was localized
to endothelial cells at the blood-brain barrier and blood-tumor barrier (31).

RT-PCR analysis showed that OATP3A1 expression was significantly higher in aneurysmal
bone cysts than in osteosarcomas. OATP3A1 transcripts were found (a) in the nonmalignant
human osteoblast-like cells and bone marrow stromal cells derived from normal bone marrow
and (b) in the osteosarcoma cell lines HOS and MG-63 (48). OATP3A1 expression was identified
in a variety of additional cancer cell lines, including breast carcinoma (GI-101), lung carcinoma
(LX-1 and GI-117), colon adenocarcinoma (CX-1 and GI-112), ovarian carcinoma (GI-102), and
pancreatic adenocarcinoma (GI-103) (28). Through RT-PCR, two independent groups showed
OATP3A1 expression in the breast cancer cell line T-47D (33, 65). OATP3A1 expression was also
detected in the breast cancer cell line MCF-7 (66), and recently it was detected in the membrane
and cytoplasm of malignant breast tumor specimens (37).

OATP4A1 has an expression pattern similar to that of OATP3A1 in various breast carcinoma,
lung carcinoma, colon adenocarcinoma, ovarian carcinoma, and pancreatic carcinoma cell lines
(28), as well as in the breast cancer cell lines T-47D and MCF-7 (33, 65). OATP4A1 expression
is higher in bone cysts than in osteosarcoma tissues, with significantly higher expression in the
malignant osteosarcoma cell lines HOS and MG-63 as compared with the nonmalignant human
osteoblast-like cells and bone marrow stromal cells (48). The expression of OATP4A1 was detected
in normal and tumorous breast tissue (46). In the same study, expression of OATP4C1 and the
poorly characterized OATP5A1 was also revealed in normal and cancerous breast tissue (46).
Recently, the expression of OATP5A1 was confirmed at the membrane and in the cytoplasm of
malignant breast tumor specimens (37). Expression of the presumably gonad-specific OATP6A1
was shown in lung cancer cell lines, lung cancer, bladder cancer, and esophageal cancer tissues
(41). The tissue expression profile of all 11 human OATPs is summarized in Table 1.

A few studies have suggested that OATP expression in cancer could be predictive of patient
survival or the success of hormone therapy (58, 60, 61). However, because of the many inconsistent
reports, it is too early to propose that the presence or absence of a certain OATP in a given cancer
is predictive. Additional, larger population-based studies are required to confirm the predictive
value of OATPs in different cancer types.

SUBSTRATE SPECIFICITY OF OATPs

OATPs transport a wide range of amphipathic compounds, including numerous endo- and xenobi-
otics (67, 68). Their substrates are generally organic anions, but OATPs also transport cations and
neutral compounds (69). Among the endogenous substrates are bile acids, conjugated steroid hor-
mones, thyroid hormones, and cyclic and linear peptides. We have previously demonstrated that
uptake mediated by OATP1B3 can be allosterically stimulated by small molecules such as clotri-
mazole (70) and epigallocatechin gallate (71). This stimulation is dependent on the transported
substrate, but once the underlying mechanism has been elucidated, such allosteric stimulation
could be used to selectively increase drug uptake by OATP1B3 and potentially by other OATPs
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Table 1 Tissue expression of all 11 human organic anion transporting polypeptides (OATPs) in normal and cancer tissues

OATP
Normal tissue

expression Reference(s) Cancer tissue expression Reference(s)
OATP1A2 Blood-brain barrier 10, 11 Expressed in bone cancer tissues and cell lines 48

Kidney 11 Reduced in colon polyps and cancer 43
Cholangiocytes 11 Increased in breast carcinoma cells and

malignant breast tissue
44, 45

Enterocytes 12
OATP1B1 Liver 13, 14, 16 Reduced in hepatocellular carcinoma 49–52, 54, 55
OATP1B3 Liver 15, 17 Reduced in hepatocellular carcinoma 53

Expressed in: Colorectal adenocarcinoma tissues 57
Non-small-cell lung tumors 49
Prostate cancer tissue 59, 60
Invasive ductal carcinoma breast cells 61
Cell lines of stomach, colon, pancreatic, and
gallbladder cancers

17

OATP1C1 Brain 22 Expressed in bone cancers 48
Testes 19
Ciliary body 23

OATP2A1 Ubiquitous 24–27 Increased in malignant breast tissue and liver
cancers

46, 63

Reduced in tumors of bowel, stomach, ovary,
lung, and kidney

62

OATP2B1 Liver 29 Increased in bone cysts 48
Blood-brain barrier 31 Altered in breast cancers 46, 64
Enterocytes 30
Placenta 34
Heart 32

OATP3A1 Ubiquitous 35–37 Expressed in bone cancer and 48
cancer cell lines of multiple tissues 28, 33, 37, 65, 66

OATP4A1 Ubiquitous 28, 38, 39 Expressed in bone cancer and 48
cancer cell lines of multiple tissues 28, 33, 46, 65

OATP4C1 Kidney 40
OATP5A1 Lactiferous ducts in breast 37 Expressed in malignant breast tumors 37
OATP6A1 Testes 41, 42 Expressed in tumors of the lung, bladder, and

esophagus
41

into cells that express these OATPs. OATPs are important for drug disposition because their ex-
ogenous substrates include antibiotics, antidiabetic drugs, anti-inflammatory drugs, antifungals,
antivirals, antihistamines, antihypertensives, fibrates, statins, cardiac glycosides, immunosuppres-
sants, and anticancer drugs (67, 68). For a list of clinically relevant OATP substrates, including
anticancer drugs, refer to Table 2. This review focuses on the transport of anticancer drugs in
more detail.

The discovery of the altered expression of OATPs in cancer tissue has led to the recent in-
terest in the transport of anticancer drugs, mainly by the well-characterized OATP transporters
OATP1A2, OATP1B1, and OATP1B3. The multispecific OATP1A2 can transport a wide va-
riety of compounds, including the bile acids cholate and taurocholate; the conjugated steroid
hormones estrone-3-sulfate and estradiol-17β-glucuronide; and the thyroid hormones T3 and
T4. Recently, OATP1A2 has been shown to transport imatinib, a drug used to treat certain types
of leukemias (72), and to transport the folate antimetabolite methotrexate (73). OATP1B1 and
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Table 2 Substrates transported by the different human OATPs

OATP1A2 OATP1B1 OATP1B3 OATP1C1
Hormones and conjugates
Estradiol-17β-glucuronide
Estrone-3-sulfate
DHEA-S
Reverse triiodothyronine (rT3)
Thyroxine (T4)
Triiodothyronine (T3)
Prostaglandins
Prostaglandin E2

Bile acids
Cholate
Taurocholate
Glycocholate
Taurochenodeoxycholate
Tauroursodeoxycholate
Others
DPDPE
Drugs
Acebutolol, Rosuvastatin,
Atenolol, Pitavastatin,
Sotalol, Ouabain, Labetalol,
Deltorphin II, Nadolol,
Ciprofloxacin, Talinolol,
Fexofenadine, Saquinavir,
Gatifloxacin, Darunavir,
Levofloxacin,
Imatinib, Methotrexate

Hormones and conjugates
Estradiol-17β-glucuronide
Estrone-3-sulfate
Thyroxine (T4)
Triiodothyronine (T3)
DHEA-S
Prostaglandins
Prostaglandin E2

Bile acids
Cholate
Taurocholate
Tauroursodeoxycholate
Drugs
Atorvastatin, Olmesartan,
Bosentan, Phalloidin,
Caspofungin, Pitavastatin,
Cefazolin, Pravastatin,
Cerivastatin, Rapamycin,
Darunavir, Rifampicin,
Enalapril, Rosuvastatin,
Ezetimibe, Saquinavir,
Flavopiridol, SN-38,
Fluvastatin, Temocapril,
Gimatecan, Troglitazone,
Lopinavir, Valsartan,
Methotrexate

Hormones and conjugates
Estradiol-17β-glucuronide
Estrone-3-sulfate
DHEA-S
Testosterone
Drugs
Atrasentan, Bosentan,
Cefadroxil, Cefazolin,
Cephalexin, Digoxin,
Enalapril, Fexofenadine,
Fluvastatin, Lopinavir,
Methotrexate,
Demethylphalloin,
Paclitaxel, Docetaxel,
Methotrexate, Imatinib,
Olmesartan, Phalloidin,
Pitavastatin, Telmisartan,
Rapamycin, Rifampicin,
Rosuvastatin, Valsartan,
SN-38

Hormones and conjugates
Estradiol-17β-glucuronide
Estrone-3-sulfate
Thyroxine (T4)
Triiodothyronine (T3)
Reverse triiodothyronine (rT3)
Thyroxine sulfate (T4S)
Others
BSP

OATP2A1 OATP2B1 OATP3A1 OATP4A1
Prostaglandins
Prostaglandin E1

Prostaglandin E2

Prostaglandin F2α

Prostaglandin H2

Prostaglandin D2

8-iso-prostaglandin F2α

Others
Thromboxane B2

Drugs
Latanoprost

Hormones and conjugates
Estrone-3-sulfate
DHEA-S
Thyroxine (T4)
Prostaglandins
Prostaglandin E2

Drugs
Atorvastatin
Bosentan
Ezetimibe
Fluvastatin
Glibenclamide
Pitavastatin
Pitavastatin
Montelukast
Rosuvastatin
Talinolol

Hormones and conjugates
Thyroxine (T4)
Estrone-3-sulfate
Prostaglandins
Prostaglandin E1

Prostaglandin E2

Prostaglandin F2α

Drugs
Deltorphin BQ-123
Benzylpenicillin
Others
Vasopressin
Arachidonic acid

Hormones and conjugates
Estradiol-17β-glucuronide
Estrone-3-sulfate
Thyroxine (T4)
Triiodothyronine (T3)
Reverse triiodothyronine (rT3)
Bile acids
Taurocholate
Prostaglandins
Prostaglandin E2

Drugs
Benzylpenicillin
Unoprostone metabolite

Anticancer drugs are highlighted in red.
Abbreviations: BSP, bromosulfophthalein; DHEA-S, dehydroepiandrosterone sulfate; DPDPE, [D-penicillamine2,5]enkephalin.
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SNP: single-
nucleotide
polymorphism

OATP1B3 are thought to be important for uptake of a wide variety of xenobiotics into hepato-
cytes and can transport many of the aforementioned substrates, including estrone-3-sulfate and,
in the case of OATP1B3, also testosterone (60). OATP1B1 has been implicated in the transport
of the camptothecin analogs gimatecan and BNP1350 (74), the irinotecan metabolite 7-ethyl-
10-hydroxycamptothecin (SN-38) (75), the cyclin-dependent kinase inhibitor flavopiridol (76),
the Her2 tyrosine kinase inhibitor CP-724,714 (77), methotrexate (17, 78), and the bile-acid
cisplatin derivative cis-diammine-chloro-cholylglysinate-platinum II (79). OATP1B3 transports
methotrexate (17); the taxanes paclitaxel (80, 81) and docetaxel (80); and, to a lesser extent, ima-
tinib (72). Yamaguchi and colleagues (82) have shown that OATP1B3 transports the irinotecan
metabolite SN-38 but does not transport either paclitaxel or docetaxel. In addition, transport of
the immunosuppressant rapamycin (sirolimus) has been demonstrated for both OATP1B1 and
OATP1B3 (83). These findings show that several OATPs transport anticancer drugs as well as
hormones and hormone precursors, all of which could affect the growth and survival of cancer
cells. Thus, OATPs could play a role in cancer progression or response to treatment.

OATP POLYMORPHISMS AND ANTICANCER DRUG DISPOSITION

Several studies have documented single-nucleotide polymorphisms (SNPs) of OATPs that are
associated with reduced or absent protein function. Several of these SNPs have been linked to
altered disposition of chemotherapeutic drugs and consequently increased adverse effects, con-
firming the importance of OATPs in the disposition of drugs. For example, methotrexate, a
substrate of OATP1A2, has been implicated in serious adverse effects seen in patients. To identify
potential contributors to varying methotrexate pharmacokinetics, common OATP1A2 polymor-
phisms were investigated (73). Among the 12 OATP1A2 polymorphisms studied, four showed
altered transport of methotrexate in vitro. The common I13T OATP1A2 SNP showed enhanced
methotrexate uptake, whereas R168C, E172D, and N278DEL variants showed significantly de-
creased methotrexate uptake (73). In addition, common polymorphisms of OATP1B1 may alter
disposition of the irinotecan metabolite SN-38 and potentially contribute to the variable adverse
gastrointestinal effects seen with this drug (75). Uptake of SN-38 was determined in cell lines
expressing three common genetic polymorphisms of OATP1B1. Compared with the wild-type
OATP1B1∗1a, OATP1B1∗15, which has an allelic frequency of 10.3% to 15.0%, had significantly
reduced SN-38 uptake, suggesting that patients with this polymorphism may have altered SN-38
pharmacokinetics (75). This prediction was confirmed in vivo: Patients with the SLCO1B1∗15
polymorphism showed higher systemic exposure and lower clearance of SN-38 (84, 85). A similar
study looked at the effect of three nonsynonymous SNPs of OATP1B3 on the pharmacokinetics
of paclitaxel (86). However, none of the three genetic variations resulted in significantly different
paclitaxel clearance or altered pharmacokinetic parameters.

Recently, van de Steeg et al. (87) generated the knockout mouse model Slco1a/1b−/−, which
lacks all OATP1A and OATP1B family members, to study the role of OATPs in the disposition
of drugs such as paclitaxel and methotrexate. The Slco1a/1b−/− mice had higher plasma concen-
trations of both drugs, suggesting that proteins in the OATP1A or OATP1B family are involved
in their distribution. Introducing polymorphic human OATPs into these null mice could provide
a powerful tool to study their effect on drug disposition (87).

REGULATION OF OATPs IN CANCER

A recent review provides a detailed summary of the current knowledge about OATP regulation
(88). However, there have not been extensive studies on how OATP expression is regulated within
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PXR: pregnane X
receptor

cancer cells. OATP1A2 expression has been associated with expression of the nuclear receptor
PXR (pregnane X receptor) in breast carcinoma tissue and its cell lines (44). In addition, a PXR
response element was identified in the OATP1A2 promoter (45), suggesting that PXR could play
a role in the upregulation of OATP1A2 seen in breast cancers. In 2004, it was suggested that
OATP1B3 expression in HCC was downregulated via transcriptional repression by hepatocyte
nuclear factor 3β (HNF3β) (53). A more recent study showed that DNA methylation-dependent
gene silencing is involved in the regulation of OATP1B3 expression in several cancer cell lines (89).
Posttranslational regulation also could be altered in cancer cells. Although OATPs are normally
expressed on cell membranes, strong cytoplasmic staining is seen for both OATP1A2 in breast
cancer and OATP1B3 in colon cancer. This could result from aberrant posttranslational regulation
such as altered phosphorylation, which regulates cell surface expression of human OATP2B1 (90),
rat Oatp1a1, and rat Oatp1a4 (91, 92). Owing to the limited knowledge in this area, further research
is required to better understand the mechanism of OATP up- or downregulation in cancer and
to determine what role, if any, it may play in cancer progression or treatment.

THE ROLE OF OATPs IN CANCER DEVELOPMENT

As briefly discussed above, hormones and their conjugates are substrates of many OATPs, and
therefore expression of OATPs in cancer might contribute to the proliferation of androgen- and
estrogen-dependent tumors. Several studies have investigated whether OATP expression could
affect the growth of hormone-dependent cancers such as breast and prostate cancers.

In 2004, Nozawa et al. showed that uptake of estrone-3-sulfate into T47-D breast cancer cells
led to increased cell proliferation and was mediated by a Na+-independent transport system (65).
The authors detected OATP3A1 and OATP4A1 in these cells and suggested that these OATPs
might be involved in estrone-3-sulfate uptake into these cells. In a follow-up study, estrone-
3-sulfate uptake was measured into the breast cancer cell line MCF-7, and inhibition studies
suggested that an OATP could be involved (66). On the basis of these findings, inhibition of the
estrone-3-sulfate uptake system was proposed as a potential treatment for estrogen-responsive
breast cancers (66). Meyer zu Schwabedissen et al. (45) showed that expression of OATP1A2 in
T47-D cells was regulated via the nuclear receptor PXR, and treatment of these cells with the PXR
activator rifampicin resulted in both increased expression of OATP1A2 and increased proliferation
of the cells. Furthermore, when these estrogen-dependent cells were treated with the potent PXR
antagonist A-792611, both decreased OATP1A2 expression and decreased proliferation were
observed. This led the authors to propose targeting the regulation of OATP1A2 as a potential
treatment for breast cancer (45).

OATP1B3 protein expression in various breast carcinomas has been correlated with various
pathological parameters including tumor size, recurrence, and prognosis (61). OATP1B3 ex-
pression was shown in 50% of the breast cancer specimens analyzed. Surprisingly, expression of
OATP1B3 was inversely correlated with tumor size and significantly associated with decreased re-
currence and good prognoses. However, this correlation was seen only in postmenopausal women.
OATP1B3 has thus been hypothesized to be implicated in a hormone-dependent growth mecha-
nism in breast cancer (61).

Prostate cancer recurrence and progression have also been correlated with the expression of
OATPs. An OATP1B3-related survival advantage for certain patients was seen in androgen-
dependent prostate cancer (60). Although testosterone is a substrate of wild-type OATP1B3, a
variant containing two SNPs, 334G and 699A, does not transport testosterone. Patients with the
334GG/699AA haplotype had an improved overall survival over 10 years (60). A separate study
demonstrated that patients with the 334T allele of OATP1B3, which does transport testosterone,
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had an increased prostate cancer mortality rate (59). This study also showed that patients with
the rs12422149 polymorphism in the SLCO2B1 gene, which had previously been shown to affect
OATP2B1-mediated substrate uptake, had an increased risk of prostate-cancer-specific mortality
(59).

OATP1B3 may also be involved in the response to anticancer chemotherapy. Overexpression of
wild-type OATP1B3 in colon cancer cell lines treated with camptothecin and oxaliplatin conferred
an antiapoptotic effect and reduced the transcriptional activity of p53, whereas a nonfunctional
OATP1B3 did not have these effects (57).

Taken together, these studies demonstrate that OATP expression in cancer can be associated
with a survival advantage or disadvantage for the tumor. However, additional research is required
to elucidate the underlying molecular mechanisms and to identify the potentially involved trans-
ported substrates before such findings will lead to improved tumor diagnostics and treatment.

CONCLUSIONS

OATPs are expressed throughout the body and are generally responsible for the Na+-independent
uptake of a wide range of amphipathic compounds. Expression levels of OATPs are altered in
many different types of cancers, and in several cancers these altered expression levels have been
correlated with cancer stage. OATPs are capable of transporting multiple compounds that affect
cancer cell growth and survival, including hormones, hormone precursors, and anticancer drugs.

OATP 

Inhibition 

Stimulation 

Hormone or hormone conjugate  
Anticancer drug  

a b 

c d 

Figure 2
Potential mechanisms of organic anion transporting polypeptide (OATP)-mediated anticancer therapy.
(a) Because OATPs can transport hormones, hormone conjugates, and additional chemicals ( yellow-brown
diamonds) that are beneficial for cancer growth, inhibition of the uptake of these “procancer” compounds
into cancer cells could have antiproliferative effects. (b) OATPs can transport known anticancer drugs (red
circles). Therefore, investigators could attempt anticancer therapy by designing novel chemotherapeutics that
are OATP substrates. (c) Because some OATPs can be allosterically stimulated with small molecules, uptake
of anticancer drugs (red circles) could be enhanced in the presence of such stimulators. (d ) The membrane
expression of OATPs in cancer cells could be regulated to increase or decrease transport into these cells.
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Furthermore, uptake mediated by OATPs can be either inhibited or allosterically stimulated
by small molecules. In addition, OATP polymorphisms have been associated with altered phar-
macokinetics of anticancer drugs, altered transport of hormones, and cancer outcomes. These
findings suggest that OATPs could be valuable targets for anticancer therapy in four ways:
(a) OATP-mediated uptake of hormones, hormone conjugate, or unidentified growth promoting
chemicals could be prevented with OATP-selective inhibitors (Figure 2a); (b) novel anticancer
drugs could be developed as OATP substrates to increase their uptake into OATP-expressing
cancer cells (Figure 2b); (c) uptake of anticancer drugs could be enhanced by allosteric stimulators
(Figure 2c); and (d ) expression of OATPs in the plasma membrane could be modulated to increase
or decrease uptake of various substrates into cancer cells (Figure 2d ). Further research is required
to elucidate the role OATPs play in cancer development and anticancer drug transport and to
determine how these uptake transporters can be rationally targeted in cancer treatment.

SUMMARY POINTS

1. Organic anion transporting polypeptides (OATPs) form a superfamily of transport pro-
teins that transport large amphipathic organic anions into cells. Under normal physio-
logical conditions, OATPs are expressed in various, mainly epithelial, tissues in the body.
Recently, several OATPs have been shown to have altered expression in cancer tissue.

2. OATPs mediate the Na+-independent uptake of a wide variety of endogenous and exoge-
nous compounds, including bile acids, hormones and their conjugates, peptides, toxins,
and numerous drugs such as anticancer drugs.

3. OATPs play an important role in the absorption, distribution, and excretion of drugs.
Patients with OATP polymorphisms have been found to have altered pharmacokinetics
for administered chemotherapeutic drugs.

4. OATPs have been suggested to play a role in cancer development and may serve as a
potential therapeutic target for cancer treatment.

FUTURE ISSUES

1. We should pursue a detailed profile of OATP protein expression in normal and cancer
tissue.

2. We need a better understanding of the mechanisms that lead to altered expression of
OATPs in cancer.

3. We must elucidate the functional role OATPs play in cancer development or survival.

4. We need to determine the mechanism of the allosteric modulation of OATP-mediated
transport.

5. We need to determine to what extent OATP expression or function can help in cancer
diagnosis and therapy.
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