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One objective of this investigation was to determine whether
chemical modifications of oligonucleotides to permit radiola-
beling with g- or positron emitters interferes with hybridiza-
tion and target cell accumulation. A second objective was to
establish to a reasonable extent whether cellular accumula-
tion of radiolabeled oligonucleotides can be explained by an
antisense mechanism. Methods: An 18mer uniform phos-
phorothioate DNA antisense to the messenger RNA (mRNA)
of the type I regulatory subunit a of cyclic adenosine mono-
phosphate-dependent protein kinase A (RIa) was conjugated
with the N-hydroxysuccinimidyl derivative of S-acetylmer-
captoacetyltriglycine (MAG3) through a primary amine/linker
and investigated in vitro in cell culture. Results: By surface
plasmon resonance, the association kinetics between native
(i.e., without amine/linker) DNA and MAG3-amide/linker-DNA
were identical. Melting temperatures were also identical for
native DNA, amine/linker-DNA, and MAG3-amide/linker-
DNA, indicating that these chemical modifications had no
detectable influence on hybridization. However, cellular ac-
cumulation of 99mTc-MAG3-DNA was lower than that of 35S-
MAG3-DNA, suggesting that chemical modifications can
have an important influence on cellular accumulation. In tis-
sue culture studies of ACHN tumor cells (a human renal
adenocarcinoma cell type), an antisense effect was sug-
gested by 3 findings: an increased accumulation of 35S- or
99mTc-labeled antisense versus sense DNA, an increased ac-
cumulation of 99mTc-antisense DNA in another RIa-positive
tumor cell line (LS174T) but not in a murine transfected
control cell line (HC-2), and the disappearance of the in-
creased cellular accumulation of 99mTc-antisense DNA with
increasing dosage of antisense DNA. Higher than expected
cellular accumulations of about 105 antisense DNAs per cell
over 24 h suggest stabilization of the target mRNA or in-
creased mRNA production by the presence of the antisense
DNA. In support of this suggestion, we observed, first, an
increased incorporation of uridine-59-triphosphate into RNA
in cells exposed to the antisense DNA but not to the control
DNA and, second, an increase in target mRNA expression in
cells exposed to the antisense DNA but not to the control
DNA. Conclusion: This evidence suggests tumor cell accu-
mulation by an antisense mechanism. Moreover, the high
level of DNA accumulation suggests that a rapid target mRNA

turnover or transcription rate may be an important determi-
nant of tumor counting rates.
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Clinical efficacy in antisense chemotherapy has now
been shown (1–3). The field of antisense imaging will share
many similarities with antisense chemotherapy (4,5); how-
ever, an important dissimilarity is the need, unique to anti-
sense imaging, to modify the DNA to carry the positron- or
g-emitting radionuclide. Once it becomes necessary to mod-
ify chemically an antisense DNA for any reason, it becomes
necessary to establish the influence of the chemical modi-
fications on the properties of DNA integral to antisense
targeting. The influence of18F radiolabeling by 1 method on
the pharmacokinetics of a DNA has been explored (6), as
has the ability of oligomers to hybridize to their comple-
ment after radiolabeling withg- or positron-emitting radio-
nuclides by a variety of methods (6–9). The influence of
radiolabeling methods on the kinetics and affinities of hy-
bridization requires considerably more investigation. More-
over, as yet largely unexplored are the influences of chem-
ical modifications on the behavior of antisense DNAs in
tissue culture.

In this research, one 18mer antisense uniformly phospho-
rothioate-modified DNA was conjugated with theN-hy-
droxysuccinimidyl derivative ofS-acetylmercaptoacetyl-
triglycine (NHS-MAG3) to a primary amine on its 59 end
(10). Melting temperatures and surface plasmon resonance
were then used to assess the influence of these chemical
modifications on hybridization. In addition, by labeling with
35S and99mTc, the influence of these chemical modifications
on accumulations in 1 cell type expressing the target mes-
senger RNA (mRNA) was evaluated.

The antisense DNA used in this and our previous inves-
tigation (11) is directed against the intracellular growth-
regulatory molecule, cyclic adenosine monophosphate
(cAMP)–dependent protein kinase A, type I, and type I
regulatory subunita of cAMP-dependent protein kinase A
(RIa). The 18mer DNA does not include a G quartet (i.e., 4
guanine bases together: GGGG), which has been identified
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as contributing to sequence-specific nonantisense effects on
phosphorothioate DNAs (12). The control DNAs possess
the sense or random sequences. Uniformly modified phos-
phorothioate DNAs were selected for all DNAs because of
the documented success in the treatment of cancer and other
diseases with this, the most common, chemical form for
antisense studies. The use of a human renal adenocarcinoma
cell type (ACHN) was based on a report of dose-dependent
growth inhibition by the antisense DNA with a mixed
methylphosphonate/phosphorothioate backbone (13).

Apart from establishing the influences of chemical mod-
ification on antisense DNA properties, another goal of this
investigation was to establish to a reasonable extent whether
cellular accumulation could be explained by an antisense
mechanism.

MATERIALS AND METHODS

Standard chemicals were obtained from various suppliers and
used without purification. All oligonucleotide DNAs were pur-
chased from the same source as the uniform phosphorothioates
(Operon Technologies, Alameda, CA), purified with high-perfor-
mance liquid chromatography (HPLC), and used as supplied.
These included the antisense (59-GCG TGC CTC CTC ACT
GGC), sense (59-GCC AGT GAG GAG GCA CGC), and random
(59-GGG ATC GTT CAG AGT CTA) DNAs, each with a primary
amine on the 59 end attached through a 6-carbon alkyl linker. The
antisense DNA was also purchased as the native form (i.e., without
the terminal amine group and linker), and the sense DNA was
purchased with a biotin group attached to the 59 end. The NHS-
MAG3 was synthesized as previously described (10). Both the
oligonucleotide 39 end-labeling system and the deoxyadenosine
59-(a-thio)-triphosphate [a-35S] (dATPaS[35S]) (NEN Life Sci-
ence Products, Inc., Boston, MA), as well as uridine-59-triphos-
phate [a-32P-UTP] (American Radiolabeled Chemicals, Inc., St.
Louis, MO), were purchased. ACHN and the human colon cancer
cell line (LS174T) were obtained from American Type Culture
Collection (Manassas, VA). The murine cell line HC2, an NIH 3T3
transfectant cell line expressing the type III variant of epidermal
growth factor receptor (EGFRvIII) was a gift from Drs. David K.
Moscatello and Albert J. Wong (Thomas Jefferson University,
Philadelphia, PA). The99mTc was obtained from a99Mo–99mTc
radionuclide generator (DuPont Pharmaceuticals Co., Billerica,
MA).

DNA Conjugation
The DNA was dissolved to a concentration of 5mg/mL in

0.1 mol/L N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid
(HEPES) buffer, pH 8.0. A fresh 10–20 mg/mL solution of NHS-
MAG3 in dry N,N-dimethylformamide was added dropwise with
agitation to a final chelator-to-DNA molar ratio of 15–20:1. The
reaction mixture was then incubated at room temperature for 60
min before purification on a 0.73 20 cm P4 column (Bio-Rad,
Hercules, CA) with 50 mmol/L phosphate buffer, pH 7.2, eluent.
The peak fractions were collected and quantitated by a recording
ultraviolet visible spectrophotometer (U-2000; Hitachi Instru-
ments, Inc., Danbury, CT) at 260 nm (optical density5 33mg/mL)
and were dispensed at 10mg per vial and stored at220°C for
future use.

The average number of MAG3 groups per molecule was deter-
mined by measuring the sulfhydryl concentrations using 4,49-
dithiodipyridine as indicator with absorbance measured at 324 nm
(14). A 0.1 mg/mL solution of NHS-MAG3 hydrolyzed in pH 9.0
buffer for 1 h at room temperature was serially diluted in a 0.1
mol/L sodium bicarbonate buffer to provide 10 solutions of known
sulfhydryl concentrations as standards over the range 0.0–120
mmol/L. To 100mL of each of these solutions and to 100mL of the
DNA-MAG3 sample under investigation were added 100mL of a
2 mmol/L solution of dithiodipyridine freshly prepared in 0.1
mol/L sodium phosphate buffer, pH 7.2. All samples were ana-
lyzed in triplicate. The absorbance was measured after 30 min at
room temperature. The absorbance of solutions of native DNA
treated in the identical manner was also determined, and the result
was subtracted from that of the appropriate test solutions.

Melting Temperature Measurements
Melting temperature was measured commercially (Integrated

DNA Technologies, Inc., Coralville, IA) and analyzed as previ-
ously described (15). The uniform phosphorothioate DNA concen-
trations were determined by ultraviolet absorbance at 25°C, and
extinction coefficients were estimated using a nearest-neighbor
model (16,17). Equimolar amounts of complementary phosphoro-
thioate and native strands were mixed to form a duplex. The
melting buffer contained 6.13 mmol/L sodium hydrogen phos-
phate, 3.89 mmol/L sodium dihydrogen phosphate, and 0.1
mmol/L sodium ethylenediaminetetraacetic acid (EDTA) with 100
mmol/L sodium chloride, pH 7.0 (total sodium ion concentration,
116.4 mmol/L). The EDTA was added to remove traces of divalent
and trivalent ions that might bind to DNA and could influence the
melting process. The DNA samples were dialyzed, using 3.5-kDa
dialysis cassettes (Slide-A-Lyzer; Pierce Chemical Co., Rockford,
IL), against the melting buffer for at least 24 h and were degassed
by applying a vacuum in a Speed-Vac concentrator (Savant, Hol-
brook, NY) for less than 10 s. The weight measurements showed
that ,0.4% of the buffer evaporated during this procedure. Melt-
ing experiments were conducted on a DU 650 spectrophotometer
(Beckman Coulter, Inc., Fullerton, CA) using a Micro Tm Anal-
ysis accessory (Beckman Coulter), a high-performance Peltier
controller (Beckman Coulter), and 1-cm pathlength cuvettes. Be-
cause the original software had limited features, a more sophisti-
cated program, TmColl, which controls melting experiments, was
programmed in Turbo C11 (Borland Software Corp., Scotts Val-
ley, CA) to run on a personal computer interfaced to the spectro-
photometer. Absorbance at 268 nm was measured every 0.1°C in
the temperature range 15°C–85°C. Both heating and cooling melt-
ing curves were recorded, and the rate of temperature change was
25°C/h.

Because the spectrophotometer was single-beam construction,
melting curves of buffer alone were also collected in the same
sample cuvettes and subtracted digitally from raw melting curves
of DNA samples. This correction guaranteed that small changes in
absorbance of the buffer with temperature did not contribute to the
DNA melting curves. Thermistor thermometer 874C with type K
thermocouple (Tegam, Inc., Madison, OH) was used to directly
measure temperatures inside cuvettes. The difference between the
temperature measured inside the cuvette by external probe and the
temperature reported by the internal probe of the cell holder was
close to the measurement error at,0.6°C. Therefore, only the
internal probe was typically used. The fraction of broken base pairs
(bp), u, was calculated from the graph of raw absorbance versus
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temperature (18,19). Plots ofu versus temperature were smoothed
by digital filtering (20). All sample temperatures at whichu
equaled 0.5 were reproducible within 0.3°C.

Surface Plasmon Resonance Measurements
Biomolecular interaction analysis may be used to measure the

rate of binding of an analyte on a surface to which its partner has
been immobilized (21). In this investigation, the biotin-derivatized
sense phosphorothioate DNA was added to a sensor chip coated
with streptavidin and dextran (SA; Biacore, Inc., Piscataway, NJ)
only until a response of about 200 resonance units (RUs) was
reached. The analysis was performed on a BIACORE 1000 system
(Biacore) operating at room temperature and injected using the
KINJECT command. The native and MAG3-amide/linker-anti-
sense DNAs were prepared identically at the same series of 6
concentrations (0.0–5.0mmol/L) in the same running buffer (10
mmol/L HEPES, 150 mmol/L sodium chloride, 3.4 mmol/L so-
dium EDTA, 0.005% polyoxyethylenesorbitan, pH 7.4). The ab-
sence of mass transfer effects was confirmed by running 1 con-
centration of both DNAs at 3 different flow rates (10, 30, and 75
mL/min) and seeing identical RU responses. Each analysis con-
sisted of 2 measurements. Before being applied to the sense DNA
surface, a sample was first applied to a control surface. The control
surface consisted of an identical streptavidin–dextran sensor chip
immobilized at about the same level (i.e., 200 RUs) but with the
biotin-derivatized antisense DNA. Subtraction of the sensorgram
obtained with the control surface from that obtained with the test
surface at each concentration corrected for bulk refractive index
changes. After subtraction, the resulting sensorgrams were ana-
lyzed using instrument software (BIAevaluation 3.0; Biacore) by
assuming 1:1 Langmuir interaction.

Radiolabeling
The radiolabeling of MAG3-DNA was similar to that previ-

ously described (10,11,22). Native and 59 chemically modified
DNAs were 39 end-labeled with35S using a 39 end-terminal de-
oxynucleotidyl transferase labeling technique following the man-
ufacturer’s instructions. A low dATPaS[35S]/DNA molar ratio of
1:30 was used to minimize the elongation of labeled DNAs. After
labeling, each DNA was precipitated by the addition of 95%
ethanol and the precipitate was rinsed with 75% ethanol to remove
unreacted dATPaS[35S].

Reverse Transcriptase–Polymerase Chain Reaction
The ACHN cell line was examined for relative RIa mRNA

expression by reverse transcriptase (RT)–polymerase chain reac-
tion (PCR). Total RNA was extracted using a phenol and guani-
dine thiocyanate–based RNA extraction reagent (TRI Reagent;
Molecular Research Center, Inc., Cincinnati, OH) following the
manufacturer’s instructions. Briefly, cells growing in T75 flasks in
monolayer were lysed directly once the medium was removed by
adding the reagent to each flask, followed by repetitive pipetting of
the cell lysate. Each lysate solution was then transferred to an
Eppendorf tube, and chloroform was added. Each sample was
vigorously agitated briefly and allowed to settle for approximately
15 min before centrifugation at 12,000g for 15 min at 4°C. The
aqueous phase containing the RNA was transferred to a fresh
Eppendorf tube, and the RNA was precipitated by the addition of
isopropanol. The RNA precipitate was rinsed with 75% ethanol
before being dissolved in nuclease-free water (Promega, Madison,
WI). The concentration was determined by absorbance measured
at 260 nm and was adjusted to 1mg/mL in water.

RT-PCR was performed in a 1-tube system (Access RT-PCR
Introductory System; Promega). Briefly, total RNA (1mg) was
diluted to a 50-mL reaction volume containing 5 U avian myelo-
blastosis virus (AMV) RT and 5 UThermus flavusDNA polymer-
ase. Reverse transcription was performed at 48°C for 45 min,
followed by PCR with 35 cycles of amplification. Theb2-micro-
globulin (b2m), a ubiquitous housekeeping gene, was used as an
internal reference to ensure integrity of the RNA samples and PCR
(23). The primers for human RIa mRNA were 59-GAA CCA TGG
AGT CTG GCA GT (sense, bases 83–102) and 59-GTT TTG CCT
CCT CCT TCT CC (antisense, bases 277–258). As RT-PCR
control, the AMV RT was eliminated to ensure the absence of
genomic DNA contamination in the RNA samples.

To obtain expression levels of RIa mRNA relative to theb2m
mRNA, each PCR product was separated by gel electrophoresis in
1.5% agarose gel with a 13 concentration of buffer (40 mmol/L
Tris, 0.114% glacial acetic acid, and 2 mmol/L sodium EDTA)
containing 0.5mg/mL ethidium bromide for fluorescence. The
developed gel was visualized by ultraviolet transillumination and
digitally acquired (Digital Science Electrophoresis Documentation
and Analysis System 120; Eastman Kodak, Rochester, NY). The
resulting fluorescence of the gel was analyzed dosimetrically using
imaging software (Scion Corp., Frederick, MD). The relative level
of RIa mRNA was expressed as a ratio of band intensity with that
of the b2m.

Cell Culture
Cells were grown in minimum essential medium (MEM) (Gibco

BRL Products, Gaithersburg, MD) with 2 mmol/LL-glutamine, 1.5
mg/L sodium bicarbonate, 0.1 mmol/L nonessential amino acids,
and 1.0 mmol/L sodium pyruvate supplemented with 10% fetal
bovine serum (FBS) and 100 mg/mL penicillin-streptomycin
(Gibco). Cells were maintained as monolayers in a humidified 5%
carbon dioxide atmosphere, normally in T75 flasks (Falcon; Bec-
ton Dickinson, Lincoln Park, NJ).

For uptake studies, the cells were trypsinated in the T75 flasks
at 80%–90% confluence using 0.05% trypsin/0.02% EDTA and
were then suspended in MEM with 10% FBS to the desired
density, normally 1–23 105 cells per milliliter. The cells were
seeded to the wells of 24-well flat-bottomed plates at 1 mL per
well and incubated at 37°C in 5% carbon dioxide for 24 h for
adherence and growth. The wells of the plates were prewetted with
1 mL Dulbecco’s phosphate buffered saline (DPBS) (Gibco) to
ensure homogeneity of cell adherence to the well bottom. The
medium was changed to MEM with 1% FBS thereafter to slow cell
growth, and the cells were cultured further for another 10 h or until
80% confluence was reached. Cell growth status and viability were
monitored by inverted microscopy with phase contrast. Trypan
blue exclusion was also used to assess viability.

Radiolabeled DNAs were dissolved in the same MEM with 1%
FBS at a concentration of about 20–40 ng/mL (4–7 nmol/L), and
1 mL per well was added in quadruplet after normal medium was
withdrawn. The time of addition (24, 12, 8, 4, 1, and 0 h) was
staggered such that harvesting could occur simultaneously. At
harvesting, the radioactive medium was aspirated and each well
was then rinsed with 1 mL DPBS. The medium and rinse were
combined and added to a scintillation vial (35S) or standard count-
ing tube (99mTc). The cells were then lysed with 1 mL 0.2N sodium
hydroxide and 1% sodium dodecyl sulfate. The well contents were
collected into additional scintillation vials or counting tubes along
with 1 mL of the same lysate solution used as a rinse.35S radio-
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activity was determined by adding 18 mL scintillator (Complete
Counting Cocktail; Research Products International Corp., Mount
Prospect, IL) to each vial, and the samples were left undisturbed
overnight before counting. In the case of99mTc, tubes were counted
directly in an automatic NaI(Tl) well counter. In the case of
dual-radiolabel studies, tubes containing99mTc were first counted,
the samples were left to decay for up to 48 h or until99mTc
radioactivity was at background levels, and the contents of each
tube were then transferred to scintillation vials containing scintil-
lator for 35S counting.

The efflux of radioactivity from cells previously incubated with
both35S- and99mTc-labeled DNA was investigated. In a dual-label
study, multiple wells each received a total of 40 ng radiolabeled
DNA in 1 mL solution and the cells were incubated for 16 h in the
usual manner to maximize cell accumulation. The medium was
then collected, the cells were rinsed twice with 1 mL DPBS, and
1 mL fresh medium was added. The cells were then reincubated.
Periodically thereafter for the next 6 h, the medium was removed
and replaced. At each time point, the medium was added to the 2
mL DPBS rinse. At the end of the 6 h (i.e., 22 h from the start of
the study), the cells were harvested after rinsing. Radioactivity in
each sample of medium plus wash and in the cells themselves was
then determined. Cell-associated radioactivity was calculated and
plotted against time to obtain the efflux curve.

Microautoradiography
Both the35S-labeled antisense and sense DNAs were dissolved in

the MEM medium with 1% FBS to a final concentration each of about
40 ng (18.5 kBq)/mL. To T75 flasks with about 107 cells were added
10 mL of each DNA after the medium was removed. After 4 and 24 h
of incubation, the radioactive medium was removed and cells were
washed 3 times with 20 mL DPBS before trypsinization. The disso-
ciated cells were washed twice with 10 mL MEM without FBS
followed by washing with 20 mL DPBS. The cells were suspended in
DPBS at approximately 105 cells per milliliter. Monolayers of cells
for autoradiography were prepared by smearing 20mL cell suspen-
sion on each slide. The slides were air dried and fixed for 10 min in
acetone that had been prechilled at 4°C. Autoradiography was per-
formed as described previously (24). Briefly, the slides were dipped in
42°C liquid nuclear track emulsion (NTB2; Eastman Kodak) for 5 s,
dried in a lighttight box overnight at room temperature, and then
transferred to a refrigerator at 4°C for exposure. After35S exposure for
60 d, the slides were developed with D-19 (Eastman Kodak) for 4
min, washed for 30 s in water, and fixed for 4 min in rapid fixer
(Eastman Kodak). After fixation, the slides were washed for 10 min
in running tap water. The slides were counterstained with hematoxy-
lin–eosin (Sigma, St. Louis, MO) and mounted with Permount
mounting medium (Electron Microscopy Services, Fort Washington,
PA) for viewing. The autoradiography images were viewed and
photographed with a light microscope (Olympus America Inc.,
Melville, NY).

RESULTS

Influence of MAG3-Chelator/Linker on DNA
Hybridization

The influence of the MAG3/linker group on hybridization
was determined by surface plasmon resonance measure-
ments and by melting temperature measurements. By sur-
face plasmon resonance, the dissociation rate of the DNA
duplex was shown to be slow and outside the measurement

range of the instrument. However, an association rate con-
stant of 1.066 0.073 104 M21 s21 could be measured for
native DNA, whereas the value for the MAG3-amide/
linker-DNA was 1.036 0.053 104 M21 s21 (mean6 SD,
n 5 5). The difference between these 2 values is not
statistically significant (Studentt test,P 5 0.31).

The average melting temperatures (n 5 3 or 4) for DNA
duplex (by halfu) was 60.2°C for the native DNA, 60.9°C
for the amine/linker-DNA, and 60.7°C for the MAG3-
amide/linker-DNA. This range of values is within the ex-
perimental error for repeated measurements (approximately
0.5°C).

Radiolabeling
The number of MAG3 groups attached to each DNA

molecule was 1.076 0.06 (mean6 SD, n 5 5). Radiola-
beling efficiency typically was about 35%, and specific
activity of 99mTc-labeled DNA was generally about 20 GBq/
mmol (100mCi/mg). The radiochemical purity was.95%
after P4 column purification. Figure 1, trace A, presents a
typical size-exclusion HPLC radiochromatogram of99mTc-
MAG3-DNA. Recovery in these analyses was typically
about 70%. Under these conditions, radiolabeled oligonu-
cleotides often show multiple peaks (8,25). The peak at 45
min elutes together with radiolabeled free MAG3 and is
probably caused by this radiocontaminant. Trace B shows a
shift in radioactivity profile toward a shorter retention time
(i.e., higher molecular weight) after the addition of the
biotinylated complementary DNA to which streptavidin was
attached. The nearly quantitative shift in profile shows con-
clusively that the radiolabel was attached to DNA (control
studies showed no appreciable nonspecific binding of the
DNA to streptavidin itself). After incubation in 37°C fresh
human serum at 2mg/mL, binding of the radiolabel to serum
proteins was nearly quantitative within 5 min. The radio-
chromatograms obtained over 24 h thereafter were essen-
tially unchanged except for a small peak at low molecular
weight that increased with time and was probably caused by
labeled cysteine (26).

The DNA was radiolabeled with35S at a specific activity
of about 37 kBq/mg. When stored at refrigerator tempera-
tures, the radiolabel was stable for at least 2 wk as deter-
mined by ethanol precipitation.

Evaluation of Tissue Culture Model
By trypan blue exclusion, the viability of cells at all

phases of this investigation was estimated to be no less than
98%. In addition, no evidence of cell growth arrest resulting
from the addition of any of the DNAs was observed.

The suitability of the ACHN cell line for evaluating the
behavior of DNAs with base sequences complementary to
the base sequence of the RIa mRNA was shown in several
ways. Figure 2 presents a digitized gel showing the location
and intensity of bands caused by RIa mRNA (lanes 3 and 4,
initial total RNA dosage of 1 and 2mg, respectively) and
b2m mRNA (lanes 1 and 2, initial total RNA dosage of 1
and 2mg, respectively). In lane 5 are DNA standards, the

99MTC-ANTISENSE DNA • Zhang et al. 1663



sizes of which are indicated in bp. The sizes of the PCR
products agree exactly with the size designed (RIa, 195 bp;
b2m, 120 bp). The average ratio of band intensity for RIa
mRNA versusb2m mRNA was 1.45. These results show
that ACHN cells express the RIa gene to an extent accept-
able for use as a model in this investigation.

The validity of the model was also shown by the results
of tissue culture incubations in which the cell accumulations
of 35S-labeled antisense and sense DNAs with various 59
modifications were compared. Figure 3A shows that a sig-
nificantly (P , 0.05) higher accumulation of35S on anti-
sense DNA (native, with amine/linker, and with MAG3-
amide/linker) compared with amine/linker-sense was
evident after approximately 1 h. Figure 3B shows that when
radiolabeled with99mTc, the efflux is significantly slower at

all time points for the antisense than for the sense DNA. As
a control, the uptake of dATPaS[35S] was seen to be low at
all time points considered (data not shown).

At each time point, no difference in accumulation be-
tween the amine/linker-antisense DNA and the MAG3-
amide/linker-antisense DNA was observed. It is apparent
that the addition of an amine/linker and the conjugation of
DNA with a MAG3 chelator group did not have a negative
effect on the accumulation of DNA in cells. Surprisingly,
lower uptake was associated with the native antisense DNA
at most time points. Apparently, modification of DNA with
the amine (amide)/linker had a positive effect on cell-
associated radioactivity in this case.

35S and 99mTc Cell Accumulation
Figure 4A presents the results of a dual-label study in

which both35S- and99mTc-labeled DNAs were added to the
same wells at the same dosage (20 ng per well of each
DNA) and incubated simultaneously. All DNAs were mod-
ified with a MAG3-amide/linker regardless of the label. As
shown, the cell accumulations of both radiolabels were
identical when they were added attached to the sense DNA.
Once again, in the case of both radiolabels, the antisense
DNAs showed significantly higher cell accumulation of the
radiolabel than did the sense DNA. However, when attached
to antisense DNA,35S showed a higher cell accumulation
than did99mTc. Figure 4B shows the percentage of35S and
99mTc radioactivity leaving the cells over 6 h after washing
and replacement of the medium. The cells had been incu-
bated over the previous 16 h with MAG3-amide/linker-
DNA. No statistically significant differences in efflux be-
tween the 2 radiolabels (P , 0.05;n 5 4) were found at any
time points, showing that efflux was similar for both radio-
labels over this period. Thus, the lower cellular accumula-
tion of 99mTc seen in Figure 4A was probably not caused by
increased efflux.

FIGURE 1. Size-exclusion HPLC radio-
chromatograms of 99mTc-labeled antisense
MAG3-amide/linker-DNA before (A) and af-
ter (B) addition of streptavidin-biotin-sense
DNA. Almost quantitative shift to higher
molecular weight after addition of comple-
mentary DNA and streptavidin shows con-
clusively that 99mTc is labeling DNA.

FIGURE 2. Gel electrophoretogram shows increased expres-
sion of RIa mRNA in ACHN cells relative to that of b2m house-
keeping gene. M 5 DNA standard marker.
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Microautoradiography
A differential antisense accumulation was also visualized

with microautoradiography. ACHN cells were incubated
with 35S-labeled antisense and sense DNAs for 4 and 24 h.
The results are presented in Figure 5. The cell-associated
radioactivity appears to be uniformly distributed throughout
the cell, consistent with internalization. In addition, the

accumulation of the radiotracer on antisense DNA is obvi-
ously higher than that on sense DNA.

Additional Evidence of Antisense Mechanism
Use of Additional Positive Cell Line.To obtain evidence

against an aptameric effect explaining the higher accumu-
lation of the antisense DNA in ACHN cells, we repeated the

FIGURE 3. (A) Cell accumulation over time of 35S after incubation of ACHN cells with 39 end-labeled native, amine/linker-, and
MAG3-amide/linker-antisense DNA compared with amine/linker-sense (control) DNA. Significantly higher accumulation at most
time points is evident for antisense DNAs relative to sense DNA. (B) Efflux of 99mTc from ACHN cells after 16 h of incubation with
99mTc-labeled MAG3-amide/linker-antisense and sense DNAs. AS 5 antisense.

FIGURE 4. (A) Cell accumulation over time of MAG3/linker-antisense and MAG3/linker-sense DNA radiolabeled with 35S or 99mTc.
Significantly higher accumulation at most time points is evident for both antisense DNAs relative to both sense DNAs. Accumulation
of 99mTc is lower than that of 35S when attached to antisense DNA. (B) Efflux of 35S and 99mTc from ACHN cells after 16 h of
incubation with 35S- and 99mTc-labeled MAG3-amide/linker-antisense DNA. AS 5 antisense.
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studies using LS174T cells, an additional RIa-positive cell
line (27). As shown in Figure 6A, once again a significantly
higher accumulation of99mTc was observed for the antisense
than for the sense DNAs at all time points considered.

Use of Negative Murine Control Cell Line.Figure 6B
compares the results obtained for the ACHN cell line with
those for an RIa-negative cell line, HC2 (HC2 20 d2/c, an
NIH 3T3 transfectant cell line expressing EGFRvIII (28)),
for both 99mTc-labeled antisense and random DNA. The
antisense base sequence has no homology with the base
sequence of the murine RIa mRNA as listed in the Gen-
Bank (National Institutes of Health, Bethesda, MD). Both
cell lines were studied simultaneously, and the results have
been normalized to the same number of cells per well (53
105) for direct comparison. Unlike the results obtained for
both of the RIa-positive cell lines, an increased accumula-
tion of the antisense DNA was not observed in this control
cell line.

Effect of Tracer Dosages of Antisense DNA on Target
mRNA Expression.RT-PCR was used to assess the effect of
tracer dosages (7 nmol/L) of99mTc-labeled antisense DNA
on the level of target RIa mRNA. ACHN cells were cul-
tured with labeled antisense and random DNA for 24 h. As
before, theb2m housekeeping gene was coamplified as an
internal reference to ensure PCR integrity (23). The average
ratio of band intensity for RIa mRNA compared withb2m
mRNA in cells exposed to both sense and random control
DNAs was 1.56 0.09 and therefore identical to that found
for ACHN cells. However, the ratio increased significantly
(P 5 0.017;n 5 4) to 2.16 0.27 in cells exposed to the
antisense DNA.

Effect of Tracer Dosages of Antisense DNA on RNA
Synthesis.ACHN cells were cultured witha-32P-UTP in the
presence of tracer concentrations (7 nmol/L) of antisense,
random, or no DNA (i.e., blank) for 24 h. Total RNA from
each sample was extracted with TRI Reagent and counted.

FIGURE 5. Microautoradiography images at 3400 magnifica-
tion of ACHN cells incubated with 35S-labeled antisense and
sense DNAs for 4 h (antisense [A]; sense [B]) and 24 h (antisense
[C]; sense [D]).

FIGURE 6. (A) Cell accumulation over time of 99mTc-labeled antisense and sense DNA in LS174T cells. These cells also express
target RIa mRNA. (B) Cell accumulation over time of 99mTc-labeled antisense and sense DNA in HC-2 cells (compared with RIa
mRNA–positive ACHN cells). These cells do not express target RIa mRNA. AS 5 antisense.
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With respect to the blank control at 100%, thea-32P-UTP
incorporation in total RNA in 106 cells was 132%6 23%
for cells exposed to the antisense DNA, compared with
103%6 18% for cells exposed to the random DNA (n 5 4).
The 32P incorporation is significantly higher for the anti-
sense than for either the random or the blank control (P ,
0.05), indicating an elevated RNA synthesis in the presence
of antisense DNA.

Effect of an Increasing Dosage on Cell Accumulation of
Antisense DNA.Finally, the influence of increasing the
dosage of the unlabeled antisense and sense DNAs added to
the 99mTc-labeled antisense and sense DNAs (3.5 nmol/L),
respectively, is shown in Table 1 for 24 h of incubation.
Accumulation of radiolabeled antisense DNA decreases
more rapidly with increasing loading than does accumula-
tion of sense DNA, as expected for specific accumulations,
such that the significant difference disappears at a concen-
tration of about 175 ng/mL (30 nmol/L) or higher.

DISCUSSION

We selected for this study an 18mer uniform phosphoro-
thioate DNA antisense to the mRNA of RIa of protein
kinase A radiolabeled with99mTc using MAG3 as a chelator.
The target and base sequences were selected, in part, be-
cause of the satisfactory therapeutic benefit that others have
observed for a variety of cancers (13,29–31). The uniform
phosphorothioate backbone was selected to conform with
that used in most of these therapeutic studies. In agreement
with reports of antisense cellular uptake of this DNA, the
microautoradiographs of Figure 5 show uniform distribution
of 35S-labeled DNA in ACHN cells. ACHN cells were
selected because the RIa mRNA has been reported to be
expressed in this cell line (13), and we confirmed that
finding (Fig. 2). Finally, the MAG3 chelator for99mTc
labeling was selected for convenience and with the knowl-
edge that we have used this labeling strategy successfully in
several previous investigations. In a previous investigation
from this laboratory using size-exclusion HPLC, extensive
protein binding was observed in cell lysate incubations as
expected for a phosphorothioate DNA (32), but the radio-

label was “stable” in that about one quarter of the radioac-
tivity was still on viable DNA after 24 h in cells (11).

This investigation had 2 major goals. The first was to
determine whether 1 method of chemically modifying DNA
to facilitate radiolabeling with99mTc influences either its
hybridization properties or cell accumulation. The second
was to establish to a reasonable extent whether the cellular
accumulations could be explained by an antisense mecha-
nism.

There have been several previous attempts to establish
the influence on hybridization properties of chemical mod-
ifications required for oligomer radiolabeling (6–9). How-
ever, hybridization affinities for the modified relative to the
native oligomer have not been previously reported. We have
now evaluated the influence on hybridization of attaching a
primary amine and a 6-member alkyl linker to the 59 end of
an antisense DNA and conjugating the amine with NHS-
MAG3. By surface plasmon resonance measurements at
room temperature, no significant differences in the kinetics
of hybridization were observed between immobilized sense
DNA and either the native antisense DNA or the antisense
DNA with a 59 MAG3-amide/linker attached. Furthermore,
no significant differences in melting temperature were ob-
served for duplexes between sense DNA and either the
native, amine/linker, or MAG3-amide/linker antisense
DNA. These observations are therefore consistent with the
absence of influences on hybridization as reported by pre-
vious investigators. For example, we have reported identical
association rate constants for the above antisense DNA
conjugated with hydrazinonicotinamide (HYNIC) and di-
ethylenetriaminepentaacetic acid (DTPA) in comparison
with MAG3 (11). Therefore, we can conclude that neither
N-hydroxysuccinimide esters nor anhydrides chemically al-
ter the nitrogenous bases comprising DNA under the con-
ditions of these investigations.

The influence of chemical modifications on cellular ac-
cumulations may be more important. To our knowledge, the
issue of cell accumulation of antisense oligomers chemi-
cally modified to permit radiolabeling with99mTc or other
imaging radionuclides has not been previously considered.

TABLE 1
Cellular Accumulation of 99mTc-Labeled Antisense and Sense DNA with Different Dosages

of Unlabeled DNA in 2 3 105 Cells

Unlabeled DNA
dosage (ng/mL)

Final DNA
concentration (nmol/L)

% Uptake*

PAntisense DNA Sense DNA

20 6.9 3.7 6 0.20 2.8 6 0.3 0.009
36 9.6 3.2 6 0.20 2.3 6 0.2 0.001

175 33.4 1.4 6 0.10 1.5 6 0.2 0.34 (NS)
333 60.6 1.2 6 0.05 1.0 6 0.1 0.08 (NS)
625 100.0 1.1 6 0.06 1.1 6 0.6 0.49 (NS)

*Data are presented as mean 6 SD (n 5 4).
NS 5 not significant (Student t test, with P , 0.05 considered statistically significant).
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In a comparison study of MAG3-, HYNIC-, and DTPA-
conjugated DNA, we recently observed that the99mTc ra-
diolabel showed significant differences in accumulation in
cultured ACHN cells (11). These observations were as-
cribed to differences in cellular efflux resulting from the
chemical modifications. More definitive evidence on the
influence of chemical modification on cellular accumulation
is evident from this study. As shown in Figure 3, when
radiolabeled with35S in the identical fashion, the native
DNA showed lower accumulation relative to either the
amide/linker-DNA or the MAG3-amide/linker-DNA. The
attachment of an amine (amide)/linker has either increased
cellular transport (influx) or decreased efflux of the DNA.
An increased influx may be explained by increased lipophi-
licity introduced by the modification. Further evidence for
the influence of chemical modification may also be apparent
in Figure 4, which shows increased accumulation of35S
relative to99mTc despite the presence of both labels on the
same MAG3-amide/linker-DNA. Because we have also
shown identical efflux for both radiolabels (Fig. 4B), the
difference must be caused by different influx. This differ-
ence may be related in some way to instability of the99mTc
label, but another possible explanation is that the addition of
the technetium atom to the chelate may decrease cellular
membrane transport.

The second goal of this investigation was to establish
whether an antisense mechanism could explain the in-
creased cellular accumulation of the antisense DNA. Be-
cause favorable results were obtained with35S as well as
with 99mTc, the possibility that instability of the99mTc label
could explain the increased accumulation may be excluded.
Another possibility is that an aptameric effect, in which the
antisense DNA, because of its particular 3-dimensional con-
figuration, shows an affinity for a binding protein in ACHN
cells may explain our results. However, this possibility
became more unlikely when we were able to show similar
increased accumulation for another RIa-positive cell line
(LS174T) and the absence of increased accumulation for an
RIa-negative cell line (HC-2) (Fig. 6). We have also ob-
served a disappearance of the increased accumulation with
increasing dosages of antisense DNA, as expected for spe-
cific binding (Table 1). Taken together, these observations
suggest that the observed accumulation of radioactivity in
cells exposed to antisense DNA under the conditions of this
investigation may be caused, at least in part, by an antisense
mechanism.

Only a few tissue culture studies with radiolabeled anti-
sense DNAs have been reported, and not all have observed
a putative antisense effect (33). Our results suggest that an
antisense effect may easily be obscured by nonspecific
cellular accumulations if concentrations are higher than
nanomolar (Table 1).

In this investigation, we were able to show a significantly
higher accumulation of the radiolabeled antisense compared
with both sense and random control DNAs (Figs. 3–6). If a
cellular volume of 10211 L is assumed, the intracellular

concentration of antisense DNA may be calculated as ap-
proximately 10-fold higher than the concentration in the cell
culture medium. Thus, these cellular concentrations cannot
be explained by passive diffusion alone.

From the tissue culture results and the known specific
activity of the radiolabeled DNAs, the specific accumula-
tion (i.e., antisense minus sense or random control DNAs) is
easily calculated to amount to approximately 105 antisense
DNA molecules per cell at 24 h. Similar calculations can
show that other previous investigators of radiolabeled anti-
sense DNAs have also achieved similarly high accumula-
tions in tissue culture (34). Totals as high as 107 DNAs per
cell have been measured in connection with studies of
antisense chemotherapy (35). These specific accumulations
are many orders of magnitude greater than the steady-state
target mRNA concentrations, which are usually assumed to
be in the range of 1–1,000 copies per cell (36). One poten-
tial mechanism for specific accumulations of the observed
magnitude requires that the targeted mRNA be stabilized by
hybridization with the antisense DNA. Stabilization of the
duplex may help to retain the antisense DNA within the cell
along with its radiolabel. However, phosphorothioate DNAs
such as those used in this study are thought to degrade
targeted mRNAs (37). A decrease in targeted mRNA cel-
lular concentrations after treatment with antisense phospho-
rothioate DNAs is a common observation (30) but is usually
seen at much higher doses (mmol/L) than that used here
(nmol/L). In support of this suggestion, we have shown by
RT-PCR an increase rather than a decrease in the RIa
mRNA concentration in cells exposed to tracer concentra-
tions of antisense DNA.

The observed increase in RIa mRNA concentration in
cells exposed to the antisense DNA may also be explained
by the presumed decreased cellular concentration of the RIa
protein by translation arrest after hybridization. If the RIa
protein functions in a feedback fashion to downregulate
transcription of the RIa mRNA, its decreased concentration
could also explain an increase in mRNA concentration. This
could, at least partially, explain the observed increased
a-32P-UTP incorporation into newly synthesized RNA in
cells exposed to antisense DNA.

CONCLUSION

The results of this investigation, although strictly apply-
ing to only 1 antisense DNA and 1 target cell type, by being
added to the observations of others make increasingly clear
that hybridization may not be influenced by certain chemi-
cal modifications related to radiolabeling withg- or
positron-emitting radionuclides. However, these and other
chemical modifications can have unpredictable and impor-
tant effects on cell membrane transport and, therefore, on
cellular accumulation of the radiolabel.

We were also able to show high cellular specific accu-
mulations of antisense DNAs, suggesting that the intracel-
lular presence of the antisense DNA at low concentrations
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may stabilize the target mRNAs. This proposed mechanism
implies that the mRNA turnover/transcription rate may be
as important in determining the specific accumulation (and
therefore the tissue counting rate) as is the steady-state
concentration. We conclude that predictions based on only
steady-state mRNA copy numbers may underestimate the
counting rates achievable by antisense targeting and that
transcription/turnover rates may need to be considered as
well.
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