Editorial

Making Sense Out of Anti-Sense: Challenges of Imaging Gene
Translation with Radiolabeled Oligonucleotides

Watson-Crick base pair forma-
tion confer an extremely high
degree of specificity to deoxynucleic
acid (DNA) structure. Calculations
estimate that an oligonucleotide
(oligo) of 15 to 17 nucleotides in length
would have a unique sequence rela-
tive to the entire human genome. In
principle, this specificity has been the
driving force behind current attempts
to develop oligodeoxynucleotides for
therapy and diagnosis of human dis-
ease. For therapeutic applications, oli-
gos complementary to nucleotide se-
quences of messenger ribonucleic acid
(mRNA), termed antisense oligos, are
thought to interfere in a sequence-spe-
cific manner with translation of host
cell or viral mRNA into protein (J,2).
Other targets for antisense oligos in-
clude donor-acceptor sites for splicing
pre-mRNA (3), for example, to inhibit
replication of the human immunodefi-
ciency virus-type 1 (HIV-1) () and
genomic DNA, where Hoogsteen
base pairing in the major groove can
form triple-helical structures ().
Rather than interfering with physio-
logical processes, diagnostic applica-
tions view these intracellular sites as
high affinity “‘receptors,’” amenable to
binding a radiolabeled antisense oligo
with high specificity for use in imaging
the mRNA content of the target tis-
sue. Two recent papers in the Journal
have begun to explore radiolabeled
antisense oligos, one demonstrating
how the radiotracer method can be
used to document the fate of a novel
class of receptor-targeted oligo conju-
gates designed with the intent of tar-
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geting DNA delivery to selected tis-
sues (6), the other describing radiola-
beled oligos for imaging (7). There are
significant challenges ahead, many
common to both therapeutic and diag-
nostic applications of antisense tech-
nologies. I refer the interested reader
to several excellent recently published
reviews pertaining to antisense oligos,
largely from the perspective of chem-
ical synthesis and therapeutic applica-
tions (1,8,9). This brief overview will
summarize lessons derived from ther-
apeutic oligo development with the in-
tent of critically assessing the bench-
marks that must be met for diagnostic
applications.

For successful antisense imaging, at
least six criteria must be fulfilled (9).

1. Oligos Must Be Synthesized
Easily and in Bulk

Phosphoramidite chemistry (10)
and its development into an auto-
mated technology now allow routine
synthesis and purification of gram
quantities of antisense oligos. This has
lead to much commercial activity in
the development of therapeutic uses
for oligos. However, radiolabeling the
oligos typically requires construction
of a conjugate molecule, consisting in
general of the oligo, a linker, and a
metal chelating or targeting moiety for
tagging with a radionuclide. These
place additional constraints on synthe-
sis and purification harsher even than
those faced in therapeutic applica-
tions. While both the 5' alkyl primary
amine linker strategy (/1) employed
by Dewanjee et al. (7) and the poly-
(L)lysine linker (12) employed by the
Yarmush group (6) are well estab-
lished, they nonetheless introduce po-
tential complications in synthesis and
quality control. Strategies to formu-
late kit preparations are important first
steps toward developing these agents
for routine clinical imaging (7).

2. The Oligos Must Be Stable In
Vivo

This problem is formidable and was
addressed by both investigative groups
with results that point to the signifi-
cant challenges (and opportunities)
that remain. The problem is multifac-
eted. First, the human body is rich in
serum and intracellular endo- and exo-
nucleases which degrade the phos-
phodiester backbone of naturally oc-
curring oligos (13). Much medicinal
chemical and synthetic effort has been
directed toward the development of
nuclease-resistant oligos. Introduction
of phosphate, sugar and pyrimidine
modifications into the oligos has lead
to significant reductions in nuclease
sensitivity, however, changes in mem-
brane permeability, binding affinity of
the oligos to the target mRNA and
ability to activate ribonuclease (RNase)
H are simultaneously altered in com-
plex ways (I4). Phosphorothioate,
methylphosphonate and phosphotri-
ester substitutions for the phosphodi-
ester backbone have been developed,
the former two also readily prepared
by automated synthesizers (I5,16).
Indeed, Dewanjee et al. (7), compared
phosphodiester and phosphorothioate
radiolabeled oligos under a variety of
conditions and generally confirmed the
enhanced stability of the phospho-
rothioate derivatives. Some approaches
even ecliminate the phosphodiester
backbone completely by replacement
with a polyamide analog (7). Second,
the oligo-linker conjugate must remain
stable in vivo. Lu et al. (6) report 30%
dissociation of their glycoprotein-poly-
(L)lysine-DNA complex after 7 min un-
der chromatographic conditions and up
to 85% dissociation by preincubation in
phosphate buffer or media plus serum
for 1 hr before chromatographic analy-
sis. This bodes poorly for sequence-
specific targeting in vivo. Dewanjee et
al. (7) showed 15%-35% degradation of
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their oligo complexes after a 2-hr incu-
bation in human plasma or in a P388
cell suspension. Third is a concern
unique to imaging applications with oli-
gos: the radiolabel must remain bound
to the antisense oligo-chelate by design-
ing and synthesizing complexes that
minimize transmetallation or demetalla-
tion reactions. These caveats demon-
strate the challenges faced in overcom-
ing natural detoxification mechanisms
in biological systems that appear poised
to metabolize extracellular and intracel-
lular DNA fragments and their deriva-
tives.

3. The Oligos Must Be Able to
Enter the Target Cells

Naturally occurring phosphodiester
and synthetic phosphorothioate oligos
are polyanionic and thus cannot pas-
sively diffuse across cell membranes.
It has been shown that lymphoid cells
bind DNA on their membranes (18).
An ~80 kDa protein has been isolated
from the cell membranes of CHO fi-
broblasts, HL60 cells and others
(19,20) that binds polyanionic oligos
in a calcium-dependent manner
(21,22). However, cell surface binding
cannot explain the many examples of
sequence-specific inhibition of mam-
malian mRNA translation by an-
tisense oligos. Thus, internalization of
polyanionic oligos must occur, and
has been generally found in most cells
to depend on time of exposure and on
oligo concentration. These observa-
tions have led to a model of cellular
internalization of oligos by processes
known as receptor-mediated fluid-
phase pinocytosis and adsorptive en-
docytosis (19). This is the physiologi-
cal process whereby cells pinch off
surface membrane and engulf bulk ex-
tracellular medium into plasma mem-
brane-derived wvesicular structures
found in the cytosol. Thus, early in-
tracellular compartments for internal-
ized oligos likely are vesicular struc-
tures such as endosomes (/9). Using
fluorescence-tagged oligos, punctate
structures within cells are often ob-
served (23), however, there is little
evidence that oligos enter acidic com-
partments such as late endosomes and
lysosomes (9). Although oligos must

exit these vesicular compartments to
interact with their intracellular tar-
gets, the mechanisms of vesicular
transport are not known. Interest-
ingly, it has been reported that 5’ ter-
minus modifications of polyanionic
oligos with poly(L)lysine, for exam-
ple, may mask the negative charge of
the oligo, thus enhancing the transit of
the oligo from these vesicular com-
partments into the cytoplasm (24). In-
deed, the Massachusetts General
Hospital group (6) used glycoprotein-
poly(L)lysine-FITC conjugates as re-
porters of their antisense conjugates
and found nuclear localization of the
FITC-labeled complex by confocal
microscopy. However, in the absence
of a sequence-specific oligo within the
complex to confer nuclear localizing
properties, the interpretation of this
result is unclear. Dewanjee et al. (7)
used 5’ amino-linked DTPA conju-
gates of oligos. Their evidence for in-
tracellular accumulation was indirect,
coming from TCA precipitation of cell
lysates which showed 60%-70% of the
probe associated with an insoluble
fraction, taken as evidence, although
not definitive, that the oligo probe was
bound to c-myc mRNA.

4. The Radiolabeled Oligos Must Be
Retained by the Target Cell

There is evidence that oligos un-
dergo exocytosis in vitro (19,25). In
cells such as HL60, greater than 90%
of the exocytosis occurs with half-times
of 30 min or less and consists of full-
length or truncated forms of the oligos
(9). In addition, oligo chain extension
has been found on exocytosed oligos
(4). For radiolabeled oligos, these exo-
cytotic processes present twofold com-
plications. If the rates of exocytosis are
equal to or greater than the rates of
hybridization to target mRNA, then an-
tisense cell targeting efficiency will be
compromised (9). In addition, if cyto-
solic metabolism of the oligo-radiolabel
complex were to occur and the free
oligo transported out of the cell while
the radioactive metal-chelate complex
(often charged) is trapped in cytosolic
compartments, then confounding back-
ground radioactivity unrelated to the
mRNA target would be imaged.
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5. The Oligos Must Be Able to
Interact with Their Cell Targets
Intracellular antisense targets such
as mRNA, pre-mRNA and genomic
DNA are often protein bound, and it
has been pointed out that many sites
may not be accessible for Watson-
Crick base pairing (9). Two of the
most common targets for antisense
approaches have been the 5’ cap and
initiation codon (AUG) regions. Data
indicate that many 3’ targets have
binding constants several orders of
magnitude lower than these 5' regions
(26,27), however, the 3' untranslated
region of the mRNA of the intercellu-
lar adhesion molecule ICAM-1, was
reported to be a better target than the
initiation region (28). These data point
to the difficulty in establishing gener-
alized principles for antisense applica-
tions. In this regard, although Dewan-
jee et al. (7) report that HPLC analysis
of mRNA extracts of cell lysates in
vitro showed 70%-80% of radiolabeled
antisense probe bound to mRNA, tu-
mor homogenates in vivo indicated a
disappointing 25%-30% of total radio-
labeled antisense bound to mRNA.

6. The Oligos Should Not Interact in
a Nonsequential-Specific Manner
with Other Macromolecules

There exists controversy whether
the specificity of oligos is truly se-
quence-specific. It has been shown
that longer oligos, rather than increas-
ing specificity, may actually decrease
specificity through non-sequential-
specific and length-dependent in-
creases in the number of potential hy-
bridization sites (27). Thus, the 67 mer
oligo that Lu et al. (6) chose for their
study may represent a worst-case
analysis. In addition, during experi-
mental validation, many <‘control”
therapeutic oligos (typically, the sense
sequence or, alternatively, the scram-
bled sequence, that is, an oligo con-
taining the same base composition,
but scrambled order) have been found
to produce biological effects that are
indistinguishable from the antisense
oligo (14). However, Dewanjee et al.
(7) used sense oligos as control re-
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agents for their studies and obtained
encouraging results. The most com-
pelling data suggesting that the oligo-
complex was binding to target mRNA
was the 2.5-fold enhancement of cel-
lular accumulation in vitro and the 10-
fold greater localizing properties dur-
ing biodistributions in tumor-bearing
Balb/c mice in vivo of radiolabeled an-
tisense oligos compared to sense oli-
gos. Perhaps the 5’ modifications of
these oligos for radiolabeling also con-
ferred favorable biological targeting
properties, but much work remains to
prove this hypothesis. Further com-
plications arise because charged oli-
gos (phosphodiesters and phospho-
rothioates) are polyanionic and may
interact with naturally occurring pro-
tein targets for endogenous polyan-
ions such as the glycosaminoglycans
heparan, dermatan and chondroitin
sulfate. For example, CD4, HIV-1
RT, gp120 and PKC Bl bind both
charged oligos and sulfated polyan-
ions, although the binding constants of
phosphodiester oligos to these pro-
teins are generally lower than those of
their natural ligands (9).

Hence, the task of directly imaging
the gene has begun. This brief overview
highlighting some of the general prin-
ciples and difficulties that have been
learned from exploration of therapeu-
tic oligos, illustrates concerns relevant
to diagnostics that must be addressed
if this exciting new technology of ra-
diolabeled antisense oligos for the im-
aging of gene translation and tran-
scription is to become clinical reality.

David Piwnica-Worms
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Brigham and Women’s Hospital,
Boston, Massachusetts

1066

REFERENCES

1.

10.

11.

12.

13.

14.

Murray JAH, Crockett N. Antisense tech-
niques: an overview. In: Murray JAH, ed., An-
tisense RNA and DNA (Modemn Cell Biology;
vol. 11). New York: Wiley-Liss; 1992:1-49.

. Toulme J, Helene C. Antimessenger oligodeox-

yribonucleotides: an alternative to antisense
RNA for artificial regulation of gene expres-
sion—a review. Gene 1988;72:51-58.

. Kulka M, Smith CC, Aurelian L, et al. Site

specificity of the inhibitory effects of oligo(nu-
cleoside methylphosphonate)s complementary
to the acceptor splice junction of herpes sim-
plex type 1 immediate early mRNA 4. Proc
Natl Acad Sci USA 1989;86:6868-6872.

. Agrawal S, Temsamani J, Tang JY. Pharm-

acokinetics, biodistribution, and stability of
oligodeoxyribonucleotide ~phosphorothioates.
Proc Natl Acad Sci USA 1991;88:7595-7599.

. Ts’o PO. Nonionic oligonucleotide analogues

(Matagen) as anticodic agens in duplex and tri-
plex formation. Antisens Res Dev 1991;1:273-
276.

. Lu X-M, Fischman AJ, Jyawook SL, Hen-

dricks K, Tompkins RG, Yarmush ML. An-
tisense DNA delivery in vivo: targeting to liver
by receptor-mediated uptake. J Nucl Med 1994:
35:269-275.

. Dewanjee MK, Ghafouripour AK, Kapadvan-

jwala M, Serafini AN, Lopez DM, Sfakianakis
GN. Noninvasive imaging of c-myc oncogene
mRNA with In-111 labeled antisense probes in a
mammary tumor-bearing mouse model. J Nucl
Med 1994;35:1054-1063.

. Helene C, Toulme JJ. Specific regulation of

gene expression by antisense, sense and anti-
gene nucleic acids. Biochem Biophys Acta 1990;
1049:99-125.

. Stein CA, Cheng Y-C. Antisense oligonucleo-

tides as therapeutic agents—is the bullet really
magical? Science 1993;261:1004-1012.
Beaucage SL, Caruthers MH. Deoxynucleoside
phosphoramidites: a new class of key interme-
diates for deoxypolynucleotide synthesis. Ter-
rahedron Lett 1981;22:1859-1862.

Dreyer GB, Dervan PB. Sequence-specific
cleavage of single-stranded DNA: Oligodeoxy-
nucleotide-EDTA-Fe(Il). Proc Natl Acad Sci
USA 1985;82:968-972.

Wu GY, Wu CH. Receptor-mediated in vitro
gene transformation by a soluble DNA carrier
system. J Biol Chem 1987;262:4429-4432.
Eder PS, DeVine RJ, Dogle JM. Substrate
specificity and kinetics of degradation of an-
tisense oligonucleotides by a 3’ exonuclease in
plasma. Antisense Res Dev 1991;1:141-151.
Wagner RW, Matteucci MD, Lewis JG, Guti-
errez AJ, Moulds C, Froehler BC. Antisense
gene inhibition by oligonucleotides containing

15.

16.

17.

21.

24.

C-5 propyne pyrimidines. Science 1993;260:
1510-1513.

Stein CA, Tonkinson J, Yakubov L. Phospho-
rothioate oligodeoxynucleotides-antisense in-
hibitors of gene expression? Pharmacol Ther
1991;52:365-384.

Miller P. Oligonucleoside methylphosphonates
as antisense reagents. Biotechnology 1991;9:
358-362.

Egholm M, Buchardt O, Christensen L, et al.
PNA hybridizes to complementary oligonucle-
otides obeying the Watson-Crick hydrogen-
bonding rules. Nature 1993;365:566-568.

. Bennett RM, Gabor T, Merritt MM. DNA bind-

ing to human leukocytes. Evidence for a recep-
tor-mediated association, internalization, and
degradation. J Clin Invest 1985;76:2182-2190.

. Yakubov L, Deeva EA, Zarytova VF, et al.

Mechanism of oligonucleotide uptake by cells:
involvement of specific receptors? Proc Natl
Acad Sci USA 1989;86:6454-6458.

. Budker V, Knorre DG, Vlassov VV. Cell mem-

branes as barriers for antisense construction.
Antisense Res Dev 1992;2:177-184.

Stein CA, Tonkinson JL, Zhang LM, et al. Dy-
namics of the internalization of phosphodiester
oligodeoxyribonucleotides in HL60 cells. Bio-
chemistry 1993;32:4855-4861.

. Kitajima I, Shinohara T, Minor T, Bibbs L,

Bilakovics J, Nerenberg M. Human T-cell leu-
kemia virus type I tax transformation is associ-
ated with increased uptake of oligodeoxynucle-
otides in vitro and in vivo. J Biol Chem 1992;
267:25881-25888.

. Loke SL, Stein CA, Zhang XH, et al. Charac-

terization of oligonucleotide transport into liv-
ing cells. Proc Natl Acad Sci USA 1989;86:
3474-3478.

Leonetti J, Degols G, LeBleu B. Biological ac-
tivity of oligonucleotide-poly(L-lysine) conju-
gates: mechanism of cell uptake. Bioconjugate
Chem 1990;1:149-153.

. Crooke RM. In vitro toxicology and pharmaco-

kinetics of antisense oligonucleotides. Anti-
Cancer Drug Des 1991;6:609-646.

. Lima WE, Monia BP, Ecker DJ, Freier SM.

Implication of RNA structure on antisense oli-
gonucleotide hybridization kinetics. Biochemis-
try 1992;31:12055-12061.

. Rittner K, Burmester C, Sczakiel G. In vitro

selection of fast-hybridizing and effective an-
tisense RNAs directed against the human im-
munodeficiency virus type 1. Nucleic Acids Res
1993;21:1381-1387.

. Chiang MY, Chan H, Zounes MA, Frier SM,

Lima WF, Bennett CF. Antisense oligonucleo-
tides inhibit intercellular adhesion molecule 1
expression by two distinct mechanisms. J Biol
Chem 1991;266:18162-18171.

The Joumal of Nuclear Medicine ¢ Vol. 35 ¢ No. 6 ¢ June 1994





