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Abstract

Fluorescent conjugated DNA oligonucleotides for antisense targeting of mMRNA has the potential
of improving tumor/normal tissue ratios over that achievable by nuclear antisense imaging. By
conjugating the Cy5.5 emitter to the 3’ equivalent end of a 25 mer phosphorothioate (PS) antisense
major DNA and hybridizing with a shorter 18 mer phosphodiester (PO) complementary minor
DNA (cDNA) with the Black Hole inhibitor BHQ3 on its 5’ end (i.e., PS DNA25-Cy5.5/PO
cDNA18-BHQ3), we previously achieved antisense optical imaging in mice as a proof of this
concept. In a process of optimization, we have now evaluated the stability of a small series of
duplexes with variable-length minor strands. From these results, a new study anti-mdr1 antisense
duplex was selected with a 10 mer minor strand (i.e., PS DNA25-Cy5.5/PO cDNA10-BHQ3). The
new study duplex shows stability in serum environments at 37 °C and provides a dramatically
enhanced fluorescence in KB-G2 (pgp++) cells when compared with KB-31 (pgpz) as evidence of
antisense dissociation at its mdrl mRNA target. The duplex was also administered to KB-G2
tumor bearing mice, and when compared to the duplex used previously, the fluorescence from the
tumor thigh was more obvious and the tumor-to-background fluorescence ratio was improved. In
conclusion, by a process designed to optimize the duplex for optical antisense tumor targeting, the
fluorescence signal was improved both in cells and in tumored mice.

INTRODUCTION

Oligomers such as DNA for antisense imaging of mRNA are potentially powerful
candidates for detection of endogenous gene expression in vivo (1-5). In conventional
imaging of mMRNA expression in vivo, antisense oligonucleotides are usually radiolabeled
with gamma ray emitting radionuclides. However, our experience and that of other
laboratories suggest that achieving adequate tumor/normal radioactivity ratios by anti-sense
nuclear imaging is often problematic (6). As an alternative to nuclear imaging, optical
imaging has the potential to improve tumor/normal tissue ratio by modulating the detectable
signal in the target through the judicious use of fluorescence resonance energy transfer
(FRET) (7-11). We have been developing an approach to optical antisense imaging that in
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principle should provide fluorescence images in tumored subjects by an antisense
mechanism that are free of background fluorescence (12). In this method, linear fluorophor-
conjugated oligomer duplexes are arranged to inhibit fluorescence and to dissociate only in
the presence of their target mMRNA. Thus, the fluorescence signal should in principle be
inhibited everywhere except in the target cell. The approach is illustrated in Scheme 1.

Recently, we reported on our first optical DNA duplex consisting of a Cy5.5 conjugated 25
mer phosphorothioate (PS) DNA hybridized to a BHQ3 conjugated complementary 18 mer
phosphodiester (PO) cDNA for optical antisense imaging (i.e., PS DNA25-Cy5.5/PO
cDNA18-BHQ3) (12). Although fluorescence in the tumor was clearly evident, this duplex
also provided a fluorescence background making obvious the need for duplex optimization.
In a process of optimization, we now report that five DNA duplexes differing in the length
of the complementary minor strand were compared for stability using a simple thiazole
orange (TO) fluorescence assay (13). On the basis of the screening results, the shortest
minor strand (10 mer) was selected and, after hybridization to the 25 mer PS antisense major
strand, was studied in cells and in tumored animals in comparison to that of the 18 mer
major strand used previously.

MATERIALS AND METHODS

As in our earlier investigation, all duplexes used the 25 mer anti-mdr1 uniform PS antisense
(5-AAG-ATC-CAT-CCC GAC-CTC-GCG-CTC-C-3’) major strand (14-16), either native
or conjugated with the Cy5.5 fluorophor on the 3’ end attached via a three carbon linker. The
native duplexes were formed by hybridization with a complementary uniform native PO
minor strand with one of five chain lengths. The study conjugated duplexes were formed by
hybridization of the same major strand with either a 10 or 18 mer PO minor strand
conjugated with a Black Hole Quencher 3 (BHQ3) quencher on the 5’ end attached via a two
carbon linker. Controls for the two study conjugated duplexes were identical except that the
two fluorophors were reversed:

Native Duplexes.

PS-DNA25/PO-cDNA25

PS-DNA25/PO-cDNA22

PS-DNA25/PO-cDNA18

PS-DNA25/PO-cDNA14

PS-DNA25/PO-cDNA10

Conjugated Study and Control Duplexes.
PS-DNA25-Cy5.5/PO-cDNA10-BHQ3 (study duplex)
PS-DNA25-BHQ3/PO-cDNA10-Cy5.5 (control)
PS-DNA25-Cy5.5/PO-cDNA18-BHQ3 (comparison duplex)
PS-DNA25-BHQ3/PO-cDNA18-Cy5.5 (control)
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The native DNAs (Integrated DNA Technologies, Coralville, 1A) and the conjugated DNAS
(Biosearch Technologies, Novato, CA) were purchased HPLC purified. The TO dye was
obtained from Sigma-Aldrich (St Louis, MO) and was used as received. The KB-G2 (pgp+
+) and KB-31 (pgp+) human epidermoid carcinoma cell lines were a gift from Isamu
Sugawara (Research Institute of Tuberculosis, Tokyo, Japan) and were cultured overnight at
37 °C, 5% COs, in Dulbecco's modified Eagle's medium (DMEM, Invitrogen, Carlsbad, CA,
USA) containing 10% fetal bovine serum (FBS). The cells were incubated with DNAs in 1%
FBS/DMEM medium.

Measurement of Native Duplexes

The five native duplexes were screened for stability in serum using a simple TO assay
developed in this laboratory (13). Each duplex was added to a 96 well microplate at 100 puL
per well and incubated at 500 nM in 70% normal mouse serum (Jackson Immuno Research
Laboratories, Inc., West Grove, PA) at 37 °C for different times before the addition of the
indicator TO at 6 uM. Fluorescence intensities were measured at room temperature on a
Fluorescence Microplate Reader (Safire, Tecan Group Ltd.). In this case, 504 nm was used
for excitation and 527 nm for detection of TO fluorescence. The TO concentration that was
just sufficient to saturate the duplexes was determined by trial and error to be 6 uM. In the
screening assay, decreased fluorescence was an indication of TO release and therefore of
duplex instability due to dissociation and/or degradation.

Measurement of Conjugated Duplexes in Solution

Both the 10 mer and 18 mer conjugated study duplexes were prepared at different molar
ratios by mixing the 10 or 18 mer cDNA with the DNA25-Cy5.5 at a molar ratio of 1:1, 2:1,
3:1,5:1, 8:1, and 10:1 in wells of a 96 well microplate before the fluorescence was measured
on the Microplate Reader. In this case, 685 nm was used for excitation and 706 nm for
detection of Cy5.5 fluorescence. The DNA25-Cy5.5 concentration was 50 nM in all cases to
provide a convenient fluorescence intensity.

The stability in serum of the DNA25-Cy5.5/cDNA10-BHQ3 duplex was measured by
adding 100 pL of each duplex solution in a 96 well plate in quadruplicate to a final duplex
concentration of 50 nM in 70% normal mouse serum (Jackson Immuno Research
Laboratories, Inc., West Grove, PA) and incubated at 37 °C for up to 25 h. As control, the
singlet DNA25-Cy5.5 was added to serum at the identical molar concentration in the
identical manner. The fluorescence intensity was measured at each time point on the
Microplate Reader.

Measurement of Conjugated Duplexes in Cells

The cell studies were performed in KB-G2 and KB-31 cells in quadruplicate in 96 well
plates seeded at 10 000 cells per well and incubated with 10% FBS/DMEM culture medium
overnight. In one experiment, both study and control duplexes were incubated in KB-G2
cells in 1% FBS/DMEM medium at 50, 100, 300, and 500 nM for 3 h at 37 °C. In another
experiment, all four conjugated duplexes were incubated with both KB-G2 and KB-31 cells
in 1% FBS/DMEM medium at 500 nM for 3 h at 37 °C. In all cases, the cells were washed
twice with 1% FBS/DMEM culture medium and twice with PBS. To improve the

Bioconjug Chem. Author manuscript; available in PMC 2016 March 16.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liang et al.

Page 4

reproducibility of the measurement, the cells were lysed before measuring the fluorescence.
The lysis buffer (150 mM PBS, pH 7.2, 1% Triton X-100) was added at 100 uL per well,
and the cells were incubated for 1 h at 37 °C. The fluorescence intensity of each lysis
solution was measured on the Microplate Reader.

Animal Studies

RESULTS

All animal studies were performed with the approval of the UMMS Institutional Animal
Care and Use Committee. Male nude mice (NIH Swiss, Taconic Farms, Germantown, NY)
at 7 weeks of age were each injected subcutaneously in the left thigh with 100 uL
suspension containing 108 KB-G2 cells with greater than 95% viability. Mice were used for
imaging studies when tumors were about 0.7 cm in any dimension and after having been on
a chlorophyll-free diet (AIN-93G Purified Diet, Harlan Teklad, Madison, WI1) for 5 days
prior to imaging. Mice bearing KB-G2 tumor were administered 3 nmol of DNA25-Cy5.5/
cDNA10-BHQ3 duplex in 100 uL of PBS via a tail vein. In vivo fluorescence imaging was
performed on an IVIS 100 small animal imaging system (Xenogen, Alameda, CA) using a
Cy5.5 filter set. During imaging, the animals were lightly anesthetized with 1.5% isoflurane
in 2 L/min oxygen. Fluorescence images were acquired at 20 min, 2 h, 7 h, and 23 h after
injection using a 0.5 s exposure time (f/stop 4). Image presentation and quantification were
performed using Living Image 2.5 software (Xenogen). Ellipsoid regions of interest (ROI) of
equal area were drawn on the tumor and on the contralateral muscle in the normal thigh.

Measurement of Native Duplexes

The five native DNA duplexes, each with the same 25 mer major strand but different length
of minor strand, were incubated at 37 °C in 70% normal mouse serum at 500 nM for
different times before the addition of the TO indicator. The fluorescence was measured
immediately after TO addition with shaking. Instability of the DNA duplex will result in a
decreased fluorescence signal as denaturation of the duplex will reduce TO intercalation.
Figure 1 presents the change of fluorescence intensity as a function of the incubation time in
37 °C serum and shows in all cases no change in fluorescence for at least 5 h of incubation.
Thus, all duplexes appear to be stable in serum for a period sufficiently long for tumor
targeting in vivo. Because of the similar stabilities, the duplex with the shortest minor strand
(i.e., PS-DNA25/PO-cDNA10) was selected for further study on the assumption that it
would exhibit the least stability in the presence of its mMRNA target. The duplex of our
earlier investigation (i.e., PS-DNA25/PO-cDNA18) was used for comparison.

Measurement of Conjugated Duplexes in Solution

Figure 2 presents the fluorescence intensity of DNA-Cy5.5 when different molar ratios of
cDNA10-BHQ3 or cONA18-BHQ3 were added. The results show that about 90% of the
fluorescence signal of Cy5.5 is quenched when hybridized with either cDNA at a 1:1 molar
ratio.

As mentioned above, the duplex with the shortest minor strand (i.e., PS-DNA25/PO-
cDNA10) was selected as the study duplex on the assumption that it would exhibit the least
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stability in the presence of its MRNA target. The stability of this conjugated duplex was
therefore evaluated over 25 h, again at 200 nM in 70% normal mouse serum at 37 °C, and
the results compared to that of the singlet DNA25-Cy5.5. As shown in Figure 3, the study
duplex did not show a substantial change in fluorescence over 25 h, suggesting duplex
stability over this period.

Measurement of Conjugated Duplexes in Cells

The KB-G2 cells were incubated with the study anti mdrl mRNA antisense DNA25-Cy5.5/
cDNA10-BHQ3 duplex and its control duplex in which the fluorophors were reversed. For
comparison, the antisense DNA25-Cy5.5/cDNA18-BHQ3 duplex of our previous
investigation (12) was also studied as a comparison duplex along with its similar control.
Incubations were for 3 h at 37 °C at concentrations between 50 nM and 500 nM. Figure 4
presents the cellular fluorescence intensity vs duplex concentration and shows that the
fluorescence signal of the cells is in all cases significantly higher (p < 0.05) when incubated
with the 10 mer study or 18 mer comparison duplex compared to their respective control
duplexes that differ only in reversed fluorophors. However, the fluorescence of cells
incubated with the 10 mer study duplex is about 4-fold higher than cells incubated with the
18 mer comparison duplex as evidence of the decreased stability of the 10 mer compared to
the 18 mer duplex, most probably due to antisense targeting.

If the higher fluorescence of KB-G2 cells incubated with the study compared to the 18 mer
comparison duplex was due to antisense dissociation as is likely, then the fluorescence
should be reduced in KB-31 cells because of its limited mdr1 expression. Figure 5 presents
the results of incubating both the KB-G2 and KB-31 cells with the same four duplexes as
above at 500 nM. No significant differences in fluorescence were observed between the two
cell lines when incubated with either the 10 mer or 18 mer control duplexes presumably
because the Cy5.5 fluorophor is, in these cases, on the minor strand of each duplex that are
either not dissociated (presumably in KB-31 cells) or are dissociated and released from the
cell if binding does occur (presumably in KB-G2 cells). In both cases, the results would be
the same: an absence of fluorescence. By contrast, the fluorescence of KB-G2 cells was
statistically higher (p < 0.05) compared to the KB-31 cells when incubated with either the
study 10 mer or 18 mer comparison duplex presumably because of the limited expression of
the MRNA targets in KB-31. However, compared to the 18 mer duplex, the shorter 10 mer
study duplex produces a much stronger fluorescence signal.

Animal Study

Three nude mice each bearing KB-G2 tumors in the left thigh received an injection of 3
nmol DNA25-Cy5.5/cDNA10-BHQ3 study duplex and were imaged at different times over
2 days. Images of one mouse obtained without contrast manipulation are shown in Figure 6.
Tumor fluorescence is evident at all times. The fluorescence intensity ratios at four
postinjection time points were calculated for the three animals, and the averages are shown
in Figure 7. A positive tumor/normal thigh ratio was achieved as early as 20 min
postinjection and was followed by a constant increase until a maximum at 2.05 was reached
at 7 h postinjection and was constant thereafter.
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Compared to the images obtained earlier in the same mouse tumor model following
administration of the comparison DNA25-Cy5.5/cDNA18-BHQ3 duplex (12), the study
DNAZ25-Cy5.5/cDNA10-BHQ3 duplex of this investigation provided images with a more
intense fluorescence in the tumor thigh and an averaged tumor-to-background ratio superior
to the 1.6 ratio observed by us previously (12). The most likely explanation for the improved
results is increased instability of the duplex with the shorter minor strand in the presence of
the target MRNA.

DISCUSSION

Optical imaging is a rapidly developing biomedical technology that enables the investigation
of biological/molecular events in both cell culture and small live animals and is already
practical in the clinic for imaging surface cancers and those accessible by endoscopy.
However, self-absorption of the optical signal can seriously complicate optical imaging even
when employing near-infrared fluorescence (NIRF) imaging probes with fluorescence
emission in the near-infrared where tissue hemoglobin and water, the major absorbers of
visible and infrared light, respectively, have their lowest absorption coefficients (17-19).
While self-absorption of yrays in connection with nuclear imaging is much more limited,
nuclear imaging, unlike optical imaging, does not offer the possibility of modulating the
signal at its target site. Through the judicious use of fluorescence resonance energy transfer
(FRET), optical imaging has the potential to improve the tumor/normal tissue ratio and thus
become an attractive alternative to nuclear imaging (20-23).

Previously, we reported on a successful optical antisense imaging study using a Cy5.5
conjugated 25 mer antisense PS—-DNA hybridized to a BHQ3 conjugated complementary 18
mer PO-DNA showing fluorescence only upon dissociation (12). The duplex was designed
to resist dissociation except by an antisense mechanism in the presence of its target mMRNA
in tumor. Although there was obvious tumor fluorescence obtained with this duplex, there
was also a background in normal tissue and therefore a less than optimal tumor/nontarget
ratio. The low tumor/nontarget ratio was attributed to a combination of excessive duplex
stability in the presence of the mRNA target and excessive duplex instability in circulation
and in tissues and led to the conclusion that optimization was required. In this investigation,
optimization was focused on varying the DNA chain length rather than changing the
backbone of the phosphorothioate and phosphdiester DNAS to that of second generation
oligomer analogues such as phosphodiamidate morpholinos. While keeping the antisense
major strand at 25 mer, the complementary sense minor strand was varied from 25 to 10 mer
and the stabilities of the duplexes measured in 37 °C serum by the TO assay.
Complementary chain lengths of less than 10 mer were not considered due to concerns of
low duplex binding specificity and low stability (24, 25). The results, shown in Figure 1,
demonstrate that all five native duplexes were sufficiently stable by this assay in serum, and
therefore, the shortest 10 mer chain length was selected for further investigation.

The results presented in Figures 4 and 5 both provide evidence of antisense targeting for
both the 10 and 18 mer study duplexes. In the first instance, a significantly higher
fluorescence was observed in the mdrl expressing KB-G2 cells for the study duplexes
compared to the control duplexes with fluorophors reversed, a result that would not be
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expected by nonspecific accumulation. In the case of the control duplexes, presumably after
dissociation, the Cy5.5 PO cDNA is rapidly degraded and the fluorophor cleared from the
cell. In the second instance, the fluorescence intensity of the mdrl expressing KB-G2 cells
was significantly higher than that of the control low level mdrl expressing KB-31 cells
especially in the case of the 10 mer study duplex, again providing evidence of antisense
targeting.

Furthermore, the shorter DNA25-Cy5.5/cDNA10-BHQ3 study duplex provided a much
higher fluorescence in cells compared to the 18 mer DNA25-Cy5.5/cDNA18-BHQ3
comparison duplex, presumably due to a lower stability toward dissociation of the study
duplex in the presence of its target mRNA. Finally, the whole-body fluorescence images in
KB-G2 tumor bearing mice, one of which is presented in Figure 6, show obvious
fluorescence in tumor at all time points, and an improvement in the average tumor/
background fluorescence ratio of 2.05 for this duplex compared to an average value of 1.6
obtained previously in the same mouse model with the comparison duplex (12).

Taken together, the work presented here provides further evidence that optical antisense
imaging with fluorescent duplexes is possible and our results have been improved by the
process described herein designed to optimize duplex stabilities for this application.
However, it is noteworthy that there is still some unexpected fluorescence background in
animals administered the optimized duplex. Obviously, the Cy5.5 in these animals is not
quenched completely by the BHQ3 inhibitor, indicating that the duplex has partly
dissociated in some nontarget tissues such as liver due to instability of the fluorophors
and/or duplex instability to nucleases therein. A better understanding of the properties of
these duplex probes in vivo will be required to further optimize this approach.
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Schematic Diagram Illustrating the Principle of Antisense Optical Imaging
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Figure 1.
Percent fluorescence change for five duplexes in 70% serum at 37 °C as a function of

incubation time. In each case, the fluorescence at time zero was set as 100%.
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Figure 2.
Fluorescence intensity of DNA25-Cy5.5 in PBS solution alone and after hybridized with

increasing molar ratios of cDNA10-BHQ3 or cDNA18-BHQ3. Error bars represent standard
deviations for three replicates and are too small to be visible on most data points.

Bioconjug Chem. Author manuscript; available in PMC 2016 March 16.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Liang et al.

Page 12

2200

2000 -
1800 DNA25-Cy5.5
1600
1400
1200
1000 ~
800 -
600
400 - DNA25-Cy5.5/cDNA10-BHQ3

200 MO/D

0 5 10 15 20 25 30

Fluorescence Intensity

Incubation Time (h)

Figure 3.
Fluorescence intensity showing stability of DNA25-Cy5.5/cDNA10-BHQ3 duplex

compared to the DNA25-Cy5.5 single strand in 70% normal mouse serum at 37 °C over 25
h. Error bars represent standard deviations for three replicates.
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Cellular fluorescence of KB-G2 cells after incubation for 3 h with the 10 mer anti-mdrl
study duplex (DNA25-Cy5.5/cDNA10-BHQ3), its 10 mer control duplex with fluorophors
reversed (DNA25-BHQ3/cDNA10-Cy5.5) and the 18 mer comparison duplex and its control
at four concentrations. Error bars represent standard deviations for four replicates.
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Cellular fluorescence of KB-G2 and KB-31 cells after incubation for 3 h with the 10 mer
anti-mdrl study duplex (DNA25-Cy5.5/cDNA10-BHQ3), its 10 mer control duplex with

fluorophors reversed (DNA25-BHQ3/cDNA10-Cy5.5), and the corresponding 18 mer
comparison duplex and its control duplex at 500 nM. (Error bars represent standard

deviations for four replicates.)
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Figure6.
Whole-body dorsal fluorescence images of one mouse bearing a KB-G2 tumor in the left

thigh at (A) 20 min; (B) 2 h; (C) 7 h; and (D) 23 h postinjection of 3 nmol study duplex
(DNA25-Cy5.5/cDNA10-BHQ3).
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Figure?.
Average tumor-to-normal thigh fluorescence ratios vs time after injection of the study

duplex. Error bars represent standard deviations for three animals. Fluorescence quantitation
was accomplished using Living Image 2.5 software (Xenogen).
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