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Abstract

Gemcitabine is a hydrophilic clinical anticancer drug that requires nucleoside transporters to cross plasma membranes and
enter cells. Pancreatic adenocarcinomas with low levels of nucleoside transporters are generally resistant to gemcitabine
and are currently a clinical problem. We tested whether transfection of human concentrative nucleoside transporter 3
(hCNT3) using ultrasound and lipid stabilized microbubbles could increase gemcitabine uptake and sensitivity in HEK293
cells made nucleoside transport deficient by pharmacologic treatment with dilazep. To our knowledge, no published data
exists regarding the utility of using hCNT3 as a therapeutic gene to reverse gemcitabine resistance. Our ultrasound
transfection system - capable of transfection of cell cultures, mouse muscle and xenograft CEM/araC tumors - increased
hCNT3 mRNA and 3H-gemcitabine uptake by .2,000– and 3,400–fold, respectively, in dilazep-treated HEK293 cells.
Interestingly, HEK293 cells with both functional human equilibrative nucleoside transporters and hCNT3 displayed 5% of 3H-
gemcitabine uptake observed in cells with only functional hCNT3, suggesting that equilibrative nucleoside transporters
caused significant efflux of 3H-gemcitabine. Efflux assays confirmed that dilazep could inhibit the majority of 3H-
gemcitabine efflux from HEK293 cells, suggesting that hENTs were responsible for the majority of efflux from the tested
cells. Oocyte uptake transport assays were also performed and provided support for our hypothesis. Gemcitabine uptake
and efflux assays were also performed on pancreatic cancer AsPC-1 and MIA PaCa-2 cells with similar results to that of
HEK293 cells. Using the MTS proliferation assay, dilazep-treated HEK293 cells demonstrated 13-fold greater resistance to
gemcitabine compared to dilazep-untreated HEK293 cells and this resistance could be reversed by transfection of hCNT3
cDNA. We propose that transfection of hCNT3 cDNA using ultrasound and microbubbles may be a method to reverse
gemcitabine resistance in pancreatic tumors that have little nucleoside transport activity which are resistant to almost all
current anticancer therapies.
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Introduction

Gemcitabine is a nucleoside analog currently used to treat

various solid tumors [1]. Gemcitabine is a hydrophilic molecule

and requires specialized membrane proteins called nucleoside

transporters (NTs) to efficiently cross plasma membranes [2].

Human equilibrative nucleoside transporters (hENT1/2/3/4) are

bidirectional NTs that transport nucleosides according to their

concentration gradients [3]. Human concentrative nucleoside

transporters (hCNT1/2/3) are symporters that co-transport

nucleosides and Na+ (and/or H+ for hCNT3) inside cells [4].

hENT1/2 and hCNT1/3 are the plasma membrane NTs most

efficient at gemcitabine transport [5].

Most clinical studies analyzing the relationship between

gemcitabine sensitivity and nucleoside transporter levels in tumors

have focused on hENT1 [6–10]. Pancreatic tumor levels of

hENT1 (detected by immunohistochemistry) vary considerably

with 22%, 37%, and 40% of tumors having no, high, and low

detectable hENT1 staining, respectively [6]. Two separate

prospective clinical studies have both demonstrated that pancre-

atic cancer patients with low tumor hENT1 staining have
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significantly reduced disease-free survival and overall survival

(approximately 2- to 3- fold) compared to patients with high

hENT1 tumor staining [6,8]. Pancreatic tumor hENT1 mRNA

levels have also correlated with disease-free survival and overall

survival, demonstrating the importance of hENT1 for gemcitabine

sensitivity [7,9]. Unfortunately, few therapeutic options are

currently available for pancreatic cancer patients with low hENT1

levels since gemcitabine is one of the very few drugs capable of

increasing survival times for these patients.

In theory, gene therapy could be used to help treat pancreatic

cancers with low nucleoside transporter activity. Previous studies

have demonstrated that transfection of DNA encoding hENT1 or

hCNT1 in cultured cancer cells with low NT activity can

significantly decrease gemcitabine resistance [11,12]. hCNT3 is

a better candidate as a therapeutic gene to overcome gemcitabine

resistance, since when expressed in Xenopus laevis oocytes, hCNT3

demonstrated 4.4- to 219-fold greater levels of gemcitabine uptake

than any other hNT [5]. However, attempts to introduce hCNT3

into a genetically transport-deficient cell line using established

transfection methods that were successful with hCNT1 and

hCNT2 [13,14] proved unsuccessful (unpublished results).

In the current study, ultrasound and lipid-stabilized micro-

bubbles (LSM) were used to transfect DNA into cells through a

process known as sonoporation [15]. Sonoporation involves

ultrasound exposure of cells which may induce pore formation

in membranes, allowing free passage of drugs/nucleic acids into or

out of sonicated cells. Low MHz ultrasound fields can be broad or

focused and can penetrate multiple centimeter depths in tissues,

allowing non-invasive and region specific transfection in relatively

deep tissues. Previous studies involving sonoporation have

demonstrated in vitro and in vivo transfection efficiencies as high

as 95% and 67%, respectively [16,17]. The majority of studies

using ultrasound and microbubbles to transfect cells analyze the

transfection efficiency of various sonoporation protocols using

standard reporter genes (fluorescent proteins, luciferase, etc). The

current study assesses the utility of sonoporation for gene therapy

of hCNT3 to overcome gemcitabine resistance and the advantages

and challenges of this technique will be discussed.

Materials and Methods

Materials
Unless otherwise stated, all chemicals were purchased from

Sigma-Aldrich (St. Louis, MO, USA). Phosphate buffered saline

(PBS), fetal bovine serum (FBS), Dulbecco’s modified Eagle’s

medium (DMEM), OptiMEM, and trypsin were purchased from

Gibco (Carlsbad, CA, USA). pIRES2-EGFP plasmid was obtained

from Clontech Laboratories, Inc. (Mountain View, CA, USA).

Perfluoropropane gas was purchased from Electronic Fluorocar-

bons, LLC (Hopkinton, MA, USA). HEK293 cells (derived from

human embryonic kidney) were obtained from American Type

Culture Collection (Manassas, VA, USA). CEM/araC8 cells (a

drug-resistant mutant from CCFR-CEM cells, derived from a

human lymphoblastic leukemia) were obtained from Dr. B.

Ullman and their absence of nucleoside transport activity and

resistance to gemcitabine has been described previously [2,13].

Tritiated and unlabeled forms of gemcitabine were obtained from

Moravek Biochemicals (Brea, CA, USA) and Eli Lilly (Indianap-

olis, Indiana, USA), respectively. D-Luciferin was obtained from

GoldBiotechnology, Inc. (St. Louis, MO, USA). Lipofectamine

2000 was purchased from Invitrogen (Carlsbad, CA, USA).

Preparation of Lipid-stabilized Microbubbles (LSM)
LSM were prepared as previously described [16]. Briefly, a lipid

stock of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (27 mg), 1,2-

dipalmitoyl-sn-glycero-3-phosphoethanolamine (3 mg), and glu-

cose (1 g) was dissolved in 10 mL PBS, heated at ,90uC for 30

minutes, and stored at 4uC. For each batch of LSM, 350 mL lipids

stock was added to a 1.5-mL centrifuge tube and mixed with 5 mL

bovine serum albumin (10% w/v) and 50 mL glycerol. The

headspace of the tube was filled with perfluoropropane gas and

LSM were created by shaking the tube with a dental amalgamator

(D650 Amalgamator) for 30 seconds.

Ultrasound and Microbubble Transfection of Cultured
HEK293 Cells

HEK293 cells were inoculated in 12-well plates at 46105 cells/

well and cultured for three days in DMEM with 10% (v/v) FBS.

Fully confluent HEK293 cells were then washed twice with

OptiMEM and incubated with 0.4 mL OptiMEM/well with or

without 12 mg/mL pIRES2-EGFP-hCNT3 DNA for 30 minutes

at 37uC. LSM (46107 LSM/mL) were added and mixed in the

medium of each well. Plates were individually placed into our

37uC water bath transfection apparatus (Fig. 1) and ultrasound

(1 MHz, 100 Hz pulse repetition frequency, 0.5 W/cm2, 25%

duty cycle) from a SP100 system (Sonidel, Ireland) was applied to

the bottom of desired wells for 1 minute. The ultrasound

transducer was slowly moved in a circular motion by hand to

ensure all cells in wells received ultrasound. Plates were then

placed back in a 37uC incubator for 1 hour followed by addition of

1 mL/well DMEM with 10% FBS. Cells were placed back in the

37uC incubator and used for experiments the following day.

Transfection efficiency was analyzed the following day by

fluorescence microscopy. At least six images of transfected cells

were taken from different wells and images were analyzed with

Metamorph software (Molecular Devices, LLC, Sunnyvale CA,

USA). Image area of total cells and cells expressing green

fluorescent protein were determined using region of interest

analysis tools and transfection efficiency was calculated as 1006
transfected cell area/total cell area.

Ultrasound and Microbubble Transfection of Muscle and
Tumor

All animal procedures were approved by the University of

Alberta’s biosciences animal services animal care and use

committee (permit number: 700/06/12). For each procedure,

Figure 1. Ultrasound/LSM transfection setup. The bottom of the
12-well plate with cells was submerged in a 37uC water bath. The SP100
ultrasound transducer was placed underneath the plate and ultrasound
was emitted upwards into the bottom of each well.
doi:10.1371/journal.pone.0056423.g001
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mice were under isoflurane anesthesia to minimize animal

discomfort. Severe combined immunodeficiency hairless outbred

(SHO) mice (5–7 week old) were obtained from Charles River

(Wilmington, MA, USA). For transfection of mouse muscle tissue,

both back legs of an isoflurane-anesthetized mouse were injected

with 50 mL LSM mixed with 50 mg pSJ7-luciferase DNA. Only

the back right leg of the mouse was exposed to ultrasound from the

SP100 system (1 MHz, 100 Hz pulse repetition frequency, 1.9 W/

cm2, 25% duty cycle, 3 minutes) using ultrasound contact gel for

acoustic coupling between the transducer and mouse. The mouse

recovered from anesthesia and was imaged for bioluminescence

three days later.

For transfection of tumors, SCID hairless outbred (SHO) mice

were first injected subcutaneously in the back flank with

36105 CEM/araC8 cells in 0.1 mL growth medium with 25%

(v/v) matrigel (BD Biosciences, Franklin Lakes, NJ, USA). When

the tumors were at least 7 mm in diameter, mice were

anesthetized with isoflurane and injected intratumorally with

either 50 mL PBS with 50 mg pSJ7-luciferase DNA with or without

LSM. Tumors were sonicated with the SP100 system (1 MHz,

100 Hz pulse repetition frequency, 1.9 W/cm2, 25% duty cycle, 3

minutes). Ultrasound coupling was achieved using a small water

filled plastic container with a thin plastic film bottom which was in

contact with the tumor with ultrasound coupling gel in between

the tumor and plastic film. Mice recovered from anesthesia and

were imaged for bioluminescence three to seven days later.

Bioluminescent imaging was performed using the IVISH
Spectrum Optical Imaging system (Caliper Life Sciences,

Hopkinton, MA, USA). Prior to imaging, isoflurane-anesthetized

mice were given an intraperitoneal injection of a 0.2 mL luciferin

solution. The filter-sterilized luciferin solution was made to a

concentration of 15 mg/mL using D-luciferin potassium salt

dissolved in PBS. Mice were then placed onto the IVISH Spectrum

imager stage and were imaged for bioluminescence every minute

for up to 20 minutes with 1-second exposure durations using the

same settings for each imaging procedure.

Nucleolside Transporter mRNA Quantification with
TaqManH Real-time PCR

HEK293 cells exposed to ultrasound and LSM with or without

pIRES2-EGFP-hCNT3 were harvested by trypsinization the day

following transfection (see above for transfection protocol). AsPC-1

and MIA PaCa-2 cells were inoculated in 24-well plates at 56104

cells/well and three days later some cells were transfected with

pIRES2-EGFP-hCNT3 using lipofectamine 2000 according to

manufacturers’ instructions. Cells were lysed by multiple passes

through a syringe with a 27-gauge needle and mRNA was purified

using a RNeasy mini kit (Qiagen, Venlo, Netherlands; see

manufacturer’s instructions for purification procedure). Any

remaining pIRES2-EGFP-hCNT3 plasmids in 30 mL RNA

samples were digested with 0.5 mg DNase I for 10 minutes at

room temperature and were purified again using the ‘‘RNA

cleanup’’ procedure with the RNeasy mini kit. The reverse

transcription and TaqMan procedures have been described

previously [18]. Briefly, RNA (2 mg) was reverse transcribed into

cDNA using a TaqManH reverse transcription kit (Applied

Biosystems, Foster City, CA, USA) according to manufacturer’s

instructions. cDNA (2 mL) was mixed with 26TaqMan Universal

Master mix II (Applied Biosystems, Foster City, CA, USA), probes

and primers for hENT1, hENT2, hCNT1, hCNT3, or glyceral-

dehyde-3-phosphate dehydrogenase (GAPDH; see [18] for

description of probes and primers), and water (to dilute master

mix to 16concentration) and 20 mL of solution was added to each

well of 96-well plates. Plates were analyzed by an Applied

Biosystems 7900 HT Fast Real Time PCR system (Applied

Biosystems, Foster City, CA, USA). GAPDH was determined to

correct for cDNA loading and, for each cell line, nucleoside

transporter mRNA levels were normalized to that of hCNT3 in

untransfected cells using the DDCT method [19].

3H-Gemcitabine Uptake in Cells Transfected with or
without hCNT3

HEK293 cells in 12-well plates were exposed to ultrasound and

LSM with or without pIRES2-EGFP-hCNT3 (see above for

transfection protocol). AsPC-1 and MIA PaCa-2 cells were

inoculated in 12-well plates at 16105 cells/well. Three days later,

cells were transfected with pIRES2-EGFP-hCNT3 using lipofec-

tamine 2000 according to manufacturers’ instructions. The

following day, cells were washed once with PBS (1 mL/well) and

then incubated with 0.5 mL/well transport buffer (20 mM Tris,

3 mM K2HPO4, 5 mM glucose, 145 mM NaCl, 1 mM MgCl2,

and 1.2 mM CaCl2) containing 50 nM 3H-gemcitabine with or

without 100 mM dilazep which inhibits endogenous hENT

activity. Cells were incubated at 37uC for one hour followed by

three washes with PBS (1 mL/well). Cells were lysed by incubation

with 0.5 mL/well 0.5 M KOH for one hour. Protein levels in cell

lysates were analyzed using the Bio-Rad Protein Assay (Bio-Rad

Laboratories, Hercules, CA).
3H-Gemcitabine uptake values (pmol/mg protein/hour) in each

well are summations of 3H-gemcitabine uptake from hCNT3-

transfected and untransfected cells (i.e., 3H-gemcitabine uptake/

well = [(fraction of cells which are transfected)*(3H-gemcitabine

uptake in transfected cells)]+[(fraction of cells which are untrans-

fected)*(3H-gemcitabine uptake in untransfected cells)]. Since both

the transfection efficiency (see above) and 3H-gemcitabine uptake

values in untransfected cells are known, we can determine 3H-

gemcitabine uptake in hCNT3-transfected cells by simple algebra.

Presented 3H-gemcitabine uptake values have been corrected for

transfection efficiency using the equation above.

3H-Gemcitabine Efflux from Cells Incubated with or
without Dilazep

HEK293, AsPC-1, and MIA PaCa-2 cells were inoculated in

12-well plates at 46105, 16105, and 16105 cells/well, respectively.

Four days later, cells were washed once with PBS (1 mL/well) and

then incubated with 0.5 mL/well transport buffer (see above)

containing 50 nM 3H-gemcitabine for one hour at 37uC. Cells

were then washed twice with PBS with or without 100 mM dilazep

(1 mL/well) and then incubated with 1 mL/well PBS with or

without 100 mM dilazep. PBS aliquots of 100 mL were taken 5, 15,

30, and 60 min after incubation and analyzed for 3H-gemcitabine

using a liquid scintillation counter.

Gemcitabine Toxicity in HEK293 Cells Transfected with or
without hCNT3

HEK293 cells were inoculated in 6-well plates at 56105 cells/

well and were transfected with either pIRES2-EGFP or pIRES2-

EGFP-hCNT3 using lipofectamine 2000 three days later using the

protocol provided by the manufacturer. The following day,

transfected HEK293 cells were trypsinized from the 6-well plates

and inoculated in 96-well plates at 56104 cells/well. Each well

contained growth medium with or without 1) various concentra-

tions of gemcitabine (10 pM –10 mM), and 2) 10 mM dilazep to

inhibit endogenous hENT activity. Cell proliferation assays were

performed after three days of drug incubation using the CellTiter

96H AQueous Non-Radioactive Cell Proliferation Assay (MTS

assay; Promega, Fitchburg, WI, USA) according to manufacturer’s

hCNT3 Transfection Sensitizes Cells to Gemcitabine
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instructions. Plates with 20 mL/well tetrazolium reagent added

were incubated at 37uC for up to 2 hours and were analyzed for

490 nm absorbance using a SpectroMAX 190 plate reader

(Molecular Devices, Sunnyvale, CA, USA). Absorbance values

from wells without cells (background) were subtracted from those

of wells with cells. Data were analyzed with GraphPad Prism 4.0

software using non-linear regression analysis and EC50 values were

determined as gemcitabine concentrations which provided half of

the maximal toxic drug effect.

3H-Gemcitabine Uptake in Xenopus Laevis Oocytes
Injected with hENT1/hCNT3 mRNA

Oocytes are a good model for studying nucleoside transporters

because they are naturally deficient of such transporters, but can

be made to express them via well-controlled micro-injection

procedures [20]. 3H-Gemcitabine uptake assays with oocytes were

performed as previously described but with minor modifications

[5]. Briefly, hENT1 and hCNT3 cDNAs were inserted into the

oocyte expression vector pGEMHE and RNA from the vector was

transcribed using the mMESSAGE mMACHINEH T7 Kit

(Ambion). Defolliculated stage VI oocytes were microinjected

with 20 nL water with or without 20 ng hENT1/hCNT3 RNA.

After four days incubation in Barth’s solution at 18uC, oocytes

were incubated for various amounts of time (12 oocytes/time

point) with 10 mM 3H-gemictabine with or without 1 mM S-(4-

nitrobenzyl)-6-thioinosine (NBMPR; specific hENT1 inhibitor) in

transport buffer containing 100 mM NaCl. Oocytes were then

washed six-times with ice cold non-radioactive transport buffer (to

remove extracellular radioactivity) and dissolved with 1% (w/v)

sodium dodecyl sulfate to determine radioactivity within oocytes

by liquid scintillation counting.

Results

LSM were characterized with a Coulter Z2 particle counter and

had a mean diameter of 3.6 mm and an average concentration of

4.66109 LSM/mL. Some LSM were prepared with water soluble

pyranine dye and imaged with confocal microscopy (Fig. 2). In

general, pyranine levels positively correlated with microbubble size

with larger LSM displaying greater levels of fluorescence. Pyranine

fluorescence was low for most LSM since the perfluoropropane gas

comprised the majority of the volume of the LSM.

For the present study, cultured HEK293 cells were used since

they displayed the highest levels of transfection when using the

ultrasound setup displayed in Figure 1. Several ultrasound settings

were tested for transfecting HEK293 cells and 0.5 W/cm2 with

25% duty cycle for 1 minute provided relatively high transfection

rates with low levels of cell detachment. The transfection efficiency

for HEK293 cells using the ultrasound settings above and LSM

was 2.361.3% (Fig. 3A).

Transfection of tissues/tumors with ultrasound and LSM was

also assessed using mice. When LSM and DNA encoding

luciferase were injected in both back legs of a mouse but with

ultrasound only applied to the back right leg, bioluminescence was

only observed from the back right leg (Fig. 3B), suggesting that

ultrasound was necessary for efficient transfection of muscle tissue.

Xenograft CEM/araC tumors in mice only displayed visible

bioluminescence if tumors were injected with both DNA encoding

luciferase and LSM followed by ultrasound exposure (no

bioluminescence was observed without LSM injection), suggesting

that LSM were necessary for efficient tumor transfection with

ultrasound. Tumor bioluminescence levels were greatest at day 5

(post-ultrasound) and began decreasing at day 7 (data not shown).

Both in vitro and in vivo results suggest various cell types can be

transfected with ultrasound and LSM.

Nucleoside transporter mRNA levels were analyzed in

HEK293, AsPC-1, and MIA PaCa-2 cells. For AsPC-1,

HEK293, and MIA PaCa-2 cells, respectively, hENT1 and

hENT2 mRNA levels were at least 90-, 690-, and 1380-fold

larger than mRNA levels of hCNT1 and hCNT3, suggesting that

hENT1 and hENT2 were primarily responsible for nucleoside

transport activity in these cell lines. hCNT3 mRNA was also

analyzed in all three cell lines with or without pIRES2-EGFP-

hCNT3 transfection. Transfected HEK293 cells (using ultrasound

and LSM), as well as AsPC-1 and MIA PaCa-2 cells (using

lipofectamine) displayed 2,000-, 95,000-, and 378,000-fold greater

levels of hCNT3 mRNA compared to untransfected cells (Fig. 4),

suggesting that hCNT3 levels were greatly increased using the

described ultrasound transfection procedures.
3H-Gemcitabine uptake over 1 hour was compared between

HEK293 cells sonicated with LSM with or without pIRES2-

EGFP-hCNT3 (Fig. 5A). Untransfected HEK293 cells displayed

24-fold greater 3H-gemcitabine uptake in the absence than in the

presence of 100 mM dilazep, which blocks hENT1 and hENT2

activities (P = 0.01). When correcting for transfection efficiency,
3H-gemcitabine uptake in dilazep-untreated HEK293 cells that

had been transfected with hCNT3 cDNA increased 8-fold

compared to that of untransfected cells. In contrast, 3H-

gemcitabine uptake increased .3400-fold in dilazep-treated

HEK293 cells that had been transfected with hCNT3 cDNA,

suggesting that hCNT3 transfection had a 430-fold greater effect,

increasing 3H-gemcitabine uptake in cells with no functional

hENTs compared to cells with functional hENTs. Similar

experiments were performed with AsPC-1 and MIA PaCa-2 cells

transfected with pIRES2-EGFP-hCNT3 using lipofectamine 2000

(Fig. 5B and 5C). For AsPC-1 and MIA PaCa-2 cells, hCNT3

transfection had, respectively, a 140- and 430-fold greater effect

Figure 2. Fluorescence microscopy image of two LSM contain-
ing fluorescent water soluble pyranine. Distance between major
grid lines is one micrometer. Perfluoropropane gas bubbles in LSM
reduces aqueous volume.
doi:10.1371/journal.pone.0056423.g002
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increasing 3H-gemcitabine uptake in cells with no functional

hENTs compared to cells with functional hENTs.

Radioactive efflux assays were performed to determine if hENT

activity was primarily responsible for 3H-gemcitabine efflux from

the tested cell lines. Untransfected HEK293, AsPC-1, and MIA

PaCa-2 cells were incubated with 3H-gemcitabine to load cells

with the tracer followed by multiple washing steps to remove

extracellular 3H-gemcitabine. Cells were incubated in PBS with or

without dilazep and effluxed 3H-gemcitabine was monitored over

60 min (Fig. 6A). 3H-Gemcitabine efflux rates for HEK293,

AsPC-1, and MIA PaCa-2 cells incubated in the presence of

dilazep were 27, 29, and 35% of those in the absence of dilazep,

respectively, suggesting that hENT activity was responsible for the

majority of 3H-gemcitabine efflux in the tested cell lines (Fig. 6B).

Gemcitabine toxicity over 72 hours was analyzed in the

presence or absence of 10 mM dilazep (to block hENT1/2) in

Figure 3. In vitro and in vivo transfection of cells with ultrasound and LSM. (A) pIRES2-EGFP-hCNT3 was transfected into cultured HEK293
cells using the setup in Figure 2. (B, left) A mouse was injected with LSM and DNA encoding luciferase into both back legs. Ultrasound was only
applied to the back right leg and bioluminescence imaging was performed 3 days later. Mice bearing subcutaneous CEM/araC tumors had luciferase
encoding DNA with (right) or without (middle) LSM injected into the tumors. Ultrasound was applied to both tumors and bioluminescence imaging
was performed 5 days later. Four tumor-bearing mice were imaged with bioluminescence imaging with consistent results. In vivo images suggest
efficient transfection only occurs in the presence of both LSM and ultrasound.
doi:10.1371/journal.pone.0056423.g003

Figure 4. Nucleoside transporter mRNA levels in HEK293, AsPC-1, and MIA PaCa-2 cells with or without transfection of pIRES2-
EGFP-hCNT3 DNA. Cultured HEK293 cells were transfected with pIRES2-EGFP-hCNT3 using ultrasound and LSM while AsPC-1 and MIA PaCa-2 cells
were transfected using lipofectamine 2000. The following day cells were harvested and analyzed for mRNA levels using real-time PCR with TaqManH
probes and primers. Bars are mean values from three different experiments.
doi:10.1371/journal.pone.0056423.g004

hCNT3 Transfection Sensitizes Cells to Gemcitabine
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HEK293 cells transfected with pIRES2-EGFP (empty vector) or

pIRES2-EGFP-hCNT3 using lipofectamine. Cells transfected with

pIRES2-EGFP and subsequently treated with dilazep displayed

13-fold greater resistance to gemcitabine compared to dilazep-

untreated cells (340643 and 2662 nM EC50 values, respectively,

P,0.02, Fig. 7A). There was no significant difference in

gemcitabine toxicity in the absence of dilazep between cells

transfected with pIRES2-EGFP or pIRES2-EGFP-hCNT3 (2662

and 2966 nM EC50 values, respectively, Fig. 7B). Treatment of

cells that had been transfected with pIRES2-EGFP-hCNT3 with

dilazep decreased gemcitabine resistance by 9.8-fold compared to

similarily-treated cells that had been transfected with pIRES2-

EGFP (35610 and 340643 nM EC50 values, respectively,

P,0.02, Fig. 7C).

Experiments in which recombinant hCNT3 and hENT1 were

produced individually or together in Xenopus oocytes confirmed

and extended the findings in cultured cells. Recombinant hENT1

was produced in oocytes since, compared to hENT2, hENT1 has

higher RNA expression levels in most human tissues and is

responsible for the majority of hENT activity in many cancer cells

lines [18]. As shown by the time courses of 3H -gemcitabine uptake

in Fig. 8A, drug accumulation by hCNT3-producing oocytes was

Figure 5. Transfection efficiency corrected 3H-gemcitabine
uptake in HEK293 (A), AsPC-1 (B), and MIA PaCa-2 (C) cells
with or without transfection of hCNT3 cDNA. HEK293 cells in 12-
well plates were incubated with buffer containing LSM with or without
pIRES2-EGFP-hCNT3 DNA and exposed to ultrasound. AsPC-1 and MIA
PaCa-2 cells were transfected with lipofectamine 2000. Uptake assays
were performed the following day using 50 nM 3H-gemcitabine in the
presence or absence of 100 mM dilazep. For all cell lines, hENT inhibition
by dilazep significantly decreased 3H-gemcitabine uptake whereas cells
transfected with hCNT3 cDNA exhibited significantly increased 3H-
gemcitabine uptake. Uptake values were corrected for transfection
efficiency as described in the methods section. Bars represent mean
values from three separate experiments (each performed in triplicate).
doi:10.1371/journal.pone.0056423.g005

Figure 6. 3H-Gemcitabine efflux from HEK293, AsPC-1, and MIA
PaCa-2 cells. (A) HEK293 cells in 12-well plates were incubated with
3H-gemcitabine for 60 min and were washed with PBS to remove
extracellular 3H-gemcitabine. Cells were incubated in PBS with or
without 100 mM dilazep and PBS aliquots were taken over 60 min and
analyzed for 3H-gemcitabine. Shown is a representative experiment. (B)
3H-Gemcitabine efflux rates for AsPC-1, MIA PaCa-2, and HEK293 cells
with or without 100 mM dilazep. Bars represent mean values from three
different experiments.
doi:10.1371/journal.pone.0056423.g006
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much greater than in oocytes producing hENT1 alone, or in

oocytes producing both hCNT3 and hENT1. Uptake of 3H -

gemcitabine in control water-injected oocytes was negligible. The

hENT1-specific inhibitor NBMPR had no effect on hCNT3-

mediated accumulation of 3H -gemcitabine, but markedly reduced

uptake in hENT1-producing cells to levels comparable to water-

injected cells (Fig. 8B). In oocytes producing both hCNT3 and

hENT1, the presence of NBMPR restored 3H -gemcitabine

accumulation to levels seen in cells producing hCNT3 alone.

Discussion

With our ultrasound transfection setup, we have achieved an

in vitro transfection efficiency of 2.3% which is comparable to that

of other studies testing the ultrasound pressures used in this study

[21–23]. Several other studies have demonstrated significantly

greater transfection efficiencies (.40%) although greater ultra-

sound pressures were required which can cause significant levels of

cell detachment and cell death [17,23,24]. This would have

complicated our subsequent 3H-gemcitabine uptake assays and

thus we used lower ultrasound pressures for transfecting HEK293

cells. However, even with relatively low transfection efficiency, our

ultrasound transfection setup was capable of significantly increas-

ing 1) hCNT3 mRNA levels, and 2) 3H-gemcitabine uptake within

HEK293 cells.

In the clinic, using greater ultrasound pressures to increase

transfection of tumor cells may not be a major issue since the goal

is to eradicate the tumor and any cell death caused by the

ultrasound would help treat the patient. Using focused ultrasound

to transfect tumors would be ideal since it would decrease

ultrasound energy deposition near the skin (causing low levels of

toxicity) and increase ultrasound energy deposition within the

tumor (causing higher levels of cell death and transfection). It may

also be possible to increase transfection efficiency by complexing

injected DNA with cationic polymers. Several studies have

demonstrated that cell transfection can be increased synergistically

if ultrasound and LSM as well as polyethylenimine are used for

transfection [24,25]. One potential issue with using polymers

would be the lack of spatial control for transfection which is

inherent with ultrasound and LSM.

Some of our mice died shortly after IV injection of LSM,

presumably from gas embolisms. This issue has also been reported

by other researchers [26] and has been attributed to spurious large

bubbles. To our knowledge, this issue is only present in mice. LSM

are clinically used as ultrasound contrast agents and are considered

safe for humans. This issue led us to inject LSM inside tumors

(instead of systemic administration by intravenous injection)

preventing uniform transfection throughout the tumor and causing

difficulty performing in vivo tumor growth inhibition assays since

only a very small proportion of the tumor (cells near the needle

tract) can become transfected. We demonstrated that injection of

LSM and DNA inside tumors and subsequent ultrasound exposure

can be used to transfect tissues/tumors. In vivo experiments of our

proposed therapeutic strategy are still required. Future studies

using targeted microbubbles or promising phase-change nano-

droplets [27] may offer significant advantages compared to

untargeted-LSM.

In the current study, cell viability with gemcitabine was assessed

with HEK293 cells transfected with lipofectamine 2000 instead of

ultrasound and LSM. We used the MTS assays for analyzing cell

viability which analyzes cell metabolism for all cells within each

well. Therefore, transfection of the minority of cells within wells

transfected with ultrasound and LSM would likely not provide

noticeable changes with the MTS assays. Lipofectamine 2000

provided transfection of ,50% of HEK293 cells within each well

and thus was a better transfection method to determine if hCNT3

cDNA transfection could reverse gemcitabine resistance in cells

with little hENT activity using the MTS assay. Compared to

HEK293 cells, AsPC-1 and MIA PaCa-2 cells had significantly

lower transfection efficiency rates using lipofectamine (21% and

25%, respectively) and thus did not provide useful gemcitabine

toxicity data using the MTS assay.

HEK293 cells expressed significant levels of hENT1 and

hENT2 mRNA which were approximately 10- and 50-fold lower,

Figure 7. Gemcitabine toxicity in HEK293 cells with or without
transfection of hCNT3 cDNA. (A) Inhibiting endogenous hENT
proteins with 10 mM dilazep significantly increased gemcitabine
resistance (340643 and 2662 mM EC50 values with and without dilazep,
respectively). (B) Transfection of hCNT3 in HEK293 cells not incubated
with dilazep had no affect on gemcitabine sensitivity. (C) Cells
transfected with hCNT3 cDNA and subsequently incubated with dilazep
exhibited significantly increased sensitivity to gemcitabine (35610 EC50

value, P,0.005). Representative experiments shown with each exper-
iment performed using 6 replicates. EC50 values shown above were
determined from averaging the EC50 values from three different
experiments.
doi:10.1371/journal.pone.0056423.g007
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respectively, than mRNA levels of the high expression ‘‘house-

keeping gene’’ GAPDH. Due to the abundance of hENT1 and

hENT2 mRNA transcript levels, untransfected HEK293 cells

without dilazep incubation were relatively sensitive to gemcitabine

with an EC50 value of 2662 nM which is comparable to the EC50

values of other gemcitabine sensitive cell lines [28]. Inhibition of

hENT1 and hENT2 with dilazep increased gemcitabine resistance

by 13-fold. This is understandable since the only other nucleoside

transporters in HEK293 capable of efficiently transporting

gemcitabine were hCNT1 and hCNT3 which displayed 1,600-

and 2,500-fold lower mRNA levels than that of hENT1,

respectively (i.e., hCNT1/3 expression was very low in HEK293

cells). Transfection of hCNT3 in HEK293 cells incubated in

dilazep (i.e., lacking hENT activity) was capable of sensitizing

HEK293 cells to gemcitabine, suggesting that hCNT3 is capable

reversing gemcitabine resistance in cells deficient of nucleoside

transporter activity.

Although lipofectamine only transfected approximately half of

the HEK293 cells in the wells, the gemcitabine EC50 values for

HEK293 cells with functional hENTs (no dilazep) and HEK293

cells that had been transfected with hCNT3 and subsequently

treated with dilazep to inhibit hENTs were very similar (EC50

values 2662 and 35610 mM, respectively, P = 0.49), suggesting

that there may have been a bystander killing effect. In theory,

transport deficient cells (e.g., in pancreatic cancers) transfected

with hCNT3 would have high levels of intracellular gemcitabine

and the apoptotic bodies from these cells should also have high

levels of gemcitabine. Uptake of these apoptotic bodies by nearby

nucleoside transport deficient cells may be a significant source of

gemcitabine uptake for these cells. Intracellular gemcitabine may

also have been transferred between HEK293 cells through gap

junctions which are present in HEK293 [29,30]. It is also possible

that hCNT3 transfected cells may have released significant

amounts of gemcitabine-containing exosomes which were then

taken up by untransfected cells [31,32]. Further experiments

would be necessary to test these theories.

Transfection of hCNT3 cDNA in HEK293 cells incubated in

dilazep increased gemcitabine uptake by .3400-fold compared to

untransfected cells incubated in dilazep. However, under similar

conditions, transfection of hCNT3 in AsPC-1 and MIA PaCa-2

cells increased gemcitabine uptake by approximately an order of

magnitude less than that of HEK293 cells. This discrepancy may

be explained if HEK293 cells shared cytoplasmic contents via gap

junctions and/or exosomes. Untransfected HEK293 cells may still

have large increases in gemcitabine uptake if nearby transfected

cells expressed hCNT3, meaning our ‘‘transfection-corrected’’

gemcitabine uptake values for HEK293 cells may not be directly

comparable to other cell lines which do not share cytoplasmic

contents. Regardless, for all cell lines tested, hCNT3 transfection

increased gemcitabine uptake 142- to 434-fold in cells lacking

hENT activity compared to cells with functional hENTs.

Transfection of hCNT3 in HEK293 cells with functional

hENTs increased 3H-gemcitabine uptake by 8-fold. However,

HEK293 cells transfected with hCNT3 cDNA and subsequently

incubated with dilazep displayed 18-fold greater 3H-gemcitabine

uptake than transfected cells with functional hENTs, suggesting

that the presence of functional hENTs caused a decrease in 3H-

gemcitabine uptake. This result was verified with 3H-gemcitabine

uptake assays in Xenopus oocytes expressing hENT1/hCNT3. We

proposed that the presence of functional plasma membrane

hENTs (i.e., hENT1 and/or hENT2), which mediate bidirectional

transport, would equilibrate gemcitabine levels across plasma

membranes, thereby primarily effluxing gemcitabine out of cells

that have high hCNT3 expression. Figure 9 provides a model

describing gemcitabine uptake in cells with different levels of NTs.

When comparing the various NTs as potential therapeutic genes

for increasing the uptake of toxic nucleoside analog drugs, hCNT3

has multiple advantages over the other NTs. Being a hCNT, it can

concentrate nucleoside analog drugs within cells to a much greater

extent than the hENTs. Compared to hCNT1, hCNT3 co-

transports an additional sodium ion (two in total) with each

nucleoside, theoretically providing additional electrochemical

gradient force to sustain nucleoside transport. This may partly

Figure 8. 3H-gemcitabine uptake in Xenopus oocytes with or without production of recombinant hENT1 and hCNT3. (A) Time courses
of 3H-gemcitabine uptake in Xenopus oocytes over one hour. Oocytes were microinjected with hENT1/hCNT3 mRNA and uptake assays were
performed four days later using 10 mM 3H-gemcitabine. (B) Oocytes were incubated with or without hENT1 inhibitor NBMPR (1 mM) and 3H-
gemcitabine uptake was analyzed 60 minutes after 3H-gemcitabine incubation. Oocytes producing hCNT3 alone demonstrate the greatest levels of
3H-gemcitabine uptake although uptake was greatly reduced upon co-expression of active hENT1. Uptake values for each time point is the mean
from 12 oocytes. Error bars not shown when smaller than symbols.
doi:10.1371/journal.pone.0056423.g008
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explain why oocytes expressing hCNT3 accumulated 8.9-fold

greater 3H-gemcitabine compared to oocytes expressing hCNT1

[5]. hCNT3 is also the only hCNT capable of using protons as

cations for driving nucleoside transport. Tumors may have regions

with relatively low pH, providing additional cations for nucleoside

transport. Finally, hCNT3 is the only hCNT capable of

transporting both purine and pyrimidine nucleoside analog drugs,

allowing hCNT3 to transport many clinical drugs including

gemcitabine, cladribine, clofarabine, and fludarabine.

Our results suggest that hCNT3 transfection will have the

greatest effect increasing gemcitabine uptake and toxicity in cells

without any functional NTs (i.e., cancer cells resistant to

gemcitabine therapy due to low NT activity). Most, if not all,

normal tissues have detectable hENT1/2, especially hENT1 [33].

Therefore using hCNT3 as a therapeutic gene to increase

gemcitabine uptake should have relatively little effect increasing

gemcitabine uptake and toxicity on normal tissues but a much

larger effect on gemcitabine resistant tumors with low NT activity

which are currently a clinical problem.
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