
Abstract. Organic anion transporting polypeptides (OATP)
were identified as transmembrane transporters for various
endo- and exogenous organic compounds (hormones, prosta-
glandins, anticancer drugs). OATP expression had been shown
in different tissues, but not in bone tumors. Therefore, the
expression pattern of all known eleven human OATPs was
analyzed by quantitative RT-PCR in 21 human bone tumor
specimens (osteosarcomas, bone metastases and benign
aneurysmal bone cysts). Transcriptional expression of
OATP1A2, 1C1, 2A1, 2B1, 3A1, 4A1, 4C1 and 5A1, but not
of OATP1B1, 1B3 and 6A1 was observed in malignant and
non-malignant tumor specimens at varying level. Importantly,
OATP3A1, 4A1, 2B1 and 1C1 mRNA levels were significantly
higher in aneurysmal bone cysts as compared to osteo-
sarcomas. Elevated mRNA levels of OATP2A1, 1A2, and 4C1
in metastases from kidney cancer and of OATP5A1 in prostate
cancer suggest that the OATP expression pattern in metastases
is comparable to that of the primary tumors. Different to tissue,
OATP expression in osteosarcoma cell lines HOS and MG-63,
normal human osteoblast outgrowth cells (hOB) and bone
marrow stromal cells (BMSC) is limited to OATP3A1 and
OATP4A1. High OATP expression levels, particularly in
benign bone tumors, suggest an important role of these
transporters for providing hormones, their conjugates, prosta-
glandins and drugs in bone cells. Thereby, they may influence
bone resorption and formation.

Introduction

Osteosarcomas arising from osteoblasts are among the most
frequent solid tumors in teenage cancer patients and in
young adults. Surgical resection of lesions combined with
radiotherapy, neoadjuvant and adjuvant chemotherapy greatly
improved the prognosis of these malignant tumors, particularly,
if diagnosis is made at an early stage. Current chemotherapy
regimens for all stages include standard anticancer drugs, e.g.
methotrexate and doxorubicin in combination with other
anticancer drugs (1). In young adults, osteosarcomas, but also
benign tumors, e.g. the cartilage-derived chondroma, are often
associated with the formation of osteolytic aneurysmal bone
cysts, caused by hemodynamic disturbances, post-traumatic
events, and reactive vascular malformation. However, aneu-
rysmal bone cysts are also found as primary tumors with a
genetical predisposition (2). In older adults, the most common
malignant bone tumors are bone metastases derived from
primary solid tumors in prostate, breast, kidney and lung. For
these bone malignancies, the standard therapy regimen is based
on the systemic chemotherapy for the primary tumor (3).

Despite recent progress in the treatment of bone malig-
nancies, the success of a given therapy with respect to an
improvement in the quality of life and overall survival, is still
hampered by intrinsic or acquired resistance of bone tumor
cells to a broad number of anticancer drugs (multidrug
resistance, MDR) (4,5). A well established mechanism for
MDR is overexpression of efflux transporters such as ABCB1
(P-glycoprotein, Pgp), which can be induced by activation of
the chemosensitizing pregnane X receptor (PXR) through many
drugs and xenobiotics. In tumor cells, an enhanced efflux of
Pgp substrates such as doxorubicin causes an insufficient
intracellular drug accumulation leading to a reduced cytotoxic
effect (6). While induction of MDR by ABC-efflux pumps is
thoroughly studied, less is known about transporters for the
uptake of anticancer drugs into the cells, which may determine
net intracellular accumulation and efficacy of drugs (7,8).

In the last decade, it has also became clear that intracellular
accumulation of many hormones, prostaglandins and drugs is
not simply due to passive diffusion, but evidence is growing
that carriers are needed for drug accumulation in certain tissues
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(9). Indeed, members of the organic anion transporting poly-
peptide (OATP) family encoded by the SLCO genes were
identified as sodium-independent transport proteins for various
amphipathic organic compounds such as hormones and their
conjugates, prostaglandins and others, recently shown to be
important in the regulation of bone homeostasis (10). Also
xenobiotics including the anticancer drug methotrexate are
OATP substrates.

Eleven OATP family members have been identified in
humans (11). Some of these OATPs are highly expressed in
excretory organs, e.g. liver, kidney, intestine, but others are
found at elevated levels in brain, placenta and testes as well
as in malignant tissues and cancer cell lines. For example,
OATP1A2, known for its wide substrate specificity, is highly
expressed in excretory organs, while elevated levels of
OATP1C1, a high-affinity thyroid hormone transporter, are
found in brain, testes and kidney (12). The prostaglandin
transporter OATP2A1 (13) and OATP2B1, transporting steroid
hormones such as dehydroepiandrosterone-sulfate (DHEAS)
are expressed in a wide number of tissues (14). Ubiquitous
tissue distribution was also shown for OATP3A1 and 4A1, for
which hormones, drugs and prostaglandins were identified as
substrates (15,16). A more restrictive localization was shown
for OATP4C1, a kidney-specific transporter for endobiotics
and drugs and for two OATPs, OATP6A1 and 5A1, less
characterized for their substrate specificity. OATP6A1 was
detected in normal testes, some cancer cell lines and malignant
tissues, e.g. oesophagus (17-19), and, only recently in our lab
(20), OATP5A1 in breast tumors and breast cancer cell lines.

Often an altered OATP expression pattern is seen in
malignant tissues and tumor cells as compared to normal tissue
(11). For example, OATP1B1 and OATP1B3 were first
regarded as liver-specific (7,8,21) but were later also found
in intestinal tumors (22) and breast cancer tissues (20).

The wide tissue distribution of various OATPs in normal
and malignant tumor cells suggests that OATPs may also be
expressed in bone tumors. In bone cells, their activity could
influence the local concentration of e.g. estrogen-conjugates,
thyroid hormones and prostaglandin E2 (PGE2), which had
been shown to regulate bone resorption and formation
(osteolytic and osteoblastic processes) (23-25).

Based on these considerations, we investigated mRNA
expression of all eleven OATPs in specimens from human
osteosarcoma and compared it to that in bone metastases and
benign bone tumors by quantitative TaqMan® RT-PCR. We
also assessed whether two osteosarcoma cell lines (HOS and
MG-63), normal human osteoblast outgrowth cells (hOB)
and bone marrow stromal cells (BMSC) might offer suitable
models for further investigations on these transporters in bone
cells.

Materials and methods

Samples from bone tumor patients. Patient characteristics are
given in Table I. In total, 21 samples from malignant (seven
grade 3 osteosarcomas and seven bone metastases from
prostate, breast, kidney and lung) and non-malignant bone
tumors (six aneurysmal bone cysts and a chondroma,
underlying an aneurysmal bone cyst) were analyzed. OATP
mRNA expression data for the latter specimen was not

incorporated into statistical analysis of OATP mRNA
expression in bone tumor groups.

All human tissue samples were obtained during routine
surgery at the Department of Orthopaedic Surgery, Medical
University of Vienna. Informed consent from all patients was
obtained and the study was approved by the Ethics Committee
of the institution. Pathological inspection was done by the
Department of Clinical Pathology, Medical University of
Vienna, Austria.

Cell lines. Two human osteosarcoma cell lines, derived from
a female (HOS, ATCC CRL 1543) and a male (MG-63, ATCC
CRL 1427) teenage osteosarcoma patient were chosen. These
cell lines were originally derived from the American Tissue
Culture Collection (ATCC, Manassas, VA). Cells were
routinely cultured in RPMI-1640 medium supplemented with
10% FCS and 1% penicillin/streptomycin under standard
culture conditions.

Human osteoblast outgrowth cells (hOB) were isolated
from human cancellous bone obtained during orthopaedic
surgery (hip replacement); bone marrow derived stromal cells
(BMSC) were isolated from an aspirate of human bone
marrow, derived from the superior iliac crest of the pelvis.
Both bone cell types were regarded normal and cultured, as
described previously (26).

Expression analysis. Total RNA was isolated from 21 frozen
tissue samples, cancer cell lines grown to subconfluency and
cultured hOB and BMSC cells using the TRIzol reagent
(Invitrogen Life Technologies, Paisley, Scotland). One
microgram of total RNA per sample was reverse transcribed
to cDNA using the RevertAid™ H Minus M-MuLV Reverse
Transcriptase (Fermentas Life Sciences, Vilnius, Lithuania).
The purity of extracted RNA was assessed by determination
of the A260/A280 ratio and by separation on a 2% agarose gel.
To quantify the expression of SLCO/OATP, Pgp and PXR
mRNA, multiplex realtime (RT)-PCR, using TaqMan gene
expression assays (Applied Biosystems, Foster City, CA) was
performed, as described previously (20). Following TaqMan
assays were used: Hs00245360_m1 (OATP1A2), Hs00272
374_m1 (OATP1B1), Hs00251986_m1 (OATP1B3),
Hs00213714_m1 (OATP1C1), Hs00194554_m1 (OATP2A1),
HS00200670_m1 (OATP2B1), Hs00203184_m1 (OATP3A1),
Hs00249583_m1 (OATP4A1), Hs00698884_m1 (OATP4C1),
Hs00229597_m1 (OATP5A1), Hs00542846_m1 (OATP6A1),
Hs00184500_m1 (Pgp), Hs00243666_m1 (PXR). All samples
were tested in triplicates, using an ABI PRISM 7700 Sequence
Detection System (Applied Biosystems). Thermal cycling
conditions comprised 2 min at 50˚C, 10 min 95˚C followed
by 40 cycles of 15 sec at 95˚C and 1 min at 60˚C. Sequence
Detection Software (SDS 1.9.1, Applied Biosystems) results
were imported into the software Q-gene for further
processing and calculation of mean normalized expression
(MNE) levels according to the equation: MNE =
(Ereference)^CTreference, mean)/(Etarget)^CTtarget, mean), where Etarget and
Ereference = efficiency of PCR amplification of the target and
the reference, respectively; CTtarget, mean and CTreference, mean are
calculated means for the target and the reference, respectively
(27). RT-data were normalized to the most stably expressed
housekeeping gene, cytochrome C-1 (CYC1), identified using
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the geNorm™ housekeeping gene selection kit (PrimerDesign
Ltd.). The following intron-spanning primers and the TaqMan
probe for CYC1 were designed using the software Primer
Express™ V1.5 (Applied Biosystems): CYC1-f. p.: 5'-GTT
TGA CGA TGG CAC CCC AG-3'; r. p.: 5'-CTT GAG CCC
CAT GCG TTT T-3'; TaqMan probe: Tamra-5'-CCC AGA
TAG CCA AGG ATG TGT GCA CCT-3'-Blackhole
quencher 2.

Data analysis. RT-PCR data were statistically analyzed by
one-way ANOVA; P-values of ≤0.05 were considered
statistically significant.

Results

Transcriptional expression of OATPs in human bone tumor
specimens. Quantitative RT-PCR was used to determine the
mRNA expression pattern of all eleven OATPs in samples
from malignant and non-malignant bone tumors. As demon-
strated in Fig. 1, eight OATPs, namely OATP1A2, 1C1, 2A1,
2B1, 3A1, 4A1, 4C1 and 5A1 were detected in a collective
of 21 bone tumor specimens, consisting of seven poorly
differentiated osteosarcomas (specimens #1-7), seven bone

metastases (specimens #8-14) from solid tumors in the
prostate, breast, kidney (n=2, each) and lung (n=1) and seven
specimens from benign bone lesions (specimens #15-21).
Data for individual patients are given in Table I: Eight
specimens were from female, 13 from male patients with a
female to male ration of 4/3 in osteosarcoma, 2/5 in metastases
and 2/5 benign bone tumors, respectively. Osteosarcoma
and benign bone tumor patients were of similar age: mean age:
26.4±14.9 and 22.7±17.6 years, respectively, while patients
in the metastatic tumor group were older: mean age
62.1±15.0 years (P≤0.05).

In all tumor samples, mRNA expression of three
transporters, OATP1C1, 2A1 and 4A1, was present at a
considerable level. For two other transporters, namely
OATP2B1 and OATP3A1, mRNA expression was found in
all but one sample. While OATP2B1 was undetectable in a
prostate cancer metastasis (#8), OATP3A1 mRNA levels were
below the detection limit in a metastasis from breast cancer
(#11).

As demonstrated in Fig. 1A and Table II, mean OATP
mRNA expression levels of four transporters (OATP1C1, 2B1,
3A1, and 4A1) were 2-3-fold higher (P<0.001-0.05) in the
aneurysmal bone cyst group than in the osteosarcoma group.
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Table I. Characteristics of tumor patients and tumors.a

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Osteosarcomas # Type Age Gender Location
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

1 Osteoblastic 16 M Distal femur (r)
2 Osteoblastic/anablastic 15 M Proximal humerus (l)
3 Osteoblastic/chondroblastic 16 M Proximal tibia (r)
4 Osteoblastoma-like 34 F Proximal femur (r)
5 Chondroblastic 53 F Distal femur (r)
6 Osteoblastic 15 F Proximal humerus (r)
7 Parosteal 36 F Distal femur (r)

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Metastases # Primary tumor Age Gender Location
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

8 Prostate 83 M Femoral head
9 Prostate 74 M Humerus (r)

10 Mamma 36 F Femoral neck
11 Mamma 65 F Femur (l)
12 Kidney 54 M Femoral head
13 Kidney 65 M Femoral head
14 Lung 58 M Os ilium

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Benign tumors # Type of lesion Age Gender Location
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

15 Aneurysmal bone cyst N/A F N/A
16 Aneurysmal bone cyst 11 M Humerus (l)
17 Aneurysmal bone cyst 12 F Os ilium (l)
18 Aneurysmal bone cyst 19 M Acetabulum
19 Aneurysmal bone cyst 58 M Femoral neck
20 Aneurysmal bone cyst 17 M Femur (l)
21 Ahondroma 19 M Os sacrum

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aAll osteosarcoma specimens were derived from histological grade (G) 3 tumors. All osteosarcoma patients received neoadjuvant
chemotherapy according to the COSS regimen (33).
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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Figure 1. OATP mRNA expression in human bone tumor specimens. mRNA expression of 11 OATPs was assessed in specimens from osteosarcomas (OS;
#1-7), metastases (ME) from prostate (#8,9), breast (#10,11), kidney (#12,13) and lung (#14) tumors and benign bone tumors (BE; aneurysmal bone cyst:
#15-20, chondroma: #21*); mRNA expression of eight OATPs, namely OATP1A2, 1C1, 2A1, 2B1 (A), 3A1, 4A1, 4C1 and 5A1 (B) was detected, while other
OATPs (OATP1B1, 1B3 and 6A1) were below the detection limit in all specimens. Expression levels are given as mean normalized expression (MNE),
calculated as described in the Materials and methods section. 
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For OATP2B1 and 3A1 mRNA expression levels, significant
differences (P<0.001) were additionally found between
aneurysmal bone cysts and the metastatic bone tumor group.
Up to 6-fold higher levels were seen for OATP2B1 in
aneurysmal bone cysts as compared to metastases, while for
OATP3A1 differences were ~2-fold.

Generally, OATP mRNA expression levels, given as mean
normalized expression (MNE), varied in individual patients
(Fig. 1A and B). Only for OATP3A1and 4A1 mRNA
expression, a more uniform pattern was observed. Similar
levels with an up to 20- and 30-fold enrichment were observed
in individual samples, particularly in the benign bone cyst
group. Highest mRNA expression levels of all OATPs detected
in bone tumors were seen for OATP2B1 which showed a
maximal enrichment of 2.5-fold in an aneurysmal bone cysts
(#18). OATP1C1 mRNA expression levels were generally
low and reached a maximal enrichment of only 1.8-fold, also
found in sample #18. Despite the enormous differences in the
expression levels, the MNE pattern for these two OATPs were
similar in individual specimens from malignant and benign
primary bone tumors.

As indicated in Fig. 1B and Table II, for OATP2A1, mean
mRNA expression levels were higher in some aneurysmal
bone cyst and metastases samples, but mean MNEs did not
differ significantly between the groups. Highest (16-fold)
expression was found in the kidney metastasis (#13). For three
other transporters, OATP1A2, 4C1 and OATP5A1, mRNA
expression levels were particularly high in kidney (OATP1A2
and 4C1 in specimens #12 with a 0.8-fold and 22-fold
enrichment) and prostate (OATP5A1 in specimen #9 with a
110-fold enrichment) metastases. While OATP4C1 mRNA
was detected only in one of the osteosarcoma specimens (#3),
OATP5A1 mRNA was additionally found in a number of
aneurysmal bone cysts and osteosarcoma specimens.

For three other OATPs, namely OATP 1B1, 1B3 and 6A1,
mRNA expression levels were below the detection limit in all
bone tumor specimens and cells investigated.

OATP expression in osteosarcoma cell lines and in normal
hOB and BMSC. To compare the OATP expression pattern in
malignant bone tumor samples with that in isolated bone cells,
we studied OATP mRNA expression in malignant MG-63 and
HOS osteosarcoma cell lines, originating from a male and a
female patient. As a model for normal bone cells, we used
normal human osteoblast outgrowth cells (hOB) and did
additional studies in bone marrow stromal cells (BMSC).

As shown in Fig. 2, mRNA expression of only three
OATPs, namely OATP1A2, 3A1 and 4A1, was detected in the
HOS and MG-63 cells at MNE levels similar to that in the bone
tumors. OATP1A2 and 4A1 mRNA expression were even
higher (~1.4- and 1.7-fold) in MG-63 cells than in HOS cells.

In hOB and BMSC, only OATP3A1 and OATP4A1
mRNA were expressed at similar levels in both cell types.
However, in hOB and BMSC cells, OATP3A1 levels were
5-6 times higher than in the osteosarcoma cell lines. In contrast
to bone tumors, OATP4A1 mRNA expression levels were
5-6 times lower in normal cells as compared to the osteo-
sarcoma cell lines.

Expression of Pgp and PXR mRNA in bone tumors and bone
cells. We also assessed whether mRNA expression of ABCB1
coding for the MDR efflux pump Pgp, and for the nuclear
receptor PXR, might be correlated with a specific OATP
pattern in malignant and non-malignant bone tumors and in
bone cell lines.

As demonstrated in Fig. 3, Pgp mRNA expression was
detected in all osteosarcoma specimens, bone metastases and
benign bone tumors. As shown in Table II, mean MNEs were
similar in aneurysmal bone cysts as compared to metastases
and osteosarcomas. Highest Pgp mRNA expression levels were
found in a renal cancer metastasis (#12) and in an osteosarcoma
(#1) specimen (MNEs: 18- and 11-fold, respectively). On the
other hand, Pgp mRNA expression was near the detection limit
in the metastases from prostate (#8) and breast (#10) cancer as
well as in the chondroma (#21) specimen.
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Table II. Mean MNE (mean normalized expression) levels of OATP-, Pgp- and PXR-mRNA (mean ± SD) in bone tumor
specimens.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Osteosarcoma Bone metastases Aneurysmal bone cysts
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
OATP1A2 0.004±0.005 0.14±0.29 0.006±0.006
OATP1C1 0.21±0.23a 0.23±0.42 0.66±0.57
OATP2A1 1.10±0.92 3.63±5.31 2.65±2.87
OATP2B1 300.9±295.1a 134.29±122.99b 929.8±825.9
OATP3A1 5.11±4.1b 4.28±4.90b 10.18±5.04
OATP4A1 4.07±2.01a 9.63±7.83 10.46±8.22
OATP4C1 1.04±2.40 4.27±8.37 0.25±0.22
OATP5A1 14.11±12.97 19.55±41.41 20.23±33.86
Pgp 3.93±3.87 3.50±6.82 3.14±2.68
PXR 1.36±0.92 0.92±0.71 1.01±0.63
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
mRNA expression of different OATPs, Pgp and PXR was analyzed using TaqMan® gene expression assays as described in the Materials and
methods section. Mean normalized expression levels were calculated using the software Q-gene; statistically significant differences were
calculated by one-way ANOVA: aP<0.05 vs. bone cysts group; bP<0.01 vs. bone cysts group. Bold, significantly higher expression levels in
benign vs. malignant tumors.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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Contrary to bone tumor specimens, Pgp mRNA expression
levels were below the detection limit in osteosarcoma cell lines,
hOB and BMSC.

Similarly to Pgp, PXR mRNA expression levels did not
differ between the bone tumor groups. Maximal enrichment of
PXR mRNA in individual samples was lower than that of Pgp.
Up to 2.8-fold higher PXR mRNA levels were found in two

osteosarcoma specimens, one from a responder to chemo-
therapy (#3) and one from a non-responder (specimen #7).

In the two osteosarcoma cell lines, however, PXR mRNA
expression was also near the detection level, while that in
normal hOB and BMSC were similar to that in bone tumors
(~0.9-fold).

Discussion

This is the first demonstration of transcriptional expression
of eight of eleven known human OATPs, namely OATP1A2,
1C1, 2A1, 2B1, 3A1, 4A1, 4C1 and 5A1, in human bone
tumors. Most widely expressed were OATP 3A1 and 4A1,
which were found at considerable levels in nearly all bone
tumor specimens, HOS and MG-36 osteosarcoma cell lines,
normal hOB cells and BMSCs. Osteosarcoma cell lines
(MG-63 and HOS) and normal bone-derived cells (hOB and
BMSC) are therefore not suitable models for studying OATP-
mediated transport processes as OATP expression levels were
considerably lower compared to bone tumor samples.

We found differences in the expression pattern between
non-malignant and malignant bone tumors, as mRNA
expression levels of OATP3A1, 4A1, 2B1 and 1C1 were
significantly higher in the bone cyst group than in the osteo-
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Figure 2. OATP mRNA expression in malignant and non-malignant bone cells.
mRNA expression of 11 OATPs was assessed in the osteosarcoma cell lines
HOS and MG-63 and in the normal human bone marrow derived osteoblast-
outgrowth cells (hOB) and bone marrow stromal cells (BMSC) by quantitative
PCR; mRNA expression of three OATPs, namely OATP1A2, 3A1 and 4A1
was detected, while other OATPs (OATP1B1, 1B3, 1C1, 2A1, 2B1, 4C1, 5A1
and 6A1) were below the detection limit in all cell lines and bone cells.

Figure 3. Pgp and PXR mRNA expression in human bone tumor specimens.
mRNA expression of the MDR efflux pump P-glycoprotein (Pgp) and the
nuclear receptor PXR was assessed in specimens from osteosarcomas (OS;
#1-7), metastases (ME) from prostate (#8,9), breast (#10,11), kidney
(#12,13) and lung (#14) tumors and benign bone tumors (BE; aneurysmal bone
cyst: #15-20, chondroma: #21*). Pgp mRNA was detected in all specimens,
with highest expression levels in a metastasis from renal cancer (#12) and an
osteosarcoma specimen (#1). 
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sarcoma group. This is in accordance with previous data from
our lab (20), showing that OATP3A1, 4A1 and 2B1 are higher
expressed in benign vs. malignant breast tissue. Ancona et al
(28) also found higher OATP4A1 levels in normal vs.
malignant colon suggesting that OATP3A1, 4A1, 2B1 and
possibly, also 1C1 may play an important role in providing
endogenous OATP substrates e.g. hormones to cells. For
example, thyroid hormones are substrates for many OATPs,
e.g. OATP3A1, 4A1, and OATP1C1 (12), which have the
highest affinity for these hormones. We found high levels of
OATP1C1 in osteolytic aneurysmal bone cysts and kidney
metastases, which would fit with the bone resorptive effect of
thyroid hormones (29). On the other hand, this OATP was also
highly expressed in the osteoblastic prostate metastases.

Another important substrate is estrone-sulfate, which is
present at high levels in plasma. It could be taken up into bone
cells by OATP2B1 and other OATPs, e.g. 3A1. In bone cells,
it is further metabolized to 17ß-estradiol (E2) by estrogen-
metabolizing enzymes (26) providing the active estrogen.
Furthermore, OATP2B1 also transports DHEAS, which is a
precursor for E2. Indeed, E2 derived from DHEAS was found
to stimulate bone formation (30).

Prostaglandins, e.g. PGE2, are substrates for many OATPs,
e.g. OATP1A3 and 4A1, but OAT2A1, highly expressed in
many organs, e.g. brain, colon, kidney, has the highest
specificity for these mediators (31). PGE2 is not only important
for tumor development, but it is also a potent inducer of
osteolysis (25). Although biological effects of PGE2 are
mediated by binding to its plasma membrane receptors,
transport of PGE2 into the cell by OATP2A1 leads to rapid
inactivation by oxidation in the cell interior (13).

Our data show, particular high OATP2A1 levels in an
osteolytic kidney metastasis. This seems to reflect the function
of OATP2A1 in the primary tumor of the kidney, where its
expression is regulated by electrolytes, e.g. high sodium (32).

We further demonstrated in this pilot study that the ‘kidney-
specific OATP4C1’ (18) is almost exclusively expressed in
kidney metastases, however, low levels are also found in
prostate and lung metastases. This further suggests that the
OATP expression pattern in metastases, at least in that from
renal cancer, is comparable to that of the primary tumor.
Whether OATPs might be used as biomarkers to define the
primary tumor of metastases is not known yet and has to be
investigated. In breast cancer metastases, however, OATP
expression did not correlate with primary tumor as OATP2B1
and 4A1, considerably expressed in breast cancer tissue
(20), were found only at low expression levels in the breast
metastases.

In our study, all osteosarcoma patients had received
neoadjuvant chemotherapy based on doxorubicin and
methotrexate (33). On the other hand, from the OATPs
previously found to transport methotrexate (OATP1A2, 1B1,
1B3, 4C1), only OATP 4C1 was expressed at a considerable
level in the osteosarcoma specimen #3, derived from a
responder to chemotherapy. This suggests that other not yet
identified transporters could also be important for the cellular
uptake of methotrexate into osteosarcoma cells. This might also
apply for the uptake of doxorubicin.

In addition to the OATP-mediated uptake, net cellular
accumulation of drugs and endogenous compounds is

determined by their efflux from the cells. So did recent data
showing that doxorubicin used for treatment of osteo-
sarcomas could also induce overexpression of ABC-efflux
transporters such as ABCB1 (Pgp). Our data, however, could
not show any induction of Pgp in samples from doxorubicin-
treated patients vs. untreated aneurysmal bone cysts patients.

Gender, tumor localization and age do not seem to be
related to OATP and Pgp expression. Furthermore, the OATP
expression pattern in individual samples did not correlate with
Pgp and PXR, although transcriptional regulation of
OATP1A2 and 2B1 by PXR activation was previously
shown in liver (34).

In summary, our data revealed that 8 out of 11 OATPs
(OATP1A2, 1C1, 2A1, 2B1, 3A1, 4A1, 4C1 and 5A1) are
expressed in human bone tumors with differences in the
expression levels between osteosarcomas, bone metastases
and benign bone tumors. The distinct pattern of expression
indicates that OATPs could be important to provide important
regulators of bone homeostasis and affect tumor growth and
progression. Additionally, OATP-mediated uptake of certain
anticancer drugs may also influence the efficacy of chemo-
therapy regimens in which OATP substrates are applied.
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