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GEMCITABINE CYTOTOXICITY AND NUCLEOSIDE TRANSPORT
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Fig. S. Initial rates of uptake of [*H]gemcitabine and [*H]uridine in HeLa cells
transiently transfected with hCNT1 (cit NT) or hCNT2 (cif NT). Cells were transiently
transfected with vector alone (controls) or that contained either hCNT1 (A) or hCNT2 (B)
cDNAs as described in “Materials and Methods.” After 72 h, cells were preincubated with
10 M dilazep to inhibit endogenous equilibrative NT activity. Cells were then exposed to
cither 10 um [*H]gemcitabine or [*H]uridine for the indicated time periods, and cell-
associated radioactivity was determined (sce “Materials and Methods™). Each point
represents the mean of experiments performed in triplicate; bars, SE (not shown where
smaller than data points). A single representative experiment is shown for each recom-
binant transporter. A, [*H)uridine uptake (@) or [*H]gemcitabine uptake (OJ) in fected
cell with hCNT1 ¢DNA; [*H]uridine uptake (O) or [*H]gemcitabine uptake (W) in cells
transfected with vector alone. B, [*H]uridine uptake (@) or [*H)gemcitabine uptake (O) in
cells transfected with hCNT2 cDNA. Values for uptake of [*H)uridine and [’H]gemcil-
abine by cells transfected with vector alone were not significantly different from zero and
are thus not shown.

~3.3 X 10° NBMPR-binding sites/cell (48). Uptake of [*H]gemcit-
abine by CEM cells was rapid, with kinetic analyses of initial uptake
rates demonstrating a K, of 329 * 91 um and V,_,, of 17.0 = 4.3
pmol/s/10° cells (mean * SE of four independent experiments per-
formed in triplicate; Table 2; Fig. 4A).

Human cells that exhibit ei NT activity in isolation have not been
described. However, HeLa cells possess es and ei without concentra-
tive NT activity. By selectively inhibiting HeLa es activity with
NBMPR 100 nMm, the NBMPR-insensitive endogenous ei activity was
studied in isolation. Uptake of [*H]gemcitabine was linear over 10 s,
and kinetic analysis revealed a K|, of 832 * 204 um and V. of
4.3 + 1.3 pmol/s/10° cells (mean * SE of three independent exper-
iments performed in triplicate; Table 2; Fig. 4B).

Although human cell lines that exhibit cit or cif NT activities have
not been described, the recent isolation of cDNAs encoding human
NTs with either cit (22) or cif activities* has provided an approach to
kinetic analysis of these NTs in intact cells. We studied gemcitabine
transport by recombinant cit or cif after transient transfection of HeLa
cells, respectively, with hCNT1 or hCNT2 cDNA. Transport studies
were performed in the presence of 10 um dilazep to inhibit endoge-
nous equilibrative NT activities normally present in HeLa cells. The
results of Fig. 5A demonstrated: (a) the lack of mediated uptake of
3H-labeled nucleoside uptake in HeLa cells transfected with vector
alone; and (b) uptake of both [*H]gemcitabine and [*H]uridine in

HeLa cells transfected with the hCNT1 vector. Gemcitabine was a
good permeant for recombinant hCNT1, with a K, of 18.3 * 7.2 um
and V. of 0.94 * 0.22 pmol/s/10° cells (Table 2; Fig. 4C). Con-
versely, transfection of the hCNT2 cDNA into HeLa cells had no
effect on uptake of [*H]gemcitabine, although the expected [*H]uri-
dine uptake was observed (Fig. 5B). This result was consistent with
the observed gemcitabine resistance in L1210/MA27 cells, which
exhibit only the purine-nucleoside selective cif NT.

Analysis of cib-dependent transport of gemcitabine was difficult. A
human cDNA encoding a sodium-dependent NT with broad permeant
selectivity has not yet been reported, and the CaCo-2 cell line exhibits
relatively low levels of endogenous cib activity in addition to es and
ei activities (24). Uptake of [*H]gemcitabine was examined (not
shown) in CaCo-2 cells in the presence of 10 uMm dilazep to block es
and ei activities. Gemcitabine entry was mediated by the cib trans-
porter, but uptake rates were too low for kinetic analysis. The dem-
onstration of cib-mediated gemcitabine uptake explains our earlier
observation (Fig. 2) of high-level gemcitabine activity in CaCo-2
despite the presence of inhibitors of equilibrative NT.

Transport efficiency can be expressed as K /V,... where low
values indicate efficient transporter-mediated permeation. The values
of Table 2 indicate that the es (K/V,,.x» 20.1) and cit (K/Vax, 22.8)
NT activities were the most efficient mediators of gemcitabine influx,
followed by the ei (K,/V .., 215) NT activity. The cif NT did not
mediate permeation of gemcitabine across plasma membranes.

Because uridine is accepted as a permeant by all of the reported
human NTs, it is considered to be a “universal permeant” and was
chosen as a reference nucleoside with which to compare gemcitabine
uptake rates. To allow an assessment of efficiency of gemcitabine
uptake among the human NTs at the therapeutically and physiologi-
cally relevant concentration of 10 uMm, uptake rates of both gemcit-
abine and uridine were determined for each of the human NTs (Table
3). Relative uptake rates (gemcitabine/uridine) were 0.12 for es, 0.26
for ei, 0.10 for cit, and 0.58 for cib (there was no gemcitabine uptake
for cif). Thus, although gemcitabine was transported by four of the
five NTs, the physiological substrate uridine was transported by all
five with much greater efficiency. In the HeLa cell line, known to
possess both es and ei activities (26), the relative contributions to
initial [*H]gemcitabine uptake at a concentration of 10 um were 72.4
and 27.6%, respectively (Table 4), indicating that the major compo-
nent of gemcitabine influx was mediated by the es NT.

[*H]Gemcitabine and [°H]Uridine Uptake by Proteoliposomes
Prepared from Detergent-solubilized Membrane Fractions En-
riched in NBMPR-binding Activity. The representative experiment
shown in Fig. 6 examined the initial rates of uptake of 20 um
[*H]gemcitabine by proteoliposomes prepared from BeWo cells by

Table 3 Comparison of initial rates of uptake of [ Jngemcitabine and l’Hluridine by

transporters

Cells (transfected_or inhibitor treated as indicated) were exposed to either 10 um
[’H]gemcilabine or [3H]uﬁdine. Initial uptake rates (transport) were determined at room
temperature using short gemcitabine exposures terminated by inhibitor/oil stop methods
(CEM cells) or inhibitor/cold stop methods (other cell types). Each transport value
represents the mean * SE of values from two to four independent experiments, each
conducted in triplicate.

Gemcitabine Uridine

NT transport transport
type Cell type (pmol/s/ 10° cells) (pmol/s/ 10° cells)  Ratio®
es CEM 0.109 = 0.049 0.894 + 0.145 0.12
ei HeLa + NBMPR 0.034 * 0.008 0.131 = 0.022 0.26
cit  Recombinant hCNT1 0.337 £ 0.153 3.25 + 1.48 0.10

in HeLa
cif  Recombinant hCNT2 No measurable uptake 0.76 * 0.09 0

in HeLa
cib CaCo-2 + dilazep 0.064 * 0.01 0.11 £ 0.01 0.58

“ Gemcitabine:uridine transport rates.
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sucrose-density centrifugation and examined in the presence and
absence of a mixture of inhibitors (adenosine, NBTGR, and dilazep)
of es- and ei-mediated transport. We have shown previously (41) that
proteoliposomes so prepared exhibit only es NT activity, despite the
presence of both es and ei activities in BeWo crude membranes. The
value from four separate experiments for the uninhibited initial rate of
gemcitabine uptake was 20 * 2 pmol/mg protein/s, and preincubation
of proteoliposome with the mixture of transport inhibitors decreased
this rate to 13 = 2 pmol/mg protein/s, or 65% of total uptake. The
mediated component of [*H]gemcitabine uptake, which was obtained
by subtracting the inhibited value from the total value, was 7 * 2
pmol/mg protein/s. In a separate study conducted similarly, the initial
rate of uptake of 20 uM [H]uridine (six separate experiments) was
45.0 = 5.0 pmol/mg proteins/s (41). The ratio (0.15) of [*H]gemcit-
abine to [*H]uridine uptake rates by the reconstituted BeWo es NT
was very similar to that (0.12) for the native es NT of CEM cells.
These results support the use of functional reconstitution of individual
human NT proteins as an appropriate means of studying human NT
activities in isolation; this is the first report of gemcitabine uptake
mediated by a reconstituted NT.

DISCUSSION

Although resistance to gemcitabine because of decreased drug
influx has not been reported previously, there is evidence that nucle-
oside-transport deficiency may be a mechanism of resistance to anti-
cancer nucleosides both in vitro and in vivo. Decreased es NT activity
correlated with in vivo cytarabine resistance in human acute myelog-
enous leukemia (49). Resistance to cytarabine therapy has also been
shown to be associated with decreased es activity in freshly isolated
human leukemia cells (50, 51). Estimates of the numbers of es
transporters have been inferred from quantitative analysis of cellular
NBMPR binding. Decreases in NBMPR-binding sites have been
observed during treatment of leukemia; in a patient with T-cell acute
lymphoblastic leukemia, the leukemic blasts examined at relapse
exhibited a 75% reduction in NBMPR binding when compared with
blasts examined before initiation of cytarabine treatment (52). Murine
erythroleukemia cells that were selected in vitro for resistance to
cytotoxic purine nucleosides exhibited decreased levels of the es
transporter, as indicated by a reduction in NBMPR-binding sites (53).
Similarly, CEM T lymphoblasts exhibited a 75% decease in 2',3'-
dideoxyctidine sensitivity when transmembrane nucleoside transport
activity was decreased by 80% (35).

The mechanisms of gemcitabine permeation have not been defined.
The present study demonstrated that transport-incompetent cells, pro-
duced either by mutation or by pharmacological inhibition of NT
activity, were resistant to gemcitabine inhibition, and in some cell
lines, the lack of mediated uptake conferred greater than 1000-fold
resistance to the antiproliferative action of gemcitabine. These obser-
vations suggested that passive diffusion of gemcitabine through

Table 4 [°H]Gemcitabine initial iptake rates by HeLa cells in the presence and
absence of inhibitors of nucleoside transport
HeLa cells were exposed to 10 pum [*H]gemcitabine in the presence or absence of 100
nM NBMPR or 10 um dilazep. Initial uptake rates were determined at room temperature
using short gemcitabine exposures terminated by inhibitor/cold stop methods. The final
values represent the mean + SE from four independent experiments, each conducted in
triplicate. Uptake rates (pmol/s/10° cells) plus SE are recorded.

Uptake Uptake Uptake
(no inhibitors) (NBMPR) (dilazep)
0.504 0.110 0
0214 0.078 0
0.331 0.045 0
0.387 0.161 0

0.359 * 0.060 0.099 * 0.024 0

1.004

0.754

0.504

0.254

[*H]-gemcitabine uptake
(pmol/ug protein)

25 50 75 100 125 150
time (s)

Fig. 6. Time course of [*H]gemcitabine uptake by proteoliposomes prepared from
detergent-solubilized membrane fractions from BeWo cells. Proteoliposomes were pre-
pared from OCTG-solubilized membrane fractions that were isolated by density-gradient
centrifugation in 25% sucrose as described in “Materials and Methods.” The proteolipo-
somes were incubated with 20 um [*H)gemcitabine for the indicated times in the presence
(O, non-mediated uptake) and absence (@, total uptake) of 10 mM adenosine, 10 um
NBTGR, and 10 uMm dipyridamole. Values for mediated uptake (l) were calculated from
the difference between total and nonmediated uptake. Assays were conducted in duplicate
and plots from one of four separate experiments are shown.

plasma membranes was a relatively minor component of gemcitabine
uptake. By studying gemcitabine-dependent inhibition of proliferation
in a panel of murine and human cell lines with defined NT activities,
we were able to infer that gemcitabine uptake was mediated by the es,
ei, cit, and cib NTs but not by the cif NT. The es, ei, and cib NTs
exhibit broad permeant selectivity, accepting both purine and pyrim-
idine nucleosides, whereas the cit and cif NTs accept uridine and
exhibit selectivity, respectively, for pyrimidine and purine nucleosides
(18).

To confirm the transportability of gemcitabine suggested by the
growth-inhibition studies, we performed detailed kinetic studies of
[*H]gemcitabine uptake in human cells. Initial rates of uptake were
measured in cells in which NT activity was absent or in which only a
single NT activity was present (either naturally or by transient trans-
fection with the relevant cDNA). The results of the transport studies
were entirely concordant with those of the growth-inhibition studies.
Diffusion was not a measurable component of gemcitabine cellular
influx, and gemcitabine uptake was mediated by several NT activities.
However, the NT activities exhibited by the various cell lines varied
markedly in their apparent efficiencies of gemcitabine permeation: es
= cit > ei > cib >>> cif. Because the absolute numbers of
functional transporters (which probably differ among the various cell
types) could not be determined, it was not possible to directly compare
the intrinsic transportability of gemcitabine by the different NTs.

Uridine is accepted as a permeant by all of the known human NTs
and was therefore used as a standard with which to compare NT-
mediated gemcitabine uptake. Initial uptake rates for a concentration
(10 um) that is therapeutically relevant for gemcitabine and physio-
logically relevant for uridine were determined for the five NT activ-
ities (see Table 3). The ratios of gemcitabine:uridine uptake rate
varied among the NTs, and gemcitabine rates were consistently less
than uridine rates for the es, ei, cit, and cib NTs. The cif NT, which
mediates transport of uridine and purine nucleosides, including
cladribine (54), did not mediate gemcitabine influx.

Because the equilibrative NTs are bidirectional, net gemcitabine
uptake would be expected to represent the combined contributions of
NT-mediated influx and efflux. Therefore, the antiproliferative action
of gemcitabine might be potentiated by inhibitors of equilibrative
transport, if a concentrative NT was also present. This possibility was
explored in the CaCo-2 cell line, which possesses es, ei, and cib;
however, dipyridamole exposure did not potentiate gemcitabine cy-
totoxicity, suggesting that drug efflux by the equilibrative NTs was
not a major component of net gemcitabine retention.
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The pharmacokinetic properties of gemcitabine suggest that effi-
cient uptake of gemcitabine may be required for anticancer efficacy in
vivo. Gemcitabine is typically administered to humans as an i.v. bolus
infusion lasting 30 min, in doses ranging from 800 to 1200 mg/m?.
The most common dosage schedule is weekly administration on the
first, eighth, and fifteenth day of a 28-day cycle. Peak serum gemcit-
abine concentrations are dose dependent and generally do not exceed
50 uM (55). However, after bolus injections, enzyme-mediated deami-
nation causes a rapid decrease in plasma concentrations, and within
2 h, the plasma concentration of the parent drug falls below quanti-
fiable levels (56). These observations suggest that cells in vivo may be
exposed to significant gemcitabine concentrations for only short pe-
riods and raise the possibility that inefficient cellular uptake may be a
mechanism underlying the observed resistance to gemcitabine in some
solid tumors.

Although gemcitabine was shown to be a substrate for four NTs, the
major mediators of gemcitabine uptake in human tissues are probably
the equilibrative NTs, because human cir activity has, thus far, only
been demonstrated in kidney, liver, and intestinal epithelium (22, 57),
and human cib activity has only been demonstrated in human myeloid
leukemic cell lines, freshly isolated myeloblasts (46), and the colon
cancer cell line used in this report, CaCo-2 (24). By implication,
deficiency of equilibrative NT in tumor cells may be a mechanism of
gemcitabine resistance in vivo. Given that both deoxycytidine kinase
deficiency and NT deficiency confer high-level resistance to gemcit-
abine cytotoxicity in vitro, either mechanism could be the basis of the
acquired or de novo resistance to gemcitabine observed in clinical
trials.

In summary, we have demonstrated that functional NTs are re-
quired for manifestation of gemcitabine toxicity in vitro. Conversely,
a deficiency in nucleoside-transport activity was capable of conferring
high-level resistance to the toxicity of gemcitabine. We have per-
formed detailed kinetic studies of gemcitabine uptake in human cell
lines exhibiting a range of NT activities and have demonstrated
marked variability in the capacity of the different NTs to mediate
gemcitabine influx. Finally, we have demonstrated mediated uptake of
gemcitabine by the human es NT reconstituted in proteoliposomes.
Although the potential for clinical application of these observations is
high, efforts to rationally modulate the antitumor and normal tissue
toxicities of gemcitabine must await a clearer understanding of the
tumor and tissue distribution of the NT proteins. The recent cloning of
cDNAs encoding the four major human NTs (19-23)* has led to new
molecular and immunological probes to study NT distribution which,
in turn, may lead to transport-based strategies capable of improving
the therapeutic indices of anticancer nucleosides.
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