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Pilot study of gadoxetate 
disodium‑enhanced mri 
for localized and metastatic 
prostate cancers
Sarah E. Lochrin1,9, Baris Turkbey2,9, Billel Gasmi3, Keith Schmidt1, Jonathan D. Strope1, 
Cindy H. Chau4, Tristan M. Sissung1, Douglas K. Price4, Lisa Cordes1, Suzana Markolovic1, 
Bradford J. Wood5, Peter A. Pinto6, Yolanda L. McKinney2, Joanna H. Shih7, Elliot Levy8, 
Ravi Madan4, William Dahut4, Peter L. Choyke2, Maria Merino3 & William D. Figg1,4*

OATP1B3 is expressed de novo in primary prostate cancer tissue and to a greater degree in prostate 
cancer metastases. Gadoxetate disodium is a substrate of OATP1B3, and its uptake has been shown 
to correlate with OATP1B3 expression in other cancers. We aimed to evaluate use of gadoxetate 
disodium to image prostate cancer and to track its utility as a biomarker. A single center open-label 
non-randomized pilot study recruited men with (1) localized, and (2) metastatic castration resistant 
prostate cancer (mCRPC). Gadoxetate disodium-enhanced MRI was performed at four timepoints 
post-injection. The Wilcoxon signed rank test was used to compare MRI contrast enhancement ratio 
(CER) pre-injection and post-injection. OATP1B3 expression was evaluated via immunohistochemistry 
(IHC) and a pharmacogenomic analysis of OATP1B3, NCTP and OATP1B1 was conducted. The 
mCRPC subgroup (n = 9) demonstrated significant enhancement compared to pre-contrast images 
at 20-, 40- and 60-min timepoints (p < 0.0078). The localized cancer subgroup (n = 11) demonstrated 
earlier enhancement compared to the mCRPC group, but no retention over time (p > 0.05). OATP1B3 
expression on IHC trended higher contrast enhancement between 20–40 min (p ≤ 0.064) and was 
associated with contrast enhancement at 60 min (p = 0.0422). OATP1B1 haplotype, with N130D and 
V174A substitutions, impacted enhancement at 40–60 min (p ≤ 0.038). mCRPC lesions demonstrate 
enhancement after injection of gadoxetate disodium on MRI and retention over 60 min. As inter-
individual variability in OATP1B3 expression and function has both predictive and prognostic 
significance, gadoxetate disodium has potential as a biomarker in prostate cancer.

Androgen deprivation (ADT) has been shown to decrease serum testosterone by > 90% with a corresponding 
75% reduction in intra-tumoral testosterone concentration1. Further studies have shown that castration resistant 
prostate cancer (CRPC) metastases have greater intra-tumoral androgen concentration compared to tumors 
in eugonadal men2. The source of tumor tissue androgens despite ADT has not been fully elucidated but may 
reflect de novo androgen synthesis, androgen promiscuity and/or androgen scavenging with increased uptake2.

OATP1B3 (encoded by SLCO1B3) is an uptake transporter and a member of the organic anion transporting 
polypeptides (OATP) superfamily of transporters. OATP1B3 is expressed on the plasma membrane of hepatocytes 
and has also been identified in multiple cancer tissues, including colorectal, testicular, pancreatic, breast, lung, 
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endometrial and prostate cancer3–5. Its role in bile, steroid and anti-cancer drug transport has been extensively 
studied to date3. OATP1B3 facilitates the diffusion of unconjugated testosterone in several cell types, including 
prostate cancer5,6.

OATP1B3 is expressed de novo in prostate cancer as compared to surrounding normal prostate tissue and is 
expressed more frequently and to a greater degree in prostate cancer metastases, and therefore potentially plays 
a role in mediating intra-tumoral androgen concentration4–8. OATP1B3-mediated testosterone uptake is greater 
in cells expressing certain OATP1B3 variants (112S and 233M), and these variants are also associated with poor 
overall survival from diagnosis, poor progression-free survival on androgen deprivation therapy, biochemical 
recurrence, and prostate cancer-specific mortality6,7,9,10. Tumoral OATP1B3 expression is related to the clinical 
response of patients with prostate cancer treated with abiraterone and has been shown to determine intracellular 
concentrations of docetaxel and cabazitaxel in patient-derived xenografts11,12.

The use of non-invasive imaging techniques to increase our understanding of prostate cancer development, 
progression and to aid physicians in risk stratification is a rapidly expanding field13. Gadoxetate disodium 
(Gadoxetic acid, Gd-EOB-DTPA; Eovist) is an FDA-approved gadolinium-based hepatoselective MRI contrast 
agent that has a proven role in improving the diagnosis and classification of liver lesions14,15. Gadoxetate is a 
substrate for several bile acid uptake transporters; OATP1B3, OATP1B1 (encoded by SLCO1B1), and NTCP 
(encoded by SLC10A1)16,17. Of these transporters, histopathological OATP1B3 expression demonstrates the 
strongest correlation with gadoxetate uptake in HCC17,18. Frequently occurring polymorphisms in SLCO1B1 
and SLCO1B3 are of functional relevance in gadoxetate cellular uptake19,20.

We hypothesized that gadoxetate disodium-enhanced MRI may provide additional prognostic information 
and we aimed to evaluate use of gadoxetate disodium to image prostate cancer and to track its utility as a 
biomarker for non-invasive assessment of the expression of OATP1B3 in prostate tumors.

Methods
Patients.  Male subjects were recruited and enrolled in a single center open-label non-randomized pilot 
study between July 2013 and March 2016 (ClinicalTrials.gov identifier—NCT01867424) and were divided into 
two arms; (1) subjects with localized prostate cancer, and (2) subjects with mCRPC. Medications that were good 
OATP1B3 substrates or were known to affect its function were held for at least three days prior to MRI. Study 
patients’ electronic medical records were reviewed, providing demographic information; age, race, BMI, and 
clinical information; Gleason score, tumor stage and on-study PSA. Informed consents were obtained from 
all participants prior to trial participation, and the study was approved by the National Cancer Institutional 
Review Board, and all participants provided written informed consent. All research methods were performed in 
accordance with relevant guidelines and regulations.

Imaging technique.  Pre-contrast T1 and T2 weighted multi-parametric scans, using a clinical 3T MRI 
scanner (Philips, USA), with a 32-channel phased array surface coil (In-Vivo Inc), were obtained through 
the prostate gland, bone or soft tissue metastasis selected as the target lesion. Contrast-enhanced MRI was 
performed after a rapid bolus injection of gadoxetate disodium (Eovist, Bayer Healthcare Pharmaceuticals, 
Germany) at a dose of 0.1 ml/kg administered at a rate of 2-ml/second, followed by a 10-ml saline flush (0.9% 
w/v sodium chloride at 1-ml/second rate). Multi-slice 2D-T1W TSE images with echo and repetition time (TE/
TR) of 8.2/312.0 ms were obtained at four timepoints, 10, 20, 40 and 60 min, after injection. In addition to 
contrast enhanced MRI, axial T2W and diffusion weighted MRI pulse sequences were obtained to locate the 
target lesions.

Imaging analysis.  The MR imaging was reviewed by a genitourinary radiologist (10 years of experience in 
prostate and body imaging, BT). The radiologist was blinded to the pathology and demographic data. A region 
of interest was drawn over the target lesion in the pre-contrast and post-gadoxetate injection MR images and the 
amount of contrast enhancement was recorded in picture archiving communication system (PACS) (Carestream, 
Rochester, NY, USA). For the localized disease arm, the lesion with the largest size and highest Gleason score was 
chosen as the target lesion, whereas for the mCRPC the lesion which is amenable to image guided biopsy was 
chosen as the target lesion. For each patient, one target lesion was chosen. Contrast enhancement ratios (CER) 
[(signal intensity after enhancement-signal intensity before enhancement)/signal intensity before enhancement] 
were calculated by manually drawing region of interests on target lesions on pre- and post- injection T1W MR 
images and determined at each time point.

Histopathological analysis.  Subjects with localized prostate cancer had image-guided-biopsy-confirmed 
prostate cancer and sufficient tissue available for OATP1B3 immunohistochemistry (IHC). Subjects with 
advanced disease had soft tissue or bone lesions underwent percutaneous needle biopsy to obtain tissue for 
IHC. Formalin-Fixed Paraffin-Embedded (FFPE) tissue specimens were stained with a rabbit polyclonal anti-
human OATP1B3 antibody targeting the C-terminal sequence (Antigen sequence SKTCNLDMQDNAAA) 
(Sigma-Aldrich, St. Louis, MO, USA) as previously described21. The staining intensities were evaluated by a 
pathologist (> 20  years of experience in prostate pathology, MJM) using the following categories: negative, 
weakly positive (+ 1), moderately positive (+ 2), and strongly positive (+ 3). The pathologist was blinded to the 
patient demographic and imaging data.

Genotyping.  Genotyping was performed using genomic DNA isolated from stored frozen serum using the 
QIAmp DNA blood mini-kit (Qiagen, Inc, Valencia, CA). SLCO1B3 single nucleotide polymorphisms (SNP) 
334T>G (rs4149117) and 688 G>A (rs7311358) were genotyped via direct sequencing, as previously published6. 
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Additionally, to evaluate the 51 main SNPs in SLCO1B3, SLCO1B1 and SLC10A1 (NTCP), isolated genomic 
DNA was genotyped by Pharmacoscan assay (Thermo Fisher Scientific, Waltham, MA, USA), as previously 
described22.

Statistical analysis.  All statistical analyses were performed using GraphPad Prism version 8.4.2, GraphPad 
Software (San Diego, California USA). Data are expressed as mean  + /− standard deviation (SD). The Wilcoxon 
signed rank test was used to compare MRI contrast enhancement ratio (CER) pre-injection and post-injection, 
to evaluate the primary endpoint of uptake and retention of gadoxetate in prostate cancer in each disease stage. 
For our exploratory analyses, Mann Whitney tests were performed to compare gadoxetate enhancement with 
stage of disease, Gleason score, histopathologic OATP1B3 expression, and genotype. Spearman correlation 
assessed the relationship of gadoxetate enhancement with baseline PSA. All p-values are two-tailed and given 
the exploratory nature of this study a value of p < 0.05 was considered to be statistically significant.

Results
Patient characteristics.  Twenty-four patients were enrolled on study, including 12 subjects with 
histologically confirmed localized prostate cancer and 12 subjects with mCRPC. Patient characteristics are 
summarized in Supplementary Table 1. The final study population for the primary end point consisted of 20 
evaluable patients, who were divided into two arms; 11 subjects with localized prostate cancer and 9 subjects 
with mCRPC. We excluded patients with nondiagnostic baseline imaging (n = 1) and patients who did not 
complete the study (n = 3).

Enhancement pattern in prostate cancers.  Twenty subjects completed gadoxetate disodium-enhanced 
MRI, 1 patient in the localized disease arm was excluded from analysis due to poor image quality secondary to 
biopsy related residual hemorrhage in the prostate. Enhancement of target lesion was seen in 17 of 19 (89.5%) 
patients. Consistent with prior studies, gadoxetate enhancement peaked at 10  min following injection19. 
Subgroup analysis was conducted to evaluate if (i) mCRPC tumors and (ii) localized prostate cancers take up 
and retain gadoxetate (Tables 1 and 2). In the mCRPC subgroup (n = 9), all subjects demonstrated gadoxetate 
enhancement. 77.8% (7/9) peaked at the 10-min time point and 2/9 (22.2%) peaked at the 60-min time point 
(Fig. 1A). The mCRPC subgroup demonstrated significant enhancement compared to pre-contrast images at 
20-, 40- and 60-min timepoints (Table 1), indicating mCRPC takes up gadoxetate and retains it over time. An 
example of a gadoxetate enhancing lesion on T1W MRI is displayed in Fig. 1B. In the localized prostate cancer 
subgroup (n = 10), 80% (8/10) displayed gadoxetate enhancement, the 10-min time point was the only timepoint 
where enhancement was significantly elevated compared to pre-contrast images (p = 0.013). At no other later 
timepoints did the target lesion enhance significantly (Table  2), indicating localized prostate cancer initially 
enhances with gadoxetate but does not retain it over time. Gadoxetate enhancement did not change with lesion 
Gleason scores or baseline PSA (data not shown).  

Table 1.   Gadoxetate disodium enhancement over time in metastatic CRPC subgroup. Metastatic CRPC 
takes up gadoxetate disodium and demonstrated delayed enhancement. *Significant p value ** Statistical test 
used—Wilcoxon test.

Timepoints Pre-contrast Mean CER (SD) p value**

10-min (n = 9) 2.01 ± 1.16 3.10 ± 2.61 0.055

20-min (n = 9) 2.01 ± 1.16 2.52 ± 1.27 0.004*

40-min (n = 9) 2.01 ± 1.16 2.52 ± 1.39 0.008*

60-min (n = 9) 2.01 ± 1.16 2.56 ± 1.45 0.004*

Average CER (n = 9) 2.01 ± 1.16 2.68  ± 1.58 0.004*

Table 2.   Gadoxetate disodium enhancement over time in localized prostate cancer subgroup. Localized 
prostate cancer takes up Eovist at 10-min timepoint but does not retain it over time. * Significant p value ** 
Statistical test used—Wilcoxon test.

Timepoints Pre-contrast Mean CER (SD) P value**

10-min (n = 9) 1.86 ± 0.41 2.40 ± 0.34 0.013*

20-min (n = 10) 1.86 ± 0.41 2.21 ± 0.36 0.084

40-min (n = 9) 1.86 ± 0.41 2.06 ± 0.34 0.250

60-min (n = 10) 1.86 ± 0.41 2.06 ± 0.34 0.160

Average CER (n = 10) 1.86 ± 0.41 2.17 ± 0.33 0.084
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OATP1B3 expression on IHC.  The expression of OATP1B3 has previously been shown to have a strong 
correlation with gadoxetate uptake in hepatic cancers17,21. We hypothesized that prostate tumors expressing 
OATP1B3, as demonstrated on IHC, would have increased uptake. Fifteen subjects had tissue available for IHC, 
9 localized and 6 mCRPC cases, 2 of which did not complete the gadoxetate disodium-enhanced MRI. Overall 
12/15 (80%) stained positively and 3/15 (20%) negatively. 80% of local prostate cancer cases and 66.67% of 
metastatic CRPC cases stained positive for OATP1B3. The staining pattern demonstrated membranous staining 
of tumor cells with cytoplasmic blushing (Fig. 2). Similar to previous studies, we found OATP1B3 expression on 
IHC trended towards higher CER between 20–40 min (p ≤ 0.064) and was associated with gadoxetic enhancement 
at 60 min, mean CER of 2.02 vs. 1.47 (p = 0.042) (Table 3).

Genotype.  We completed a comprehensive assessment of fifty-one SNPs in the three genes associated 
with gadoxetate transport; SLC10A1 (7), SLCO1B3 (8) and SLCO1B1 (36) (Supplementary Table  2). The 
SLCO1B3 334T>G and 699G>A polymorphisms have been associated with OATP1B3 transporter activity and 
demonstrated to be predictive and prognostic markers in men with prostate cancer6,7,9,10. We hypothesized 
that OATP1B3 variants associated with increased androgen uptake and poor prostate cancer outcomes would 
enhance and retain gadoxetate more efficiently. Twenty-one patient samples were available for genotyping: 4 
African Americans, 1 Asian, and 16 Caucasians. Consistent with previous genotype frequencies in Caucasians 
and African Americans23, our genotyping results showed 4 (19%) patients were wild-type and 17 (81%) 
patients were homozygous variant;18 (85.7%) patients had corresponding MRI data for analysis. No significant 
difference in CER was seen based on variant SLCO1B3 genotypes at any timepoint (Supplementary Table 3). 
Eighteen patient samples were available to be genotyped by Pharmacoscan and 16 had corresponding MRI data. 
Upon evaluation of 36 polymorphisms in SLCO1B1, 521T>C V174A (rs4149056) SNP (n = 2) demonstrated a 

Figure 1.   (A) Metastatic CRPC gadoxetate disodium enhancement pattern. Gadoxetate disodium enhancement 
in mCRPC peaks at 10 min post-injection, tapers at 20 min and retains enhancement over 60 min. (plotted 
as mean CER at each timepoint). (B) Pre and post gadoxetate disodium T1W MRI of iliac bone metastases. 
Baseline pre-contrast T1W MRI in patient with extensive bony metastases to the pelvis (a) and 60-minute post-
gadoxetate disodium injection T1W MRI enhancing left iliac bony lesion (b). (see supplementary figure 1).
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putative association with gadoxetate enhancement at 40- and 60- minute timepoints (p ≤ 0.038) (Supplementary 
Table  4). Of these patients, which demonstrated the second and third highest enhancements in our cohort, 
one patient carried the N130D-V174A haplotype and the second patient, with a non-informative genotype, 
may have carried this haplotype. However, genotype-predicted SLCO1B1 transporter phenotype (i.e., poor-, 
intermediate-, or normal-transporter status) was not associated with enhancement (Supplementary Table  5 
& Supplementary Fig. 2). No association was seen between gadoxetate enhancement and SLC10A1 or the six 
further SLCO1B3 variants evaluated (p > 0.05).

Figure 2.   Immunohistochemistry anti-OATP1B3 antibody staining. (a) IHC slide of metastatic prostate cancer 
in lymph node. IHC using rabbit polyclonal anti-OATP1B3 antibody staining moderately positive (2+) with 
membranous and cytoplasmic distribution. (b) Slide of core biopsy of localized prostate cancer. IHC using 
rabbit polyclonal anti-OATP1B3 antibody staining moderately positive (2+) with membranous and cytoplasmic 
distribution.

Table 3.   Gadoxetate disodium enhancement based on OATP1B3 Expression on IHC. Total of 15 patients, 9 
localized and 6 mCRPC. OAPT1B3 expression was associated with increased retention of gadoxetate disodium 
at 60-min timepoint. *Significant p value ** Statistical test used—Mann Whitney Test.

Timepoints
2nd IHC OATP1B3 + 
(n = 12)

2nd IHC 
OATP1B3-
(n = 3) P-value **

10-min
(n = 13) 2.33 ± 0.33 1.6 ± 0.65 0.204

20-min
(n = 13) 2.20 ± 0.34 1.52 ± 0.47 0.062

40-min
(n = 12) 2.01 ± 31 1.41 ± 0.42 0.064

60-min
(n = 13) 2.02 ± 0.32 1.47 ± 0.41 0.042*
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Discussion
Our pilot study demonstrates that prostate tumors enhance and retain gadoxetate disodium on T1W MRI, thus 
exploiting de novo OATP1B3 expression in prostate tumors for in-vivo imaging purposes. This enhancement 
pattern was only evident in mCRPC, which demonstrated delayed enhancement at 20-, 40- and 60-min 
timepoints, unlike conventional gadolinium-based contrast agents (GBCAs). This is consistent with both 
preclinical cell line studies which showed OATP1B3 was the second most differentially expressed transporter 
between androgen-sensitive and CRPC cell lines, and tumor tissue studies which showed almost fourfold higher 
OATP1B3 expression between primary prostate and mCRPC tumors5,7. In contrast, the primary prostate cancer 
cases enhanced at the 10-min timepoint, consistent with prior studies demonstrating gadoxetate enhances 
all vascular structures and organs due to its low molecular weight properties19, and did not demonstrate any 
retention of contrast over subsequent timepoints, similar to conventional GBCAs.

OATP1B3 expression was previously associated with a higher gadoxetate uptake in hepatic cancers17,21, 
and in the present study we demonstrate that OATP1B3 expression on IHC trended towards higher CER 
between 20 and 40 min and was associated with gadoxetate enhancement at 60 min. These data suggest de novo 
OATP1B3 expression is also associated with increased uptake kinetics, particularly in metastatic prostate cancers. 
OATP1B3 has more than one isoform, liver-type (LT) and cancer-type (CT), and the CT-isoform is localized 
mainly in the cytoplasm with modest transport activity24. Current commercially available antibodies cannot 
distinguish between OATP1B3 isoforms and we were unable to determine which isoform was responsible for 
gadoxetate uptake due to limited sampling constraints in this pilot study. OATP1B3 isoforms have the potential 
to significantly impact gadoxetate enhancement, given their location and transporter function differences. Future 
directions of study should include characterization of (i) the expression of OATP1B3 isoforms in mCRPC tissues, 
(ii) the function of CT-OATP1B3 in prostate cancer, and (iii) tumoral androgen uptake kinetics in those cancers 
with high gadoxetate disodium enhancement.

Gadoxetate disodium is a substrate for OATP1B3, OATP1B1, and NTCP16,17. SLCO1B3 334T>G and 699 G>A 
polymorphisms have been shown to affect androgen transport kinetics and are associated with clinical outcomes 
in prostate cancer5–7. SNPs in SLCO1B3 have been shown to impact gadoxetate transport kinetics in in-vitro 
and in-vivo liver cells19,20. No difference in gadoxetate enhancement was associated with SLCO1B3 genotypes in 
our study. Two commonly occurring variants of SLCO1B1, 388A>G and 521T>C, are associated with markedly 
reduced hepatic uptake of multiple drugs20. In-vitro cell studies demonstrated that co-transfection of SLCO1B1 
388A>G and 521T>C (SLCO1B1*15), but not SLCO1B1 521T>C alone (SLCO1B1*5), resulted in significantly 
decreased uptake of gadoxetate19. The importance of the 338G-521C haplotype was observed in this study as well, 
of the three patients with the highest enhancements at 40 and 60 min, one individual harbored the 338G-521C 
haplotype, and one individual harbored a non-informative genotype (i.e. was heterozygous at both sites) and 
so could have also harbored this haplotype. The counter-intuitively greater gadoxetate enhancement in prostate 
cancer cells with this haplotype indicates this effect may be caused by slower hepatic clearance of gadoxetate in 
patients harboring this haplotype rather than differential uptake in mCRPC itself. This view is also supported 
by studies demonstrating mCRPC has a rather low expression of OATP1B1 in comparison with other uptake 
transporters7.

OATP1B3 also transports anticancer drugs such as paclitaxel and docetaxel3 and preclinical studies have 
demonstrated that loss of OATP1B3 results in taxane resistance12. Current imaging modalities cannot predict 
treatment failure or resistance. Gadoxetate disodium-enhanced MRI may have the potential to be a noninvasive 
predictive biomarker in the assessment of which patients would benefit from anticancer drugs transported 
by OATP1B3, for example docetaxel and cabazitaxel in prostate cancer. Since OATP1B3 also transports 
androgens5, its gadoxetate-predicted function may also have prognostic significance in prostate cancers and/or 
predict which patients are likely to more-efficiently import androgens and therefore progress more-rapidly on 
therapies that restrict androgen function or production. Future prospective studies should address if gadoxetate 
enhancement has a prognostic role in prostate cancer outcomes and/or a predictive role in treatment response 
and/or stratification.

Limitations of our study include small sample size, assessment of total OATP1B3 expression in our IHC 
analysis, and our inability to distinguish between LT- and CT-OATP1B3 expression.

Conclusion
We present the first study to document that mCRPC lesions demonstrate enhancement after injection of 
gadoxetate disodium on T1W MRI and retain the contrast over 60 min. Gadoxetate disodium-enhanced MRI 
warrants further study as a potential non-invasive prognostic and therapeutic biomarker in prostate cancer.

Received: 21 July 2020; Accepted: 18 February 2021

References
	 1.	 Mostaghel, E. A. et al. Intraprostatic androgens and androgen-regulated gene expression persist after testosterone suppression: 

therapeutic implications for castration-resistant prostate cancer. Cancer Res. 67(10), 5033–5041 (2007).
	 2.	 Montgomery, R. B. et al. Maintenance of intratumoral androgens in metastatic prostate cancer: a mechanism for castration-resistant 

tumor growth. Cancer Res. 68(11), 4447–4454 (2008).
	 3.	 Obaidat, A., Roth, M. & Hagenbuch, B. The expression and function of organic anion transporting polypeptides in normal tissues 

and in cancer. Annu Rev Pharmacol Toxicol. 52, 135–151 (2012).
	 4.	 Pressler, H., Sissung, T. M., Venzon, D., Price, D. K. & Figg, W. D. Expression of OATP family members in hormone-related cancers: 

potential markers of progression. PLoS ONE 6(5), e20372 (2011).



7

Vol.:(0123456789)

Scientific Reports |         (2021) 11:5662  | https://doi.org/10.1038/s41598-021-84960-w

www.nature.com/scientificreports/

	 5.	 Sissung, T. M. et al. Differential expression of OATP1B3 mediates unconjugated testosterone influx. Mol Cancer Res. 15(8), 
1096–1105 (2017).

	 6.	 Hamada, A. et al. Effect of SLCO1B3 haplotype on testosterone transport and clinical outcome in caucasian patients with androgen-
independent prostatic cancer. Clin Cancer Res. 14(11), 3312–3318 (2008).

	 7.	 Wright, J. L. et al. Expression of SLCO transport genes in castration-resistant prostate cancer and impact of genetic variation in 
SLCO1B3 and SLCO2B1 on prostate cancer outcomes. Cancer Epidemiol. Biomark. Prev. 20(4), 619–627 (2011).

	 8.	 Alam, K., Farasyn, T., Ding, K. & Yue, W. Characterization of liver- and cancer-type-organic anion transporting polypeptide 
(OATP) 1B3 messenger RNA expression in normal and cancerous human tissues. Drug Metab. Lett. 12(1), 24–32 (2018).

	 9.	 Yang, M. et al. SLCO2B1 and SLCO1B3 may determine time to progression for patients receiving androgen deprivation therapy 
for prostate cancer. J. Clin. Oncol. 29(18), 2565–2573 (2011).

	10.	 Sharifi, N. et al. A polymorphism in a transporter of testosterone is a determinant of androgen independence in prostate cancer. 
BJU Int. 102(5), 617–621 (2008).

	11.	 Mostaghel, E. A. et al. Association of tissue abiraterone levels and SLCO genotype with intraprostatic steroids and pathologic 
response in men with high-risk localized prostate cancer. Clin. Cancer Res. 23(16), 4592–4601 (2017).

	12.	 de Morree, E. S. et al. Loss of SLCO1B3 drives taxane resistance in prostate cancer. Br. J. Cancer. 115(6), 674–681 (2016).
	13.	 Gennaro, K. H., Porter, K. K., Gordetsky, J. B., Galgano, S. J. & Rais-Bahrami, S. Imaging as a personalized biomarker for prostate 

cancer risk stratification. Diagnostics (Basel). 8(4), 80 (2018).
	14.	 Eovist FDA Label. In: FDA, editor. 2010.
	15.	 Scharitzer, M. et al. Preoperative evaluation of colorectal liver metastases: comparison between gadoxetic acid-enhanced 3.0-T 

MRI and contrast-enhanced MDCT with histopathological correlation. Eur. Radiol. 23(8), 2187–2196 (2013).
	16.	 Leonhardt, M. et al. Hepatic uptake of the magnetic resonance imaging contrast agent Gd-EOB-DTPA: role of human organic 

anion transporters. Drug Metab. Dispos. 38(7), 1024–1028 (2010).
	17.	 Narita, M. et al. Expression of OATP1B3 determines uptake of Gd-EOB-DTPA in hepatocellular carcinoma. J. Gastroenterol. 44(7), 

793–798 (2009).
	18.	 Ueno, A. et al. OATP1B3 expression is strongly associated with Wnt/beta-catenin signalling and represents the transporter of 

gadoxetic acid in hepatocellular carcinoma. J. Hepatol. 61(5), 1080–1087 (2014).
	19.	 Nassif, A. et al. Visualization of hepatic uptake transporter function in healthy subjects by using gadoxetic acid-enhanced MR 

imaging. Radiology 264(3), 741–750 (2012).
	20.	 Okubo, H. et al. Polymorphisms in the organic anion transporting polypeptide genes influence liver parenchymal enhancement 

in gadoxetic acid-enhanced MRI. Pharmacogenomics 14(13), 1573–1582 (2013).
	21.	 Park, S. H. et al. Aberrant expression of OATP1B3 in colorectal cancer liver metastases and its clinical implication on gadoxetic 

acid-enhanced MRI. Oncotarget. 8(41), 71012–71023 (2017).
	22.	 Sissung, T. M. et al. Comparison of eight technologies to determine genotype at the UGT1A1 (TA)n repeat polymorphism: potential 

clinical consequences of genotyping errors?. Int. J. Mol. Sci. 21(3), 896 (2020).
	23.	 Smith, N. F. et al. Variants in the SLCO1B3 gene: interethnic distribution and association with paclitaxel pharmacokinetics. Clin. 

Pharmacol. Ther. 81(1), 76–82 (2007).
	24.	 Thakkar, N. et al. A cancer-specific variant of the SLCO1B3 gene encodes a novel human organic anion transporting polypeptide 

1B3 (OATP1B3) localized mainly in the cytoplasm of colon and pancreatic cancer cells. Mol. Pharm. 10(1), 406–416 (2013).

Acknowledgements
We would like to thank Heather Pressler for her assistance with developing the protocol and Linda Johnson for 
her assistance in the conduct of the trial.

Author contributions
B.T., W.D.F, P.L.C. designed and supervised the study; B.T., E.L., P.L.C. conducted imaging and image analysis; 
B.J.W., P.A.P. performed patient biopsies and tissue acquisition; W.D., R.M. conducted patient recruitment; M.M., 
B.G. conducted immunohistochemistry analysis; S.E.L., S.M., D.K.P. completed genotyping; S.E.L., L.C., J.D.S., 
K.S., S.M., Y.L.M. completed data collection; S.E.L., B.T., C.H.C., T.M.S., J.H.S. conducted data analysis; S.E.L., 
B.T., C.H.C., T.M.S. were involved in manuscript preparation and wrote the paper with input from all authors. 
All authors revised and approved the final manuscript.

Funding
Open Access funding provided by the National Institutes of Health (NIH). This study was supported by the 
Intramural Research Program of the National Institutes of Health, National Cancer Institute, Bethesda, MD, 
US, (ZIA BC 010547). The content of this publication does not necessarily reflect the views or policies of 
the Department of Health and Human Services, nor does mention of trade names, commercial products, or 
organization imply endorsement by the U.S. Government.

Competing interest 
B.W and P.C are PI on a cooperative research and development agreement with Philips. B.W and P.C receives 
royalties from NIH, who receives royalties from Philips for intellectual property licensing, unrelated to the topic 
of this work. All other authors declare no potential conflict of interest.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​84960-w.

Correspondence and requests for materials should be addressed to W.D.F.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-021-84960-w
https://doi.org/10.1038/s41598-021-84960-w
www.nature.com/reprints


8

Vol:.(1234567890)

Scientific Reports |         (2021) 11:5662  | https://doi.org/10.1038/s41598-021-84960-w

www.nature.com/scientificreports/

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection 
may apply 2021

http://creativecommons.org/licenses/by/4.0/

	Pilot study of gadoxetate disodium-enhanced mri for localized and metastatic prostate cancers
	Methods
	Patients. 
	Imaging technique. 
	Imaging analysis. 
	Histopathological analysis. 
	Genotyping. 
	Statistical analysis. 

	Results
	Patient characteristics. 
	Enhancement pattern in prostate cancers. 
	OATP1B3 expression on IHC. 
	Genotype. 

	Discussion
	Conclusion
	References
	Acknowledgements


