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Abstract. The contribution of organic anion transporting 
polypeptides (OATPs) to the cellular uptake of flavopiridol 
was investigated in OATP1B1-, OATP1B3- and OATP2B1-
expressing Chinese hamster ovary (CHO) cells. Uptake of 
flavopiridol into these cells showed typical Michaelis-Menten 
kinetics with much higher transport capacity for OATP1B3 
compared to OATP1B1 and OATP2B1 (Vmax/Km, 33.9 vs. 
8.84 and 2.41 µl/mg/min, respectively). The predominant role 
of OATPs was further supported by a dramatic inhibition of 
flavopiridol uptake in the presence of the OATP substrate 
rifampicin. Uptake of flavopiridol by OATPs also seems to 
be an important determinant in breast cancer cells. The much 
higher mRNA level for OATP1B1 found in wild-type compared 
to ZR-75-1 OATP1B1 knockdown cells correlated with higher 
flavopiridol initial uptake leading to 4.6-fold decreased IC50 
values in the cytotoxicity assay (IC50, 1.45 vs. 6.64 µM). Cell 
cycle profile also showed a clear incidence for a stronger cell 
cycle arrest in the G2/M phase for ZR-75-1 wild-type cells 
compared to OATP1B1 knockdown cells, further indicating an 
active uptake via OATP1B1. In conclusion, our results revealed 
OATP1B1, OATP1B3 and OATP2B1 as uptake transporters for 
flavopiridol in cancer cells, which may also apply in patients 
during cancer therapy. 

Introduction

Flavopiridol (Alvocidib, NSC 649890, (-)-cis-5,7-dihydroxy-2-
(2-chlorphenyl)-8[4-(3-hydroxy-1-methyl) piperidinyl]-4H-ben-

zopyran-4-on) is a selective inhibitor of cyclin dependent 
kinases (cdk1, cdk2, cdk4 and cdk7) thereby blocking 
cell cycle progression at the G1 to S and G2 to M interface (1). 
Flavopiridol, therefore, exerts pronounced antitumor activity in 
a variety of cell types including human breast, prostate, hemato-
poietic, lung, head and neck cancer cells, and also in human 
tumor xenograft models including colon and prostate carci-
nomas (1-4). Clinical trials with flavopiridol as a single agent or 
in combination with anticancer drugs, including taxanes and 
gemcitabine (5,6), also showed tumor responses in most phase I 
(7,8) and phase II (9,10) studies on different types of progressive 
tumors refractory to conventional treatment. Furthermore, the 
overall response rate could be also increased when flavopiridol 
was administered as a single agent using a pharmacokinetically-
directed schedule (8,10). However, still there was a high amount 
of variability in pharmacokinetics, response and toxicity which 
could not be explained by demographic, patients' and disease 
characteristics but might be caused by an altered flavopiridol 
accumulation in cancer cells. One factor strongly affecting 
anticancer drug concentrations thereby leading to altered 
response rates is metabolism. Indeed, recent data from our lab 
showed extensive glucuronidation of flavopiridol to the 5- and 
7-hydroxy position in human liver microsomes by uridine 
diphosphate glucuronosyltransferase isoforms 1A1 and 1A9 
(UGT1A1 and UGT1A9, respectively) (11). Polymorphic UGTs 
may therefore affect the extent of glucuronidation as well as 
flavopiridol disposition, activity and toxicity in a manner similar 
to irinotecan, a drug which shows pronounced glucuronidation 
(12-14). In fact, patients with diarrhea after flavopiridol treat-
ment had a lower metabolic ratio (flavopiridol glucuronide/
flavopiridol) than patients without diarrhea, indicating that 
systemic glucuronidation of flavopiridol is inversively associ-
ated with the risk of developing diarrhea. It is well established 
that overexpression of ATP-powered efflux pumps such as 
P-glycoprotein (P-gp), MDR1 and ABCB1, the breast cancer 
resistance protein BCRP (ABCG2) and the multidrug resistance 
protein MRP2 (ABCC2) have a great impact on intracellular 
concentrations of various anticancer agents. Indeed, flavopiridol 
was less toxic in CHO cells expressing higher levels of P-gp (15) 

The effect of organic anion-transporting 
polypeptides 1B1, 1B3 and 2B1 on the antitumor 

activity of flavopiridol in breast cancer cells
STEFAN BRENNER1,  JULIANE RIHA1,  BENEDIKT GIESSRIGL1,  THERESIA THALHAMMER2, 

MICHAEL GRUSCH3,  GEORG KRUPITZA4,  BRUNO STIEGER5  and  WALTER JÄGER1

1Department of Clinical Pharmacy and Diagnostics, University of Vienna, Vienna; 2Department of Pathophysiology 
and Allergy Research, Center of Pathophysiology, Medical University of Vienna; 3Department of Medicine I, Division of 

Cancer Research, Medical University of Vienna; 4Clinical Pathology, Medical University of Vienna, Vienna, Austria; 
 5Department of Clinical Pharmacology and Toxicology, University Hospital Zurich, Zurich, Switzerland

Received August 20, 2014;  Accepted September 29, 2014

DOI: 10.3892/ijo.2014.2731

Correspondence to: Professor Walter Jäger, Department of Clinical 
Pharmacy and Diagnostics, University of Vienna, A-1090 Vienna, 
Austria
E-mail: walter.jaeger@univie.ac.at

Key words: flavopiridol, breast cancer, OATP, cellular uptake, trans
port, cell cycle inhibition



BRENNER et al:  OATP-mediated uptake of flavopiridol into cancer cells 325

and in acute leukemia patients with high BCRP mRNA expres-
sion in the blast cells (16). MRP2 might indirectly also contribute 
to cellular drug concentrations as it is the main efflux transporter 
for flavopiridol glucuronides into bile where they can be cleaved 
by β-glucuronidase and reabsorbed (17). However, uptake 
mechanisms into tumor cells might be even more important 
than efflux transporters for the efficacy of anticancer drugs 
because they are determinants for intracellular drug concentra-
tion (18). One of the most important cellular drug uptake 
mechanisms in humans is via members of the organic anion-
transporting polypeptide family (OATP) (19,20). To facilitate 
readability and understanding of this report, ‘OATP’ is used for 
both genes and proteins. OATPs are expressed in a variety of 
tissues (21) and tumors (22-24), where they mediate the trans-
port of endogenous and exogenous compounds, including drugs 
(19,20,25). Studies have shown that uptake transporters can 
confer sensitivity to anticancer agents (26-30) such as the 
OATP1B3 substrates methotrexate and paclitaxel (26,31). This 
may be therapeutically important because expression of OATP 
varies greatly among tumor cell lines (32). Cellular uptake of 
flavopiridol is facilitated by OATP1B1 in transiently transfected 
HEK-293 and MDCK-II cells (33). Furthermore, Ni and 
coworkers (33) also identified OATP1B1_rs11045819 as a poly-
morphic OATP1B1 variant associated with improved flavopi
ridol response in relapsed chronic lymphocytic leukaemia 
patients. However, the authors did not investigate the kinetic 
parameters for the cellular uptake of flavopiridol in OATP1B1-
transfected cells nor did they elucidate the impact of OATP 
expression on flavopiridol cytotoxicity in cancer cells. As 
OATPs exhibit overlapping substrate specificity, we hypothe-
sized that additional OATPs may also contribute to the uptake of 
flavopiridol. In the present study, we therefore investigated the 
time and concentration-dependent transport of flavopiridol in 
stable OATP1B1-, OATP1B3- and OATP2B1-transfected CHO 
cells. Furthermore, the impact of OATP expression on cyto
toxicity and cell cycle progression of flavopiridol-treated human 
breast cancer cells ZR-75-1 was also investigated.

Materials and methods

Materials. Flavopiridol (2-(2-chlorophenyl)-5,7-dihydroxy-8-
[(3S,4R)-3-hydroxy-1-methyl-4-piperidinyl]-4-chromenone), 
was obtained from Sigma-Aldrich (Munich, Germany). 
Acetonitrile and water were of HPLC grade (Merck, Darmstadt, 
Germany). All other chemicals and solvents were commer-
cially available, of analytical grade and used without further 
purification.

Cell culture. Chinese hamster ovary (CHO) cells that were 
stably transfected with OATP1B1, OATP1B3 or OATP2B1 
and wild-type CHO cells were provided by the University 
of Zurich, Switzerland and have been extensively previ-
ously characterized (34,35). The CHO cells were grown in 
Dulbecco's modified Eagle's medium (DMEM) supplemented 
with 10% FCS, 50 µg/ml L-proline, 100 U/ml penicillin and 
100 µg/ml streptomycin. The selective medium for stably 
transfected CHO cells additionally contained 500 µg/ml gene-
ticin sulfate (G418) (36). All the media and supplements were 
obtained from Invitrogen (Karlsruhe, Germany). The mamma-
lian ZR-75-1 breast cancer cell line was purchased from the 

American Type Culture Collection (ATCC, Rockville, MD, 
USA) and was maintained in RPMI medium supplemented 
with 10% FCS, 100 U/ml penicillin, 100 µg/ml streptomycin 
and 1% GlutaMAX. The cells were grown in T-flasks with 
a 25 cm2 growth area (BD Biosciences, Franklin Lakes, NJ, 
USA), maintained at 37˚C under 5% CO2 and 95% relative 
humidity. The cells were passaged once a week and were used 
up to passage 55 (37).

OATP1B1 knockdown in ZR-75-1 cells. For lentiviral trans-
duction, ZR-75-1 cells were plated in 24-well tissue culture 
plates at a density of 40,000 cells/well in 0.5 ml of growth 
medium. After 24 h, 250 µl of medium supplemented with 
8 µg/ml polybrene (H9268; Sigma) was added. Transductions 
were performed by the addition of 10 µl of shRNA (Mission® 
transduction particles NM_006446, Sigma, TRCN0000043203, 
coding sequence CCGGGCCTTCATCTAAGGCTAACA 
TCTCGAGATGTTAG-CCTTAG-ATGAAGGCTTTTTG). 
Twenty-four hours after the transduction, the cell culture 
medium was changed, and 1 ml of growth medium supple-
mented with 1 or 5 µg/ml of puromycin (P9620; Sigma) was 
added to select infected cells after an additional 24 h. The 
obtained silencing efficiency was evaluated after 3 weeks via 
real-time PCR and immunofluorescence (38).

Real-time RT-PCR. Total RNA was extracted from cell lines 
using the TRIzol reagent (Invitrogen) according to the manu-
facturer's instructions. The concentration, purity and integrity 
of the RNA samples were determined through UV absorbance 
and electrophoresis. total RNA (2 µg) were reverse transcribed 
to cDNA using random hexamer primers and the RevertAid™ 
H Minus M-MuLV Reverse Transcriptase system (Fermentas, 
St. Leon-Rot, Germany), as recommended by the manufac-
turer. TaqMan® Gene Expression assays (Applied Biosystems, 
Warrington, UK) were purchased for human OATP1B1. 
The 18S gene was used as a reference gene, as previously 
described (23). Multiplex quantitative real-time RT-PCR was 
performed in an amplification mixture with a volume of 20 µl. 
The target gene amplification mixture contained 10 µl of 2X 
TaqMan® Universal PCR Master Mix, 1 µl of the appropriate 
Gene Expression Assay, 1 µl of the TaqMan® endogenous 
control (human β-actin or 18S), 10 ng of template cDNA 
diluted in 5 µl of nuclease-free water and 3 µl of nuclease free 
water. The thermal cycling conditions were as follows: 2 min 
at 50˚C and 10 min at 95˚C, followed by 40 cycles of 15 sec 
at 95˚C and 1 min at 60˚C. Fluorescence generation due to 
TaqMan® probe cleavage via the 5'-3' exonuclease activity of 
DNA polymerase was measured with the ABI PRISM 7700 
Sequence Detection System (Applied Biosystems). All samples 
were amplified in triplicate. To cover the range of expected 
Ct values for the target mRNA, a standard curve of six serial 
dilutions from 50 ng to 500 pg of pooled cDNA was analyzed 
using the Sequence Detection Software (SDS 1.9.1.; Applied 
Biosystems). The results were imported into Microsoft Excel 
for further analysis. Comparable cDNA contents in the experi-
mental samples were calculated according to the standard 
curve method. Relative gene expression data are given as the 
n-fold change in transcription of target genes normalized to 
the endogenous control. Real-time RT-PCR was performed 
with the following prefabricated TaqMan® Gene Expression 
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Assays (Applied Biosystems) containing intron-spanning 
primer Hs00272374_m1 for OATP1B1.

Immunofluorescence. ZR-75-1 OATP1B1-knockdown cells and 
cells transduced with the empty vector were allowed to attach 
on culture slides overnight (8-Chamber Polystyrene Vessel 
Tissue Culture-Treated Glass Slides; BD Falcon). Formalin 
fixation was followed by a washing step and a blocking 
step (by 5% BSA). The primary antibody against OATP1B1 
(OATP1B1/1B3 mMDQ mouse monoclonal antibody; Acris 
Antibodies, Herford, Germany) was diluted 1:100, and incuba-
tion was performed for 2 h. Optimal antibody concentrations 
were determined by titrating serial antibody dilutions. The 
applied dilutions corresponded to the minimum concentra-
tion necessary to produce a positive signal. Wild-type and 
OATP1B1-transfected CHO cells were used as controls. 
Following incubation with the secondary antibody (1:1,000 
dilution; Alexa Fluor® 488 goat anti-mouse IgG; Invitrogen, 
Carlsbad, CA, USA) for 30 min, cell nuclei were stained with 
0.5 µg/ml Hoechst 33342 (Sigma-Aldrich). Thereafter, the 
slides were rinsed with distilled water before being mounted 
in Mowiol 4-88 (Carl Roth, Karlsruhe, Germany). Fluorescent 
staining was visualized with an Axioplan 2 microscope 
(Carl Zeiss, Jena, Germany). Images were captured using a 
AxioCam HRc2 Color CCD digital camera and Axiovision 
4.8 software (Carl Zeiss Vision GmbH, Aalen, Germany). To 
minimize background signals and to make the signal intensity 
and extension in different samples comparable, the exposure 
times for the individual antibodies were evaluated and kept 
constant between the samples (38).

Cellular uptake. Transport assays were performed on 12-well 
plates as described in detail elsewhere (34). Briefly, CHO cells 
were seeded at a density of 350,000 cells/well on 12-well 
plates (BD Biosciences, Franklin Lakes, NJ, USA). Uptake 
assays were generally performed on day 3 after seeding, when 
the cells had grown to confluence. Twenty-four hours before 
starting the transport experiments, the cells were additionally 
treated with 5 mM sodium butyrate (Sigma-Aldrich) to induce 
non-specific gene expression (39). Flavopiridol was dissolved 
in DMSO and was diluted with uptake buffer (pH 7.4; final 
DMSO concentration of 0.5%) to 25-800 µM. Control experi-
ments contained DMSO in the medium in place of flavopiridol. 
Prior to the transport experiment, the cells were rinsed twice 
with 2 ml of prewarmed (37˚C) uptake buffer (116.4 mM 
NaCl, 5.3 mM KCl, 1 mM NaH2PO4, 0.8 mM MgSO4, 5.5 mM 
D-glucose and 20 mM Hepes; pH adjusted to 7.4). Uptake was 
initiated by adding 0.25 ml of uptake buffer containing the 
substrate. After the indicated time period at 37˚C, uptake was 
stopped by removing the uptake solution and washing the cells 
five times with 2 ml of buffer (pH 7.4). The cells were then 
trypsinized by the addition of 100 µl of trypsin and transferred 
into test tubes. Next, the cell membranes were disrupted 
via repeated (5 times) shock freezing in liquid nitrogen and 
thawing. Following centrifugation at 13,500 x g for 5 min, 
100 µl of the supernatant was diluted with methanol/water 
(2:1; v/v), and aliquots (80 µl) were analyzed via HPLC (37).

Inhibition analysis. For the inhibition experiments with 
rifampicin and bromosulfophthalein (BSP; Sigma-Aldrich), 

stock solutions of these compounds were prepared in DMSO 
containing the indicated concentrations. CHO cells grown 
on 12-well plates were first washed twice with pre-warmed 
uptake buffer (pH 7.4) and incubated for 10 min at 37˚C under 
5% CO2 with 1 µM flavopiridol in the presence of the inhibi-
tors ranging from 0.0001 to 100 µM. Control experiments 
were performed without BSP and rifampicin under identical 
conditions as mentioned above.

Cytotoxicity assay. CellTiter-Blue (Promega, Southampton, 
UK) is a type of a colorimetric assay used to measure cell 
viability via non-specific redox enzyme activity (reduction 
from resazurin to resorufin by viable cells). ZR-75-1 cells 
(50,000 cells/ml) were seeded into 96-well flat-bottomed 
plates and incubated for 24 h at 37˚C under 5% CO2. For 
cytotoxicity assays, the cells were incubated with various 
concentrations of flavopiridol (5-400  µM) for 72  h. The 
CellTiter-Blue (20  µl) reagent was added to the wells, 
and the plate was incubated for 2 h, protected from light. 
The absorbance was recorded for resazurin (605 nm) and 
resorufin (573 nm). The assay results were measured on a 
Tecan M200 multimode plate reader (Tecan Austria GmbH, 
Groedig, Austria). The absorbance was also measured in 
CellTiter-Blue assays in blank wells (without resveratrol) 
and subtracted from the values from experimental wells. The 
viability of the treated cells was expressed as a percentage of 
the viability of the corresponding control cells. All experi-
ments were repeated at least three times.

Cell cycle distribution analyses by fluorescence activated cell 
sorting (FACS). ZR-75-1 wild-type and OATP1B1 knockdown 
cells were plated on 6-well plates at a concentration of 1x106 
cells/ml and allowed to attach overnight. After 24 and 48 h of 
incubation at 37˚C cells were trypsinized by the addition of 
100 µl of trypsin, transferred into 15 ml tubes and centrifuged 
(4˚C, 800 rpm, 5 min) (40). The supernatant was discarded 
and the cell pellet washed with cold PBS (phosphate-buffered 
saline, pH 7.4), centrifuged (4˚C, 800 rpm, 5 min), resuspended 
in 1 ml cold ethanol (70%) and fixed for 30 min at 4˚C. After two 
washing steps with cold PBS, the cell pellet was resuspended 
in 500 µl cold PBS and transferred into a 5 ml polystyrene 
round bottom tube. RNAse A and propidium iodide were 
added to a final concentration of 50 µg/ml and incubated for 
1 h at 4˚C. The final cell number was adjusted between 0.5 and 
1x106 cells in 500 µl. Cells were analyzed by the FACSCalibur 
flow cytometer (BD Biosciences). Cell cycle distribution was 
calculated with ModFid LT software (Verity Software House, 
Topsham, ME, USA).

Determination of protein concentrations. Total protein was 
determined using the colorimetric bicinchoninic acid protein 
(BCA) assay kit (Pierce Science, Rockford, IL, USA) with 
bovine serum albumin as a standard and quantification at a 
wavelength of 562 nm on a spectrophotometer (UV-1800; 
Shimadzu). Raw data were analyzed using UVProbe software 
(version 2.31; Shimadzu). The protein concentrations were 
consistent among the plates (0.150±0.005 mg/well).

HPLC chromatography. The determination of flavopiridol 
was performed using a Merck ‘La Chrom’ System (Merck, 
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Darmstadt, Germany) equipped with an L-7250 injector, an 
L-7100 pump, an L-7300 column oven (set at 37˚C), a D-7000 
interface, and a L-7400 UV detector (set at a wavelength at 
264 nm). Chromatographic separation of flavopiridol was 
performed on a Hypersil BDS C18 column (5 µM, 250 x 4.6 mm 
I.D.; Thermo Electron Corp.), preceded by a Hypersil BDS C18 
precolumn (5 µM, 10 x 4.6 mm I.D.) at a flow rate of 1 ml/min. 
The mobile phase consisted of a continuous linear gradient, 
mixed from 10 mM ammonium acetate/acetic acid buffer, 
pH 7.4 (mobile phase A), and acetonitrile (mobile phase B), 
to elute flavopiridol. The mobile phase was filtered through 
a 0.45 µM filter (HVLP04700; Millipore, Vienna, Austria). 
The gradient ranged from 10% acetonitrile (0 min) to 40% B 
at 15 min and linearly increased to 80% B at 17 min where 
it remained constant for 23 min. Subsequently, the percentage 
of acetonitrile was decreased within 3 min to 10% in order to 
equilibrate the column for 9 min before application of the next 
sample. The sample injection volume was 80 µl. Calibration of 
the chromatogram was accomplished using the external stan-
dard method by spiking drug-free cell culture medium with 
standard solutions of flavopiridol to give a concentration range 
of 0.005-1 µg/ml (average correlation coefficient: >0.999). For 
this method the lower limit of quantification for flavopiridol 
was 10 ng/ml. Coefficients of accuracy and precision for this 
compound were <9.8%.

Data analysis. Kinetic analysis of the uptake of flavo-
piridol was performed over a substrate concentration range 
of 25-800 µM. Prior to these experiments, the linearity of 
cellular uptake over time (1, 3 and 10 min) was individually 
determined for wild-type and OATP-transfected CHO cells by 
using flavopiridol (50 µM) as a substrate. Cellular uptake rates 
are presented after normalization for the incubation time and 
total protein content. Net uptake rates were calculated as the 
difference in the uptake rate of the transfected and wild-type 
cells for each individual concentration. The data were fitted to 
the Michaelis-Menten model. Kinetic parameters were calcu-
lated using the GraphPad Prism Version 5.0 software program 
(GraphPad Software, San Diego, CA, usa) for Michaelis-
Menten: V = Vmax * S/(Km + S), where V is the rate of the 
reaction, Vmax is the maximum velocity, Km is the Michaelis 
constant and S is the substrate concentration. The intrinsic 
clearance, which is defined as the ratio Vmax/Km, quantifies 
the transport capacity. IC50 values were determined by plotting 

the log inhibitor concentration against the net uptake rate and 
non-linear regression of the dataset using the equation:
	         a
	    y = –––––––––––-----––––––
	   1 + [I/(IC50) s + b]

in which y is the net uptake rate (pmol/µg protein/min), I is 
the inhibitor concentration (µM), s is the slope at the point 
of inversion, and a and b are the maximum and minimum 
values for cellular uptake. Net uptake was calculated for each 
inhibitor concentration as the difference in the uptake rates 
of the transporter-expressing and wild-type cell lines. Unless 
otherwise indicated, values are expressed as mean ± SD of 
three individual experiments. Significant differences from 
control values were determined using a Student's paired t-test 
at a significance level of p<0.05.

Results

Uptake kinetics of flavopiridol in OATP transfected CHO 
cells. To investigate whether OATPs other than OATP1B1 
contribute to flavopiridol uptake respective studies were 
performed in CHO cells transfected with OATP1B1, OATP1B3 
and OATP2B1 using wild-type CHO cells transfected with 
the empty vector as controls. Western blot analysis confirmed 

Table I. Uptake kinetic parameters for flavopiridol in OATP-transfected CHO and ZR-75-1 cells.

cell lines	 Km (µM)	 Vmax (pmol/mg/min)	 Vmax/Km (µl/min.µg)

OATP1B1 t.f. CHO	 66.0±10.3	 583±19.8	 8.84±0.30
OATP1B3 t.f. CHO	 66.8±21.3	 2263±156	 33.9±0.94
OATP2B1 t.f. CHO	 175±25.8	 422±19.9	 2.41±0.03
ZR-75-1 w.t.	 80.8±14.1	 1876±74.0	 23.2±0.90
OATP1B1 k.d. ZR-75-1	 99.0±24.0	 758±44.9	 7.66±0.13

Values are means ± SD of 3 individual determinations. The net OATP-mediated uptake values were calculated by substracting the values 
obtained with the wild-type (w.t.) CHO cells from those obtained with the stably transfected cells. Kinetic parameters were calculated by fitting 
the data to the Michaelis-Menten (Km) equation with non-linear regression. t.f., transfected; w.t., wild-type; k.d., knockdown.

Figure 1. Time-dependent uptake of flavopiridol in OATP-transfected CHO 
cells. The uptake of flavopiridol (10 µM) after 1, 2, 3, 5 and 10 min was deter-
mined in wild-type and OATP1B1-, OATP1B3- and OATP2B1-transfected 
CHO cells at pH 7.4, 37˚C. The data represent the mean ± SD of 3 individual 
determinations.
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that these cells highly expressed the respective transporters 
in the membranes (data not shown). Uptake of flavopiridol 
(25-800 µM) for all three OATPs was only linear for up to 
1 min (Fig. 1). We therefore finalized all experiments at the 
initial linear phase. As shown in Table I and Fig. 2, the initial 
net OATP1B1-, OATP1B3- and OATP2B1-mediated accumu-
lation rates (tranfected wild-type) for flavopiridol followed 
Michaelis-Menten kinetics, with ~4-5-fold higher Vmax values 
for OATP1B3 compared to OATP1B1 and OATP2B1 (Vmax, 
2263 vs. 583 and 422 pmol/mg protein/min). The affinity of 
flavopiridol for both OATP1B1 and OATP1B3 showed very 
similar Km values (66.0 and 66.8 µM) but was significantly 
higher for OATP2B1 (175 µM).

Effect of OATP inhibitors on the accumulation of flavo-
piridol in transfected CHO cells. To investigate whether 

known OATP inhibitors impact OATP1B1-, OATP1B3- and 
OATP2B1-mediated flavopiridol accumulation, flavopiridol 
was quantified after treatment of OATP1B1-, OATP1B3- and 
OATP2B1-overexpressing CHO cells with 1 µM flavopiridol 
in the absence and presence of increasing concentrations of 
the known OATP inhibitors bromsulphophthalein (BSP) and 
rifampicin (41,42). As shown in Fig. 3 rifampicin was a potent 
inhibitor for flavopiridol uptake in OATP1B3- followed by 
OATP2B1- and OATP1B1-transfected CHO cells (IC50 values, 
1.00, 1.36 and 2.06 µM, respectively). BSP, however, did not 
inhibit but rather stimulated OATP-dependent flavopiridol 
uptake at concentrations up to 100 µM.

OATP1B1 knockdown in ZR-75-1 cells. The cells exhibiting the 
lowest expression of OATP1B1 (relative mRNA expression was 
reduced from 14.8±0.26 to 1.19±0.02) were chosen for further 
experiments. Because ZR-75-1 cells express OATP1B1 (23) but 
not OATP1B3 and OATP2B1, the expression of the OATP1B1 

Figure  2. Uptake of f lavopiridol in OATP-transfected and wild-type 
CHO cells. The uptake of flavopiridol (25-800 µM) by (A) OATP1B1-, 
(B) OATP1B3- and (C) OATP2B1-transfected CHO cells and wild-type 
CHO cells was determined after 1 min at pH 7.4, 37˚C. After the uptake into 
wild-type cells was substracted, net-OATP1B1, OATP1B3 and OATP2B1-
mediated uptake was fitted to the Michaelis-Menten equation to calculate 
Km and Vmax values. The data represent the mean ± SD of 3 individual 
determinations.

Figure  3. Inhibition of flavopiridol uptake into OATP-transfected and 
wild-type CHO cells by rifampicin. (A) OATP1B1-, (B) OATP1B3- and (C) 
OATP2B1-transfected CHO cell were co-incubated with 1 µM flavopiridol 
and increasing concentrations of rifampicin (0.0001-10 µM) at 37˚C for 
1 min (Materials and methods). Values are expressed as a percentage of 
vehicle control; each value represents the mean ± SD of three independent 
experiments.
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protein was furthermore confirmed by immunofluorescence. 
Fig. 4 clearly shows constitutive expression (bright green fluo-
rescence) of OATP1B1 in ZR-75-1 control cells (transfected 
with empty vector) (Fig. A) and suppressed protein levels of this 
transporter in ZR-75-1 OATP1B1-knockdown cells (Fig. B).

Uptake kinetics of flavopiridol in wild-type and OATP1B1 
knockdown ZR-75-1 cells. Based on much higher OATP1B1 
expression levels in wild-type ZR-75-1 breast cancer cell lines 
compared to OATP1B1 knockdown ZR-75-1 cells, we expected 
increased intracellular flavopiridol levels in the wild‑type cells. 
For kinetic analysis, an incubation time of 1 min was chosen in 
order to prevent cellular uptake from interference with cellular 
efflux mechanisms such as MRP1 and BCRP. Fig. 5 depicts 
representative Michaelis-Menten kinetics for a significantly 
higher flavopiridol uptake (2.5-fold) by wild-type compared 
to OATP1B1 knockdown ZR-75-1 cells (Vmax, 1876 pmol/mg 
vs. 758 protein/min). Affinity of flavopiridol to OATP1B1, 
however, was comparable in wild-type and OATP1B1 knock-
down ZR-75-1 cells (Km, 80.8 µM±14.1 and 99.0 µM±24.0) 

indicating that OATP1B1 knockdown did not unmask other 
transporters for flavopiridol.

Cytotoxicity of flavopiridol in wild-type and OATP1B1 knock-
down ZR-75-1 cells. The cytotoxicity of flavopiridol against 
ZR-75-1 and OATP1B1 knockdown ZR-75-1 breast cancer 
cells was quantified using the CellTiter-Blue test kit. As shown 
in Fig. 6, flavopiridol was significantly less toxic in OATP1B1 
knockdown (IC50, 6.64 µM) than in wild-type ZR-75-1 cells 
(IC50, 1.45 µM) underscoring that OATP1B1 is important for 
flavopiridol uptake.

Effect of flavopiridol on the cell cycle of ZR-75-1 wild-type and 
OATP1B1 knockdown cells. ZR-75-1 cells were incubated with 
5 µM flavopiridol for 8, 24 and 48 h and then subjected to FACS 
analyses. In the absence of flavopiridol both cell lines showed 
a nearly identical distribution of cells in the different phases 
of the cell cycle (Fig. 7). Addition of flavopiridol, however, 
exhibited distinct effects dependent on OATP1B1 expression. 
While the cell cycle of wild-type cells was inhibited in G1 and 
G2/M phase, OATP1B1-knockdown cells were inhibited only 
in G1 phase at the expense of G2/M- and S-phase cells after 

Figure 4. Immunofluorescent characterization of OATP1B1 in ZR-75-1 and OATP1B1 knockdown ZR-75-1 cells. Cells were grown on culture slides and 
stained with an antibody against OATP1B1 (Materials and methods). Immunofluorescence was performed in ZR-75-1 empty vector-transfected cells (A) and 
ZR-75-1 OATP1B1 knockdown cells (B). Bright green fluorescence was seen in ZR-75-1 empty vector-transfected cells.

Figure 5. Uptake of flavopiridol in ZR-75-1 and OATP1B1 knockdown 
ZR-75-1 cells. The uptake of flavopiridol (25-600 µM) in ZR-75-1 empty 
vector-transfected and OATP1B1 knockdown ZR-75-1 cells was determined 
after 1 min at pH 7.4, 37˚C and the OATP-mediated uptake was fitted to the 
Michaelis-Menten equation to calculate Km and Vmax values. Data repre-
sent the mean ± SD of triplicate determination. 

Figure 6. Cytotoxicity of flavopiridol to ZR-75-1 and OATP1B1 knockdown 
ZR-75-1 cells. After incubation for 72 h with 5-600 µM flavopiridol at 37˚C 
percent viable cells were determined (Materials and methods). Dose response 
curves were obtained by non-linear curve fitting using the GraphPad Prism 
5.0 program. The data represent the mean ± SD of 3 individual determina-
tions. 
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24 and 48 h of flavopiridol treatment. Notably, reduced uptake 
of flavopiridol in OATP1B1 knockdown cells was also associ-
ated with a decreased proportion of cells in sub-G1 indicating 
decreased induction of apoptosis observed after 48 h of flavo-
piridol incubation (14.5 compared to 18.2% for wild-type cells).

Discussion

In the present study, we identified the human OATP isoforms 
responsible for the cellular uptake of flavopiridol and demon-
strated the relevance of flavopiridol uptake for its anticancer 
activity. To date, the only OATP that has been characterized, 
by Ni et al (33), as an uptake transporter for flavopiridol is the 
OATP1B1. Furthermore, expression of the polymorphic variant 
OATP1B1_rs11045819 was associated with improved flavopir-
idol response in patients with chronic lymphatic leukemia (33). 
By systematically investigating the transport properties of 
flavopiridol for other OATPs using the transfected CHO cells 
as an in vitro model, we were able to identify OATP1B3 and 
OATP2B1 as additional uptake transporters for flavopiridol. As 
shown in Fig. 2 and Table I, flavopiridol exhibited saturable 
uptake kinetics for OATP1B1, OATP1B3 and OATP2B1. The 
affinity of flavopiridol for OATP1B1 and OATP1B3 was similar 
(Kms, 66.0 and 66.8 µM) but 2.6-fold lower for OATP2B1 (Km, 
175 µM). Furthermore, uptake of flavopiridol into OATP1B3-
transfected CHO cells was up to 5.3-fold higher (Vmax, 
2263 pmol/mg/min) leading to an 3.8- and 14-fold increased 
transport capacity for OATP1B3 compared to OATP1B1 and 
OATP2B1 (Vmax/Kms, 33.9 vs. 8.84 and 2.41  µl/min/mg 
protein, respectively; Table i) indicating that OATP1B3 might 
be the far most important uptake transporter for flavopiridol 
followed equally by OATP1B1 and OATP2B1.

Our data also suggest that OATP1B1, OATP1B3 and 
OATP2B1 are low affinity transporters and that the blood 
concentration of flavopiridol is considerably lower than the Km 
values. Indeed, administration of the standard dose of flavopir-
idol (50 g/m2) as a 4-h infusion dose to patients with relapsed, 

symptomatic CLL or small lymphocytic lymphoma (SLL) in 
phase I and II studies showed peak plasma concentrations of 
~3 µM (43). Despite this low substrate concentration relative to 
the Km value, uptake of flavopiridol into cancer cells is most 
likely pharmacodynamically effective but slow. It should be 
kept in mind that the local concentrations at the cancer cells 
are unknown, and other parameters like local pH (36) may 
also affect the transport rate of the OATPs expressed in cancer 
cells. In addition, extrapolating in vitro results to the in vivo 
situation should be done with care as the absolute amount of 
OATP transporters in cancer cells may vary and as it is not 
known yet whether other transporters like OATP2A1 and 
OATP4C1 which are expressed in ZR-75-1 wild-type cells (23) 
are also involved in the uptake of flavopiridol. Other possible 
candidates may be organic anion transporters (OATs). Besides 
numerous clinically used drugs, OATs are also involved in the 
transport of polyphenol conjugates (44).

To further prove the importance of OATP1B1 for the uptake 
of flavopiridol, hormone-dependent ZR-75-1 cells that were 
previously shown to express high levels of OATP1B1, but not 
OATP1B3 and OATP2B1 (45), were incubated for 1 min with 
increasing concentrations of flavopiridol. Indeed, the uptake 
of flavopiridol by the ZR-75-1 OATP1B1-knockdown cells was 
significantly reduced compared to control cells, as indicated 
by lower Vmax values (Fig. 5 and Table I). Concomitant with 
the decreased uptake of flavopiridol detected in OATP1B1 
knockdown cells, its cytotoxicity decreased 4.6-fold (Fig. 6). 
The pan-CDK inhibitor flavopiridol blocks the ATP pocket of 
CDKs and inhibits MCF-7 and MDA-MB-468 breast cancer 
cells simultaneously in the G1 and G2/M phases (46). Also 
wild-type ZR-75-1 breast cancer cells were inhibited in G1 
and G2/M, whereas knockdown cells were arrested only in 
the G1 phase upon flavopiridol treatment. This indicated that 
G1-specific CDKs, such as CDK4/6, were inhibited at lower 
flavopiridol concentrations (which was the case in OATP1B1 
knockdown cells) compared to CDKs that are specific for the 
G2/M phase or required for both G1 and G2 transit (i.e. CDK1 
or CDK2, respectively). Furthermore, we also observed a 
significantly decreased proportion of cells in the sub-G1 phase 
(a marker for cell debris occurring throughout cell death) 
after 48 h of flavopiridol treatment in OATP1B1 knockdown 
cells. As apoptosis is known to be induced by flavopiridol (47) 
decreased apoptosis rates again support the role of OATP1B1-
dependent flavopiridol uptake for cytotoxicity.

OATP1B1-, OATP1B3- and OATP2B1-mediated flavo-
piridol transport may be of clinical importance, as all 
three transporters are expressed in various tumor entities 
including colorectal, liver, ovarian, pancreatic and prostate 
cancer tissues (48). Any variations in OATP expression may 
significantly alter the uptake of flavopiridol into targeted cells 
and tissues, thereby strongly affecting the efficacy of treat-
ment. Patients with low expression of wild-type OATP1B1, 
OATP1B3 and OATP2B1 or patients carrying polymorphic 
OATP alleles may therefore show decreased response. 
Concomitant administration of OATP inhibitors may also 
interfere with the uptake of flavopiridol, leading to transporter-
mediated drug/drug interactions. Our data demonstrated that 
rifampicin effectively inhibited flavopiridol uptake in CHO 
cells, mediated by OATP1B1, OATP1B3 and OATP2B1 (IC50 
values, 0.48-1.47 µM). Additional potential inhibitors include 

Figure 7. Analysis of cell cycle distribution in wild-type and OATP1B1 
knockdown ZR-75-1 cells. ZR-75-1 cells (1x106 cells/ml) with flavopiridol 
(10 µM), harvested after 24 and 48 h, and subjected to FACS analysis. Error 
bars indicate ± SD, and asterisk significant alterations of cell distributions in 
the respective cell cycle phase compared to control (p<0.05). Experiments 
were performed in triplicate.  
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clarithromycin, erythromycin and roxithromycin, which 
inhibit the uptake of pravastatin in OATP1B1- and OATP1B3-
transfected HEK293 cells (showing IC50 values of 32-37 µM) 
(49). Moreover, cyclosporine A significantly decreases the 
OATP1B1- and OATP1B3-mediated uptake of bosentan (35) 
and fexofenadine (50) in HEK293 and CHO cells. In addition 
to clinically applied drugs, naturally occurring flavonoids also 
interfere with the OATP uptake of dehydroepiandrosterone 
(DHEAS), thus indicating that they constitute a novel class of 
OATP1B1 modulators (51). Whether all these potential OATP-
dependent inhibitors interfere with the flavopiridol uptake in 
tumor cells is not yet known, however, care should be taken 
if patients use these drugs in combination with flavopiridol. 
Ongoing studies are verifying the interactions of drugs and 
dietary supplements with the OATP1B1-, OATP1B3- and 
OATP2B1-mediated uptake of flavopiridol.

In conclusion, our data revealed that OATP1B1, OATP1B3 
and OATP2B1 act as transporters for flavopiridol; this role 
may also apply for the uptake of this compound into human 
cancer cells. Future in vivo studies should focus not only on 
the concentration of flavopiridol in target tissues but also on 
the expression levels of OATPs.
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