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OCT1 does not transport imatinib in vitro and in mice

Inhibition of transport of a probe substrate by a specific
compound does not provide any clues as to whether this
compound is transported (36). To elucidate whether OCT1
transports imatinib, we used complementary approaches,
that is, OCT1-expressing cells and mice with a genetic
deletion of the Octl transporter. First, imatinib transport
was assessed in Xenopus oocytes injected with OCT1/
SLC22A1 cRNA (Fig. 1B). In this established model (26),
the uptake of the OCT1 probe substrate MPP was increased
8-fold in the presence of OCT1 and completely blocked by
the OCT1 inhibitor TBuA (31). In contrast, imatinib uptake
was not different between nonexpressing and OCT1-expres-
sing oocytes in the absence or presence of TBuA. Second,
imatinib transport was evaluated using previously charac-
terized OCT1-expressing cell lines, which show high and
saturable uptake of probe substrates (25, 28). Imatinib
transport was not different between the OCT1-expressing
HEK, MDCK, and V79 cells and respective controls, where-
as, as expected, uptake of the OCT1 probe substrate TEA was
considerably higher into the OCT1-expressing cells versus
controls (Fig. 1C; Supplementary Fig. S1). Moreover, ima-
tinib uptake was not inhibited by the OCT1 inhibitor
decynium?22 but uptake of the probe substrate TEA was
inhibited (Fig. 1C). The pharmacologically less active pri-
mary metabolite of imatinib, N-desmethyl imatinib (37),
significantly inhibited uptake of the OCT1 probe substrate
TEA by 90.7% =+ 1.0% (1.93 nmol/mg protein/10 minutes
without vs. 0.18 nmol/mg protein/10 minutes with 50
pumol/L N-desmethyl imatinib; n = 3); however, N-des-
methyl imatinib was not transported (Fig. 1D). Third, we
used mice with a genetic deletion of the Oct1 transporter to
assess imatinib hepatic uptake. Octl(—/—) and Oct1/2
(—/—) knockout mice are the standard model to study the
hepatic uptake of organic cations as shown for several
compounds like TEA and metformin (34,38) and con-
firmed by our data (Fig. 2B). At 10 minutes after iv.
injection, imatinib plasma and hepatic concentrations were
similar in knockout and WT mice (Fig. 2). Similarly after
oral administration, Oct1 deficiency did not affect imatinib
plasma and hepatic concentrations (Fig. 2). Our studies
using cells expressing functionally active mOct1 or mOct2
(30) also confirm that imatinib is not transported by mouse
Oct (Supplementary Fig. S2). Taken together, these data
clearly indicate that neither imatinib nor its primary metab-
olite is transported by OCT1.

Cellular imatinib uptake is independent of OCT1
expression

The BCR-ABL1-positive human CML cell lines K562,
Meg-01, and LAMA-84 are commonly used to study the
effect of imatinib on cellular functions, such as proliferation
or apoptosis, implying that imatinib is taken up into the
cells. Imatinib uptake, particularly into the K562 cells, has
been attributed to OCT1-dependent transport (13, 39). On
the basis of our in vitro transporter studies we hypothesized
that imatinib uptake into the CML cell lines is not due to
OCT1. To elucidate this in more detail, we analyzed OCT1

Figure 2. Plasma and liver metformin and imatinib concentrations in
Oct1-deficient mice. A, plasma concentrations of imatinib in wild-type
(black circles) and Oct1/2(—/—) knockout mice (open circles) after tail vein
injection of imatinib (50 mg/kg). Animals were sacrificed at indicated time
points. Data are means + SD of 5 (1, 5, 10 minutes) or 2 (30 minutes)
animals per group. B, plasma and liver metformin (left scale) and imatinib
(right scale) concentrations after tail vein injection of metformin (i.v.,

5 mg/kg) or imatinib (i.v. 50 mg/kg) into wild-type or Oct1/2(—/-)
knockout mice or after oral gavage to wild-type or Oct1(—/—) knockout
mice (imatinib oral, 50 mg/kg). Animals were sacrificed after 10 minutes
and 60 minutes afteri.v. or oral application, respectively. Data are mean +
SD of animals treated with imatinib (0 = 5) or metformin.

expression on transcript, protein, and functional level as
well as imatinib uptake in the CML cell lines compared with
HEK-OCT1 and vector-transfected control HEK cells.
Firstly, OCT1/SLC22A1 mRNA levels were quantified by
TagMan technology (Fig. 3A). High levels of OCT1/
SLC22A1 mRNA were only detected in OCT1-expressing
HEK cells, whereas OCT1/SLC22A1 transcripts were barely
detectable in the different CML cell lines and in vector-
transfected HEK cells, the levels being at least 50,000-fold
lower than in HEK-OCT1 cells. We next investigated wheth-
er OCT1 is expressed on the protein level by quantifying
cellular immunostaining using flow cytometry (Fig. 3B).
Accordant with the mRNA data, fluorescence was highest in
HEK-OCT1 cells and considerably lower in the CML cell
lines. Subcellular OCT1 localization was analyzed by con-
focal laser scanning microscopy (Fig. 3C). Only the HEK-
OCT1 cells were intensely stained in the plasma membrane
and in intracellular vesicles. In contrast, staining intensity
was very weak in the CML cell lines and only intracellular
punctuate staining was observed. This staining in the CML
cell lines may be due to cross-reactivity of the antiserum
with a protein other than OCT1 because in immunoblot
analyses a band of about 70 kDa was detected in all 3 CML
cell lines that remained unchanged after deglycosylation
(Fig. 3D). As expected (25, 27), OCT1 was detected in
membrane fractions from HEK-OCT1, but not from vec-
tor-transfected HEK cells, and deglycosylation reduced the
apparent molecular mass of OCT1 to about 45 kDa. To
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Figure 3. Analysis of OCT1
expression in CML cell lines
(Meg-01, LAMA-84, K562) and
HEK cells. A, OCT1/SLC22A1
transcript levels were determined

vector-transfected control cells HEK-Co

Meg-01

HEK-Co

A Meg-01 B
LAMA-84 LAMA-84
by real-time quantitative PCRin the K562 K562
CML cell lines as well as in HEK-OCT1 ‘ HEK-0CT1
OCT1-expressing HEK cells and

(Co) indicating extremely low OCT1
expression in CML cell lines. B,
different cell lines were incubated
with the OCT1 antiserum (27, 28)
and then analyzed by flow
cytometry confirming very low
expression in CML cells. C,
representative confocal laser
scanning micrographs of the cells
used for flow cytometric analysis.
Green fluorescence, staining with
the OCT1 antiserum; blue
fluorescence, staining of nuclei.
Bars, 10 um. Data are mean + SE of
3 independent preparations. D,
membrane fractions from the
different cell lines were analyzed for
OCT1 protein content by
immunoblot analysis using the
OCT1 antiserum, which has been
shown to distinguish graded levels
of cellular OCT1 protein (27). Two
micrograms protein and 20 pg
protein were loaded from the
HEK and the CML cell lines,
respectively. Treatment of
membrane fractions with PNGase
F resulted in about 45 kDa band
only in the HEK-OCT1 cells

HEK-OCT1
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Fluorescence (arbitrary units)
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representing deglycosylated OCT1 - = o = 4
protein.

+ Deglycosylation

further confirm that the CML cell lines do not express a
functional OCT1 protein, we measured uptake of the probe
substrate TEA (Fig. 4A). Only the HEK-OCT1 cells showed
significant TEA transport, as expected (25), whereas TEA
transport was virtually absent in the CML cell lines (Fig. 4A)
and vector-transfected HEK cells (Fig. 1C). Moreover,
OCT1-dependent TEA uptake was significantly reduced in
the presence of the inhibitors prazosin and decynium22
(Fig. 4A).

Next, we assessed imatinib transport after 10 minutes
(initial uptake phase, Fig. 4B-D) and 120-minute incuba-
tion (Supplementary Fig. S3). Imatinib was taken up by the
CML cell lines, the HEK-OCT1 cells and, remarkably, to the
same extent also by the vector-transfected HEK cells (Figs.
4B and 1D, Supplementary Fig. S3A). Imatinib uptake was
notaltered in HEK293-p.408V cell line (Supplementary Fig.
S4B). Imatinib uptake into the CML cell lines was signifi-
cantly inhibited by prazosin (Fig. 4C), which had been used
by White and colleagues to attribute imatinib uptake by
K562 cells to OCT1 activity (13, 39). Notably, imatinib
uptake into the HEK-OCT1 and vector-transfected HEK cells
was not inhibited by prazosin after 10 minutes (Fig. 4C).
After 120 minutes, cellular imatinib uptake by HEK cells was

reduced by prazosin but was not OCT1-dependent as HEK
cells and controls showed similar accumulation (Supple-
mentary Fig. S3B). Moreover, imatinib uptake into the CML
cell lines and the HEK-OCT1 cells was not inhibited by
decynium2?2 after 10 minutes (Fig. 4D) using inhibitor
concentrations sufficient to inhibit uptake of the OCT1
substrate TEA into HEK-OCT1 cells (Figs. 4A and 1C).
Similar to the results with prazosin, a reduction of cellular
imatinib accumulation by HEK cells by decynium22 after
120 minutes was independent of OCT1 expression (Sup-
plementary Fig. S3C).

Taken together, these data indicate that imatinib uptake
by the CML cell lines (K562, LAMA-84, Meg-01) and by
HEK-OCT1 and vector-transfected HEK cells is independent
of OCT1.

To test a potential role of OCT1 in cells with a leukemic
background, we also used a panel of AML cells, some of
which had increased OCT1/SLC22A1 mRNA levels com-
pared with K562 cells (Fig. 5A). However, variability
in mRNA was not predictive of imatinib uptake (Fig.
5B). A subsequent OCTI1/SLC22A1 knockdown, using
various shRNA constructs conducted in MV4-11 cells,
the cell line with the highest intrinsic uptake of imatinib
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Figure 4. Probe substrate and
imatinib uptake into CML cell lines
(Meg-01, LAMA-84, K562) and
HEK transfectants. A, uptake of
OCT1 probe substrate ['“C]TEA
(100 umol/L) into CML cell lines and
OCT1-expressing HEK cells
measured after incubation for

10 minutes. Data are mean + SD of
3 determinations. B-D, uptake of
imatinib (2 umol/L) into CML cell
lines, HEK-OCT1, and vector-
transfected control HEK cells (Co)
was measured after incubation for
10 minutes. Imatinib uptake in the
absence of inhibitor (B), in the
presence of prazosin (100 umol/L,
C) or of decynium 22 (5 umol/L, D).
Data are given as percentage of
control in the absence of the
respective inhibitor. Data are mean
+ SE of 3 determinations
conducted in triplicates.
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(Fig. 5B), demonstrated that transporter expression levels
could be reduced compared with a scrambled shRNA (Fig.
5C) but had no influence on the uptake of imatinib (Fig.
5D).

OCT1 protein is not expressed in CD34" CML cells

To further support our hypothesis that OCT1 is not a
determinant of cellular imatinib uptake, we investigated
OCT1 expression in primary CD34" CML cells as these are
the target cells of imatinib therapy (40). Comparable to the
CML cell lines (Fig. 3A), very low OCT1/SLC22A1 mRNA
levels were determined in the CD34" cells as well as in
mononuclear cells from the CML Kiel study cohort (Fig.
6A). In comparison and previously described (27), OCT1/
SLC22A1 mRNA levels in liver samples were high and
exceeded those of the CML cells by about 500-fold. Again,
comparable to the CML cell lines (Fig. 3C), no immunos-
taining was observed in the plasma membrane of CD34"
cells (Fig. 6B).

SLC drug transporter expression in CD34" CML cells

Expression profiling of 55 SLC drug transporters, consid-
ered to be important for drug uptake by the PharmaADME
Consortium (Supplementary Table S3), in the CD34™ cells
by TagMan assays indicated considerable expression of 21
transporters at least 20-fold higher compared with the
expression of OCT1/SLC22A1 (Fig. 6C).

Discussion

The impact of the uptake transporter OCT1 in deter-
mining response to imatinib treatment is a topic of
ongoing debate, with OCT1 genetics, OCT1/SLC22A1

mRNA levels, and cellular imatinib uptake each suggested
to play a role in some studies but not in others (Supple-
mentary Table S1). However, the essential question
whether OCT1 transports imatinib remains open. More-
over, expression of OCT1 protein on CD34" CML cells
has not been studied. Therefore, we systematically inves-
tigated the role of OCT1 in imatinib transport by using
different complementary experimental strategies includ-
ing material of patients with CML.

The notion that OCT1 is the major uptake transporter for
imatinib originates from in vitro studies showing that cer-
tain agents known to inhibit OCT1 also inhibited imatinib
uptake into leukemic cells (12, 13). Because these kind of
experiments do not prove validly that imatinib is actually
transported by OCT1, we used various OCT1-expressing cell
models well-established to study OCT1-mediated transport
(25-28). Our finding that OCT1 expression in oocytes did
not promote imatinib uptake, despite a significant uptake of
an OCT1 probe substrate, confirms a previous report (15)
and indicates that OCT1 is not involved in imatinib trans-
port. This observation was corroborated by our studies with
OCT1-transfected mammalian cells. As we recently dem-
onstrated (25, 28) and also validated in the present study,
these OCT1 transfectants show a substantial uptake of
known OCT1 substrates such as TEA and express high levels
of OCT1 protein. The uptake of the probe substrate TEA is
almost completely abolished by the established OCT1
inhibitors prazosin or decynium22 (31). Yet, imatinib
uptake into the OCT1-transfected HEK cells did not differ
from that into vector-transfected control cells and could not
be inhibited by prazosin or decynium22 after 10 minutes,
which is the initial phase of OCT1-dependent uptake. These
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results demonstrate that substantial overexpression of func-
tional OCT1 protein does not result in imatinib transport.

Our data seem at odds with 2 other studies showing a
modest increase of cellular imatinib accumulation by about
1.5-fold (14) and about 1.2-fold (15) in OCT1-transfected
HEK and KCL22 cells, respectively, compared with vector-
transfected cells. While Wang and colleagues (14) discuss
that their results support their previous work that OCT1 is
an imatinib transporter (12), Hu and colleagues rather
conclude that imatinib is only a weak OCT1 substrate
(15). Of note, in both studies, OCT1 expression was only
assessed on mRNA but not on protein level and imatinib
uptake was not measured in the presence of OCT1 inhibi-
tors. It is therefore ambiguous whether the slight increase of
intracellular imatinib accumulation (14, 15) is actually due
to OCT1 function or to differential expression of other
transporters of relevance to imatinib (9).

In a very recent study, the KCL22-OCT1-transfected cells
were re-evaluated and confirmed to express OCT1 protein
(16). Moreover, OCT1-dependent imatinib transport was
defined as the amantadine-inhibitable portion of cellular
imatinib uptake. Although amantadine is a potent OCT1
inhibitor (31), it may also interact with other SLC uptake

transporters (41) so that amantadine-inhibitable imatinib
uptake may reflect activity of other transporters than OCT1
(42) in KCL22-OCT1 cells. To overcome such limitations,
ideally, uptake studies should be conducted using a cell line
with negligible background activity subsequently used for
overexpression (43). However, this is neither the case for the
KCL22 cells (14, 16) nor for the HEK, MDCK, or V79 cells,
all showing high imatinib uptake already into control cells.
Thus, different complementary approaches are required, as
we did in our present work, to validly assess the role of a
candidate transporter in substrate uptake.

In addition to the studies with OCT1-expressing cells, we
also determined the effect of the absence of OCT1 in vivo
using knockout mice. OCT1 is highly expressed in human
and murine liver and a major determinant of hepatic
accumulation of organic cations (27, 38, 44, 45). However,
hepatic accumulation of imatinib, either given i.v. or orally,
was independent from the presence of OCT1 further sup-
porting that OCT1 does not mediate imatinib transport.

These findings raise an important question: is the accu-
mulation of imatinib into CML cells from patients and into
CML cell lines indeed due to OCT1 function? We used a
similar experimental approach to White and colleagues,
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Figure 6. Analysis of SLC drug
transporter expression in primary
CML cells. A, OCT1 transcript
levels were determined by real-time
quantitative PCR in CD34™ cells
from CP-CML Ph* patients (pooled
cDNA, n = 4) or Ph" non-CML
donors (pooled cDNA, n = 4), in
mononuclear cells from CML Kiel
study cohort naive to imatinib
therapy (n = 25) or in liver samples
(27; n = 5). B, confocal laser
scanning micrographs of CD34™"
cells and of a liver cryosection
incubated with the OCT1
antiserum. Green fluorescence,
staining with the OCT1 antiserum;
blue fluorescence, staining of
nuclei. Bars, 10 um. C, expression
profiling of 55 selected SLC drug
transporters in primary CD34 " cells
from patients with CML (pooled
cDNA, n = 4) or Ph™ non-CML
donors (pooled cDNA, n = 4)
determined by real-time
quantitative PCR. The common
protein names are given in
brackets.

who defined the portion of imatinib accumulation after 120
minutes that is inhibited by prazosin as a measure for OCT1
activity (13, 39). We confirmed their findings that CML
K562 cells accumulate imatinib and that this accumulation
is indeed inhibited by prazosin when measured after 120
minutes. However, as discussed above, imatinib also accu-
mulated into the vector-transfected control and OCT1-
transfected HEK cells to a similar extent. Thus, the obser-
vation that prazosin and decynium?22 reduced intracellular
imatinib accumulation after 120 minutes in control and
OCT1-transfected HEK cells indicates that other uptake
proteins than OCT1 substantially contribute to imatinib
cellular accumulation and the prazosin inhibitor assay does

not reflect OCT1 activity. Therefore, additional studies
using the prazosin inhibitor assay to elucidate an associa-
tion with clinical outcome in patients with CML will not
validly answer the question whether imatinib response
depends on OCTT1.

Another key finding of our study is that neither the CML
cell lines nor the CD34™ CML cells express OCT1 protein
(Figs. 3C and 6B), corroborating the fact that prazosin
inhibition of imatinib uptake is not OCT1-dependent.

Integrating our results from all different complementary
approaches, that is, (i) no enhancement of imatinib uptake
despite considerable overexpression of OCT1 in different
cell systems, (ii) imatinib uptake into CML cell lines
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although OCT1 protein is not expressed, (iii) no effect of
endogenous OCT1 knockdown on imatinib uptake in leu-
kemic cells, and (iv) lack of involvement of OCT1 by OCT1-
knockout mice studies, we conclude that OCT1 does not
transport imatinib.

Beyond that and in line with previous reports (46), OCT1
mRNA expression was barely detectable in mononuclear
cells or CD34 ™ cells from patients with CML and was in the
range of expression levels observed in the CML cell lines
(Fig. 6A). We therefore hypothesized that transporters other
than OCT1 are involved in imatinib uptake into CD34"
cells as target cells of imatinib therapy (40). On the tran-
scriptional level, we identified more than 20 SLC transpor-
ters as potential new candidates mediating cellular imatinib
uptake because they are expressed at considerably higher
levels than OCT1 in CD34" cells. In-depth functional
characterization of these transporter candidates warrants
further investigation, which is beyond the scope of this
study.

Finally, it may be argued that our results showing OCT1-
independent cellular imatinib uptake are inconsistent with
those studies reporting associations between OCT1 genetics
or OCT1/SLC22A1 mRNA levels and clinical outcome of
imatinib therapy (Supplementary Table S1). One explana-
tion may be that BCR-ABL1 might reduce OCT1/SLC22A1
mRNA levels (47) so that the poor response to imatinib
therapy of patients with low OCT1/SLC22A1 mRNA levels is
due to presence of the BCR-ABL1 oncoprotein rather than to
OCT1 functioning as an imatinib uptake transporter. This is
consistent with the finding that the OCT1/SLC22A1 mRNA
level apparently does not independently predict clinical
outcome, once the BCR-ABL1 mRNA level has been taken
into account (17). Another explanation may be that OCT1/
SLC22A1 expression is a composite surrogate for the expres-
sion of several transporters that are relevant to the intracel-
lular uptake and retention of imatinib as discussed by Hu
and colleagues (15). Similarly, OCT1 genetic variants may
not be the causative variants for treatment failure to ima-
tinib, but may be linked to variants in other genes relevant
forimatinib action. We believe that our assumption is notin
contrast to a very recent work indicating that specific OCT1
variants (p.M420del, p.M408V) may alter imatinib efficacy
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