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SUMMARY

The pharmacokinetics and metabolism of four radiolabeled
phosphodiester oligonucleotides with 3’- and 5’-blocked ends
were studied in mice and compared with previously studied,

unblocked, all-phosphodiester and all-phosphorothioate oligo-
nucleotides. The radiolabel was a tritiated methyl group enzy-

matically attached at an internal cytidine. The ends of the
blocked phosphodiester oligonucleotides were protected by
cyclization or by incorporation of either phosphorothioate or
methylphosphonate linkages. Although these modifications
protected the blocked oligonucleotides from degradation by

exonucleases present in mouse serum, degradation initiated by
endonucleases was 50% complete in 0.5-5 hr. After intrave-
nous injection, the blocked oligonucleotides were much less
stable than the all-phosphorothioate oligonucleotide and only

marginally more stable than the previously studied, unblocked
phosphodiester oligonucleotide. Even a “chimeric” blocked oh-
gonucleotide with 16 phosphorothioate linkages and eight con-

tiguous phosphodiester linkages was rapidly degraded. De-
spite the favorable serum binding, tissue accumulation, and
stability observed with phosphorothioate ohigonucleotides,

these properties did not provide the chimeric ohigonucleotide

access to a compartment where its phosphodiester linkages
were stable. In other respects, the blocked and chimeric phos-
phodiester ohigonucleotides also resembled the unblocked
phosphodiester ohigonucleotide; radiolabel was cleared rapidly
from the blood, there was little evidence of tissue accumulation,

high performance liquid chromatographic analysis of tissue

extracts showed extremely rapid degradation to mononucleoti-
des, and only mononucleotide metabohites were present in

urine. In summary, blocked phosphodiester oligonucleotides
are rapidly attacked by endonucleases present in mice. Unless

this problem is less serious in primates, such blocked ohigonu-

cleotides will be relatively unattractive candidates for drug de-
velopment.

Antisense oligonucleotides designed to block synthesis of

specific proteins associated with disease states have been

hailed as the next generation of drugs (1-3). A major limita-

tion of these compounds is the susceptibility of their phos-
phodiester linkages to degradation by exo- and endonucle-

ases. This problem can be reduced or eliminated by replacing
phosphodiester linkages with PS (4) or MP linkages (5). Un-

. fortunately, extensive use of these modified linkages reduces

(a) the affinity of an oligonucleotide for an mRNA target (6)

and (b) its ability to permanently inactivate a specific mRNA
by mediating mRNA cleavage by RNase H (7). Several re-

ports demonstrate that 3’-exonucleases are the major en-

zymes responsible for oligonucleotide degradation in serum

and in media used for cell culture experiments (8-10). Var-
ious strategies for blocking the 3’-end or 3’- and 5’-ends of

phosphodiester oligonucleotides have been reported to signif-

icantly enhance oligonucleotide stability in serum or anti-

1 Present address: Lexin Pharmaceutical Co., 1 1 1 Rock Road, Horsham, PA
19044.

sense activity in cell culture experiments (11-13). Endo-

nucleases, however, have been implicated in the degradation

of blocked oligonucleotides inside cells (14-16). The efficacy

of these blocking strategies and the relative importance of

degradation by exo- and endonucleases have not been con-

clusively established in animal models. To our knowledge,

the pharmacokinetics and metabolism of only one blocked

oligonucleotide, a phosphodiester with a 3’-phosphopropyl

amine, have been studied in animals (17). In that study,

Zendegui et al. (17) concluded that 3’-blocked oligonucleo-

tides are relatively stable in vivo and exhibit biodistribution

appropriate for use as therapeutic agents.

Herein, the pharmacokinetics and metabolism of four

blocked phosphodiester oligonucleotides were studied in mice

by methods used previously to study homogeneous phos-

phodiester and PS oligonucleotides (18). The ends of these

oligonucleotides were protected from degradation by (a) PS

linkages (“PS-blocked” and “chimeric” oligonucleotides), (b)

MP linkages (“MP-blocked” oligonucleotide), or (c) cyclization

(Fig. 1). A cytidine in the central phosphodiester region was
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5 , - TsCsApTpGpCpTpCpApTpGp�pGpCpTpCpApTsGsC -3’

“MP-blocked” phosphodiester oligonucleotide: (20 bases):

5 . - TmCmApTpGpCpTpCpApTpGpcpGpCpTpCpAmTmGmC -3’

“Chimeric” oligonucleotide (25-bases):

5 , - TsCsApTpGpcpGpCpTpCpAsTsCsAsTsGsGsCsCsTsCsAsTsGsC -3’

Circular phosphodiester oligonucleotide (34 bases):

5 , - ApCpTpTpTpCpTpTpCpTpTpCpTpTpGpC -3’

p p
C G

p p
3 , - ApCpTpTpTpCpTpTpCpTpTpCpTpTpTpC -5’
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2 S� P. Ho and Y. Bao, manuscript in preparation.

A� Unmodified phosphodiester oligonudeotide (20 bases):

5 , - TpCpApTpGpCpTpCpApTpGpcpGpCpTpCpApTpGpC -3’

Phosphorothioate oligonudeotide (20 bases):

5 ‘ - TsCsAsTsGsCsTsCsAsTsGscsGsCsTsCsAsTsGsC -3’

‘1’S-blocked” phosphodiester oligonucleotide (20 bases):

B. Alignment of phosphorothioate (top), chimeric (second), and PS-blocked

oligonucleeddes (bottom two).

TsCsAsT sGsCsTsCsAsTsGsCsGsCsTsCsAsTsGsC

TsCsApTpGp�pGpCpTpCpAsTsCsAsTsGsGsCsCsTsCsAsTsGsC
TsCsApTpGpCpTpCpApTpGp�pGpCpTpCpApT sGsC

TsCsApTpGpCpTpCp ApTpGp�GpCpTpCpApTsGsC

enzymatically tagged with a [3Hjmethyl group. In contrast to

the conclusions reached by Zendegui et al. (17), our results
suggest that end protection strategies failed to adequately

improve in vivo stability of phosphodiester oligonucleotides
and did not afford attractive drug candidates.

Materials and Methods

Many of the methods used have been described in detail in a
previous publication (18) and are summarized below. Preparation of
blocked oligonucleotides is described in detail.

Preparation of Oligonucleotides

Synthesis. All oligonucleotides were 2’-deoxyribonucleotides and
were synthesized, purified, converted to sodium salts, and quanti-
tated as described previously (18). MP linkages were prepared using
methyl phosphonamidites (JBL Scientific, San Luis Obispo, CA),
following the manufacturer’s recommendations. The oligonucleotide
with MP linkages was cleaved and deprotected using the two-step

procedure (ammonia followed by ethylenediamine) of Hogrefe et al.

(19). A 3’-phosphorylated linear phosphodiester oligonucleotide,
5’-T�CmCACACmC11�C11�CTFGCGCmCTFCp-3’, was syn-
thesized using Phosphate-ON phosphoramidite (Glen Research,
Sterling, VA) and was cyclized by the method of Shabarova and

co-workers (20, 21). This oligonucleotide (50 nmol) was annealed over
1.5 hr to a template phosphodiester oligonucleotide complementary
to both ends, 5’-AAAGAAGAAGAA-3’, in 900 �il of solution contain-
Lag 0.28 M MES, pH 7.0, and 22 mat MgCI2, and was chemically

ligated at 0#{176}by addition of 100 pi of 10 M cyanogen bromide in

acetonitrile. After 10 mm, the oligonucleotide mixture was isolated
by ethanol precipitation. Approximately 70-80% of the linear pre-
cursor was cyclized under these conditions. The circular product

Fig. 1. A, Oligonucleotides studied in this and previous
work (1 8). p, phosphodiester linkage; s, PS linkage; m,
MP linkage. Underlined cytidines in the Hhal methylation
sites (GCGC) were tagged at the 5-position with a tritiated
methyl group. B, Alignments of the PS (first, from top),
chimenc (second), and PS-blocked phosphodiester oligo-
nucleotides (third and fourth), showing how the chimeric
oligonucleotide was designed. A radiolabeled nine-nude-
otide phosphodiester segment (in bold) from the PS-
blocked phosphodiester oligonucleotide was inserted
into the PS oligonucleotide. Except for switching two
bases to inactivate a second Hhal methylation site (in
italics), the 14-nucleotide PS 3’-region is identical in both
the chimenc and PS oligonucleotides. Five bases at the
5-end and two bases at the 3-end of the blocked and
chimeric oligonucleotides are also identical.

(which migrates about 10% more slowly than its linear precursor)

obtained from 60 identical reactions was separated from other oligo-

nucleotides by preparative polyacrylamide gel electrophoresis and
was isolated by dialysis. The circular nature of the product was
unambiguously proven by (a) sequencing across the ligation site and
(b) digestion with H/ia! endonuclease to a linear 34-base oligonucle-
otide (rather than 25- and 9-base fragments). Additional preparative
information and complete characterization of this oligonucleotide
will be described elsewhere.2

3H-Labeling. The PS-blocked, MP-blocked, and chimeric oligonu-
cleotides were tritiated as described previously (18). Briefly, the
oligonucleotide (27.5 nmol), a complementary lO-mer with a methy-
lated HhaI site (27.5 nmol), S-adenosyl-L-[methyl-3H]methionine

(1 mCi = 13.6 nmol), and HhaI methylase (2500 units) were incu-
bated at 37#{176}overnight in a total of 275 p.1 of buffer. After thermal

denaturation of the enzyme, the tritiated oligonucleotide was purl-
fled by gel filtration, preparative polyacrylamide gel electrophoresis,
and Sep-Pak chromatography. Approximately 50% of the starting
oligonucleotide was recovered, with a specific activity of 10-15
�tCi/nmol. The circular oligonucleotide was tritiated as described
above, except that the complementary strand was a 16-mer
(5’-AAGAAAGcGCAAGAAG-3’; c denotes 2’-deoxy-S-methylcyti-
dine). None of the end modifications interfered significantly with
enzymatic methylation.

Biodistribution

Radiolabeled oligonucleotides (6 mg/kg, containing approximately
5 �tCi of 3H) were injected via the tail vein into male CF1 mice
weighing approximately 28 g. Animals were sacrificed by CO2 as-
phyxiation at the indicated times. Tissue collection and urine collec-
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tion followed procedures reported previously (18). Control experi-
meats established that oligonucleotides were stable in urine and
frozen tissue. For the determination of whole-body clearance, the

percentage of injected dose recovered was calculated using the as-

sumptions and quench corrections reported previously. One minute

after injection (i.e., before significant clearance could occur), 37-71%
of the initial dose was detected in the tissues collected for analysis,
which totaled about 65% of the mouse by weight. Whole-body clear-
ance (presumably by urine or feces) was assessed by the decrease
from these 1-mm values.

Tissue Extraction and Paired-Ion HPLC Analysis

Upon removal, the major metabolic organs (kidney, liver, and
spleen) were frozen on dry ice and kept at -20#{176}.Tissue samples were
sonicated in lysis buffer containing guanidine isothiocyanate, and
the resulting suspension was extracted with phenol/chloroform and
centrifuged. Preliminary experiments indicated that >70% of the
radioactivity was recovered from a variety of tissue samples, includ-
ing those with intact or completely degraded oligonucleotide. The
paired-ion HPLC analysis separated oligonucleotides and metabo-
lites mostly on the basis of charge, usually with at least partial
resolution of oligonucleotides differing by a single charge (18). Al-
though retention times gradually decreased with column use, full
length oligonucleotides typically were retained for 60-80 mm,
whereas mononucleotides were retained for < 15 mm. The mononu-

cleotide peaks have been shown to be the expected mononucleotide
5-methylcytidine (-5 mm) and its deamination product thymidine
(-9 mm). The HPLC traces in Figs. 2a, 3a, and 4a were corrected for
slight decreases in retention time before being superimposed.

Serum Stability Studies

Tritiated oligonucleotides (2 nmol, containing 1 �.tCi of 3H label)
were added to 2 ml of 100% mouse serum (Sigma Chemical Co., St.

Louis, MO) and incubated at 37#{176}.(This serum had not been heated to
inactivate nucleases). At the indicated times, one tenth of the incu-

bation solution was removed and added to 500 �tl of guanidine

isothiocyanate. Extraction of the 3H-labeled oligonucleotides and
metabolites was carried out according to the procedure reported
previously (18).

Results

PS-Blocked Phosphodiester Oligonucleotide
Biodistribution. The results from the biodistribution

study with this oligonucleotide are shown in Table 1. Rapid

TABLE 1

clearance from the blood and most other organs occurred
during the 24 hr of the study. Kidney levels were initially

high, but the radiolabel was cleared by 24 hr. The only organ

that showed sustained accretion ofradiolabel was the spleen.

Splenic uptake peaked around 2 hr after injection and re-
mained elevated for the next 22 hr. Total radiolabel from the

PS-blocked phosphodiester oligonucleotide was cleared rap-

idly from the mice, leaving only 12% ofthe injected dose at 24

hr. The biodistribution pattern seen with this PS-blocked

phosphodiester oligonucleotide was very similar to that pre-

viously seen with an unmodified phosphodiester oligonucle-

otide with the same sequence but without blocking PS link-

ages (18).

Serum stability. Oligonucleotides of reduced size and

some mononucleotides could be found 2 hr after incubation of

the oligonucleotide in normal (i.e., not diluted or heat-mac-
tivated) mouse serum at 37#{176}(Fig. 2a). After 24 hr only the

monomer metabolites 5-methyl-2’-deoxycytidine and thymi-
dine were found. Examination of the full time course of

degradation (data not shown) suggested that the half-life of

intact oligonucleotide was roughly 1 hr.

Tissue metabolism. Paired-ion HPLC analyses of nucleic

acids isolated from kidney, liver, and spleen are shown in

Fig. 2, b-d. Extremely rapid metabolism of the PS-blocked

phosphodiester oligonucleotide was indicated by the fact that

only the monomer metabolites could be found in these organs

taken from mice sacrificed 1 mm after oligonucleotide injec-

tion.
Urine analysis. As can be seen in Fig. 2e, urine collected

during the first 24 hr after injection of the PS-blocked phos-

phodiester oligonucleotide contained only monomer metabo-

lites.

MP-Blocked Phosphodiester Oligonucleotide

Biodistribution. Results of the biodistribution experi-

ment with the MP-blocked phosphodiester oligonucleotide

are shown in Table 2. Uptake of the MP-blocked phos-

phodiester oligonucleotide appeared to be greater than
that of the PS-blocked phosphodiester oligonucleotide, but

the clearance patterns of the two oligonucleotides ap-

peared to be identical. Initial kidney values were high, but

the radiolabel was cleared rapidly. As with the PS-blocked

Biodistribution of the tritiated PS-blocked phosphodiester oligonucleotide
Values are mean ± standard error (n = 5).

Organ
Distribution

1 mm 5 mm iomm 20 mm 1 hr 2 hr 24 hr

% of injected doseig

Blood 11.32 ± 1.84 2.76 ± 0.21 2.43 ± 0.15 1.65 ± 0.07 1.35 ± 0.10 1.25 ± 0.07 0.92 ± 0.11
Heart 4.18 ± 0.59 2.31 ± 0.18 2.15 ± 0.22 1.69 ± 0.12 1.33 ± 0.14 1.16 ± 0.08 0.74 ± 0.08
Lung 4.95 ± 0.71 2.21 ± 0.18 1.95 ± 0.14 1.47 ± 0.08 1.30 ± 0.14 1.21 ± 0.16 0.88 ± 0.06
Liver 3.31 ± 0.36 2.38 ± 0.18 2.44 ± 0.18 1.98 ± 0.12 1.73 ± 0.19 1.24 ± 0.08 0.76 ± 0.10
Kidney 13.14 ± 1.91 9.43 ± 0.52 6.12 ± 0.23 5.07 ± 0.24 2.60 ± 0.26 1.42 ± 0.07 0.82 ± 0.08
Muscle 0.81 ± 0.10 1.58 ± 0.13 1.75 ± 0.12 1.38 ± 0.10 0.97 ± 0.07 0.93 ± 0.07 0.54 ± 0.05
Skin 1.51 ± 0.24 2.15 ± 0.18 2.08 ± 0.11 1.54 ± 0.10 1.44 ± 0.13 1.81 ± 0.44 0.95 ± 0.10
Spleen 1.56 ± 0.29 2.52 ± 0.30 3.25 ± 0.15 4.41 ± 0.19 9.00 ± 1.40 13.64 ± 3.80 9.73 ± 1.52

Recoverya

% of injected dose

37.18 ± 4.33 36.41 ± 2.20 37.28 ± 1.25 28.20 ± 1.42 21.68 ± 0.83 23.71 ± 1.55 11.73 ± 0.56

a Calculat ed from percentage of injected dose/organ values.
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Fig. 2. Paired-ion HPLC of labeled nucleic acids present after addition or injection of the PS-blocked phosphodiester oligonucleotide. a, Serum
(in vitro); b, kidney; c, liver; d, spleen; e, urine. Arrowheads in b-d, retention time of intact oligonucleotide.
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phosphodiester oligonucleotide, splenic accretion of radio-

label increased with time for the first 2 hr and remained

relatively constant thereafter. The radiolabeled oligonu-
cleotide was cleared rapidly from all other organs. The

percentage of the injected dose remaining in the mice was

slightly greater after the administration of the MP-blocked

phosphodiester oligonucleotide than the PS-blocked phos-
phodiester oligonucleotide.
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TABLE 2

Biodistribution of the tntiated MP-blocked phosphodiester oligonucleotide
Values are mean ± standard error (n = 5).

Organ

Distribution

1 mm 5 mm iomm 20 mm 1 hr 2 hr 24 hr

% of injected dose/g

Blood 14.19 ± 2.44 2.25 ± 0.09 2.04 ± 0.30 2.82 ± 0.36 1.61 ± 0.15 1.72 ± 0.36 1.37 ± 0.08

Heart 6.53 ± 0.51 2.10 ± 0.12 1.83 ± 0.26 2.79 ± 0.33 1.35 ± 0.08 1.66 ± 0.31 1.31 ± 0.07

Lung 7.34 ± 0.99 1.83 ± 0.10 1.76 ± 0.24 2.53 ± 0.31 1.31 ± 0.07 1.59 ± 0.28 1.31 ± 0.10

Liver 5.52 ± 0.29 2.37 ± 0.24 2.67 ± 0.34 4.14 ± 0.48 1.86 ± 0.08 1.89 ± 0.34 1.24 ± 0.06

Kidney 23.52 ± 2.88 7.39 ± 0.48 6.10 ± 0.83 7.93 ± 1.04 3.15 ± 0.40 2.40 ± 0.10 1.44 ± 0.06

Muscle 1.74 ± 0.05 1.54 ± 0.08 1.72 ± 0.19 2.96 ± 0.43 1.12 ± 0.06 1.41 ± 0.27 1.23 ± 0.11

Skin 3.12 ± 0.13 2.02 ± 0.17 1.86 ± 0.22 2.94 ± 0.42 1.53 ± 0.07 1.86 ± 0.25 1.60 ± 0.16

Spleen 3.35 ± 0.26 2.64 ± 0.17 3.27 ± 0.37 9.42 ± 1.69 8.29 ± 0.56 15.49 ± 2.14 10.14 ± 1.46

Recovery

% of injected dose

70.11 ± 6.64 35.73 ± 1.54 35.72 ± 4.11 56.58 ± 7.36 25.14 ± 0.95 27.94 ± 4.67 26.44 ± 2.39

Serum stability. After incubation of the oligonucleotide

in mouse serum at 37#{176}for 1 hr, very little full length oligo-

nucleotide was present and the sample consisted of roughly

equal amounts of oligonucleotides of reduced length and

mononucleotides (Fig. 3a). Earlier time points (data not

shown) indicated that half of the oligonucleotide was de-

graded in 10-30 mm. After 2 hr only the monomer metabo-

lites 5-methyl-2’-deoxycytidine and thymidine were found.

Tissue metabolism. Paired-ion HPLC analyses of nucleic

acids isolated from tissue samples collected after injection of

the MP-blocked phosphodiester oligonucleotide are shown in

Fig. 3, b-d. Extremely rapid metabolism of the MP-blocked

phosphodiester oligonucleotide was indicated by the fact that

only the monomer metabolites could be found in organs taken

from mice sacrificed 1 mm after oligonucleotide injection.

Urine analysis. As can be seen in Fig. 3e, urine collected

during the first 24 hr after MP-blocked phosphodiester oh-

gonucleotide injection contained only the monomer.

Chimeric Oligonucleotide

Biodistribution. Results of the biodistribution studies

with the tritiated chimeric oligonucleotide are shown in

Table 3. In general, the uptake and clearance seem to be
similar to those of the PS-blocked phosphodiester ohigonucle-

otide (Table 1). As with the PS-blocked phosphodiester ohigo-

nucleotide, splenic accretion of radiolabel increased with

time for the first 2 hr and remained relatively constant

thereafter. The radiolabeled ohigonucleotide was cleared rap-
idly from all other organs. The percentage ofthe injected dose

remaining in the mice was less than that measured after

administration of the MP-blocked phosphodiester oligonucle-

otide and equal to that obtained with the PS-blocked phos-

phodiester oligonucleotide.

Serum stability. The chimeric oligonucleotide demon-

strated the greatest degree of serum stability (Fig. 4a) of the

four ohigonucleotides studied. The ohigonucleotide appeared

to be completely intact for the first 1 hr at 37#{176}.After 5 hr,

about 50% of the radioactivity was present in shortened

oligonucleotides and mononucleotides (Fig. 4a). After 24 hr,
the vast majority ofthe radiolabel was found in the monomer
metabohites 5-methyl-2’-deoxycytidine and thymidine.

Tissue metabolism. Paired-ion HPLC analyses of the

tissue content of kidney, liver, and spleen are shown in Fig.

4, b-d. The chimeric oligonucleotide was metabolized more

slowly in these tissues than either the PS- or MP-blocked

phosphodiester oligonucleotides. Intact oligonucleotide could

be found in the kidney 20 mm after injection, but all of the

radioactivity was found in the terminal metabolites after 2 hr

(Fig. 4b). Similarly, intact chimeric oligonucleotide was found

in livers and spleens taken from mice 1 mm after injection

(Fig. 4, c and d).

Urine analysis. As can be seen in Fig. 4e, urine collected

during the first 24 hr after injection of the chimeric oligonu-

cleotide contained only the usual monomer metabolites.

Circular Phosphodiester

Biodistribution. Biodistribution of the tritiated circular

oligonucleotide was unremarkable, compared with that of the

unmodified or other blocked oligonucleotides (Table 4). Its

clearance from the blood was rapid. Kidney uptake was mi-
tially very high, but the oligonucleotide was cleared with

time. Accretion in the spleen increased with time, again

suggesting uptake of metabolites. The overall pattern was

essentially the same as observed previously for the phos-

phodiester oligonucleotide, indicating that the lack of3’- and

5’-ends had no effect on biodistribution.

Serum stability. Despite the lack of a 3’-end, the circular

oligonucleotide showed only a modest increase in stability in

mouse serum (Fig. 5a). Mononucleotide metabohites were

present within 30 mm, but shortened oligonucleotide inter-

mediates were not observed. The half-life of intact circle

appeared to be about 40 mm. After 2 hr, only mononucleotide

metabohites were present.

Tissue metabolism. As shown in Fig. 5, b and c, tissue

metabolism was rapid but was slightly slower for the circular
oligonucleotide than for the unblocked and PS-blocked phos-

phodiester oligonucleotides. One minute after injection intact

circular oligonucleotide was found in liver and kidney, and

small amounts of intact circular oligonucleotide could be

found in the kidneys 10 mm after injection.

Urine analysis. As can be seen in Fig. 5d, urine collected

during the first 24 hr after injection of the circular oligonu-

cleotide contained only the usual mononucleotide metabo-

lites.
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Fig. 3. Paired-ion HPLC of labeled nucleic acids present after addition or injection of the MP-blocked phosphodiester oligonucleotide. a, Serum
(in vitro); b, kidney; c, liver; d, spleen; e, unne. Arrowheads in b-d, retention time of intact oligonucleotide.

Discussion

The pharmacokinetics and metabolism of two ohigonucleo-
tides (see Fig. 1) that differed only in the nature of their
linkages were described in a previous report (18). The oligo-

nucleotide with all PS linkages was relatively stable in vivo

and showed properties making it suitable for use as a ther-

apeutic agent, whereas an otherwise identical ohigonucleo-
tide with all phosphodiester linkages was degraded so rap-

idly that intact oligonucleotide could not be recovered from

any tissues. The radiolabeling strategy used in that study,

involving attachment of a tritiated methyl group at a single

internal cytidine with HhaI methylase, ensured that radio-
active metabolites were not released from the oligonucleotide

until the oligonucleotide had been substantially degraded.
The same labeling strategy and analytical techniques were

used herein to study phosphodiester oligonucleotides with 3’-

and 5’-ends protected from degradation by exonucleases. In

the four oligonucleotides studied, the radiolabeled cytidine

was surrounded by multiple phosphodiester linkages acces-

sible to attack by endonucleases. Release of radiolabeled
mononucleotides (5-methylcytidine and its metabolite thymi-

dine) demonstrates that the phosphodiester center (but not
necessarily the ends) of the oligonucleotide has suffered ex-
tensive degradation. Initially, the previously studied (18)
phosphodiester oligonucleotide was protected on both ends

with two PS linkages (PS blocked). The phosphodiesterase-
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TABLE 3

Biodistribution of the tritiated chimeric oligonucleotide
Values are mean ± standard error (n - 5).

Organ

Distribution

1 mm 5 mm 10 mm 20 mm 1 hr 2 hr 24 hr

% of injected dose/g

Blood 14.67 ± 1.98 4.81 ± 1.20 3.16 ± 0.24 1.55 ± 0.11 1.03 ± 0.06 0.81 ± 0.08 0.67 ± 0.09

Heart 3.83 ± 0.28 2.77 ± 0.13 1.59 ± 0.10 1.59 ± 0.17 1.15 ± 0.08 0.86 ± 0.08 0.45 ± 0.09
Lung 4.95 ± 0.16 3.72 ± 0.53 1.65 ± 0.42 1.55 ± 0.10 1.12 ± 0.07 0.96 ± 0.05 0.64 ± 0.17

Liver 4.74 ± 0.72 3.88 ± 0.66 2.50 ± 0.63 2.83 ± 0.11 2.20 ± 0.14 1.33 ± 0.10 0.53 ± 0.11

Kidney 8.15 ± 1.06 10.51 ± 2.63 10.06 ± 2.54 10.72 ± 0.70 4.40 ± 0.39 3.40 ± 0.46 0.49 ± 0.11

Muscle 0.83 ± 0.05 1.37 ± 0.01 1.03 ± 0.26 1.72 ± 0.13 1.16 ± 0.11 1.04 ± 0.10 0.43 ± 0.10

Skin 1.25 ± 0.21 2.53 ± 0.96 1.31 ± 0.38 2.28 ± 0.10 1.96 ± 0.19 1.73 ± 0.13 0.69 ± 0.16

Spleen 2.65 ± 0.26 3.42 ± 0.32 2.53 ± 0.65 4.25 ± 0.38 7.65 ± 1.14 9.58 ± 0.96 3.39 ± 0.48

Recovery

% of injected dose

55.69 ± 2.71 40.03 ± 5.42 33.30 ± 7.13 45.88 ± 2.83 28.78 ± 2.05 25.17 ± 1.47 10.84 ± 1.28

resistant PS linkages were then replaced in a second oligo-

nucleotide with phosphodiesterase-stable MP linkages (MP
blocked). Interestingly, oligonucleotides blocked with MP

linkages have been reported to be internalized somewhat

more effectively than other blocked or unblocked ohigonucle-
otides in cell culture studies (22, 23). Finally, both ends of
the oligonucleotide were protected by joining the ends with a

phosphodiester linkage, producing a circular oligonucleotide.

Exonucleases obviously cannot be solely responsible for deg-

radation of a circular oligonucleotide. Cyclization of oligonu-

cleotides has been reported to render them completely (24) or

partially (25) resistant to degradation in serum. The experi-

ments that demonstrated complete stability in serum (24)

were performed under unusual conditions ( 100 p.M in human

serum), which should produce dramatically longer apparent

half-lives in serum than the conditions used herein (1 p.M in

mouse serum). Circular oligonucleotides are currently of in-

terest because they can bind exceptionally tightly and selec-

tively to some nucleic acid targets (26, 27) and can inhibit

transcription factors (28). Because circular oligonucleotides
similar in size to the other oligonucleotides used in this study

are too small to possess these special properties, an unrelated

circular oligonucleotide (designed to bind to the mRNA cod-

ing for the 170-kDa glycoprotein associated with multidrug

resistance2) was tritiated and studied instead.

Because PS oligonucleotides are not rapidly cleared from

mice, some type of serum binding and/or uptake presumably
must be responsible for retention of these oligonucleotides

(18). To determine whether the retention and relative stabil-

ity ofPS oligonucleotides in vivo might be partly explained by

a binding or uptake process that is specific to oligonucleotides

with many PS linkages, a “chimeric” 25-base oligonucleotide

was designed with the radiolabel attached to a region with

eight contiguous phosphodiester linkages. Fourteen PS link-

ages were placed on the 3’-side of this region to block

3’-exonucleases and to provide access to the postulated
PS-specific binding and/or uptake. Because examples of

oligonucleotide degradation by 5’-exonucleases were not
known, the 5’-side of the phosphodiester region was mini-

mally blocked with two PS linkages. The resulting chimeric

oligonucleotide strongly resembled both the all-PS and PS-

blocked oligonucleotides that had already been studied (Fig.

lb). Related chimeric antisense oligonucleotides with blocked

ends and central regions capable of mediating mRNA cleav-

age by RNase H have been recommended by several groups

(22, 29, 30). Human RNase H has been reported to prefer
cleaving chimeric oligonucleotidefRNA duplexes with at least

five contiguous phosphodiester linkages in the oligonucleo-

tide (30). Studies with this chimeric oligonucleotide should
establish whether a blocked oligonucleotide with a phos-

phodiester region acceptable to RNase H would be metabol-

ically stable in vivo.

The data presented above clearly demonstrate that all of
these strategies for blocking the ends of phosphodiester

oligonucleotides did not provide adequate resistance to the

nucleases present in mice. Except for the chimeric ohigo-
nucleotide, all of the phosphodiester nucleotides studied

were found to be extensively degraded in tissues collected

from mice sacrificed 1-10 mm after injection. Even the

chimeric oligonucleotide was significantly metabolized
within 20 mm. [In contrast, the PS oligonucleotide could be

recovered partially intact from tissues up to 24 hr after

injection (18).] As a consequence ofthis rapid degradation,

the biodistribution of all four blocked phosphodiester oh-

gonucheotides strongly resembled that of the unblocked
phosphodiester ohigonucleotide studied previously. Except

for spleen and kidney, the concentrations of radiolabel in

blood and tissues were approximately equal at all times

later than 10 mm after injection, consistent with a lack of

uptake or retention in most tissues. Accumulation of ra-

diolabel in spleen was observed with both blocked and
unblocked phosphodiester ohigonucheotides and was previ-

ously ascribed to uptake of labeled mononucleotide degra-

dation products. For both blocked and unblocked phos-

phodiester oligonucleotides, the kidney/blood ratio

remained greater than 1 for the first 1 hr and then de-

creased to about 1 in a manner previously characterized as

being consistent with urinary excretion. The kidney/blood

ratio remained significantly above 1 longer after injection

of the chimeric ohigonucleotide than after injection of the

other phosphodiester oligonucleotides. Because PS ohigo-

nucleotides accumulate in the cortex ofthe kidney (18), the

14 PS linkages protecting the 3’-end of the chimeric oligo-

nucleotide may have targeted this ohigonucleotide to the

kidney. The only labeled metabohites of blocked or un-
blocked phosphodiester oligonucleotides found in the urine
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were mononucleotides (whereas mono-, di-, and trinucle-

otide metabohites were found in urine after administration

of labeled PS) (18). Because degradation was faster than
renal clearance of intact oligonucleotide in all cases stud-
ied (possibly due to a high level of binding to serum pro-

teins), renal clearance of an intact ohigonucleotide was not
observed.

Studies in mouse serum demonstrated that cychization and
blocking with PS and MP linkages provided partial, but not

complete, protection against degradation. The apparent half-

lives in serum for the PS-blocked, MP-blocked, and circular

oligonucleotides were roughly 60, 20, and 60 mm, respec-
tively. Because different lots ofmouse serum were eventually

found to contain modestly different levels of nuclease activ-

ity, the differences between these half-lives were not judged

to be significant. Under the same conditions, the parent

unblocked phosphodiester ohigonucleotide exhibited an ap-

parent half-life, for loss ofone base, ofroughly 5-10 mm (Fig.
6), so simple end-blocking clearly reduced degradation by
exonucleases. [Under conditions where single-base resolution

of degraded ohigonucleotides was not achieved (18), the half-

life of an unblocked phosphodiester in mouse serum was

previously estimated to be 30 mm. In that experiment, 30
mm is now clearly seen to be the apparent half-life of a

population offull length to nearly full length ohigonucleotides
capable of exerting potent antisense effects.] The chimeric

oligonucleotide, with a half-life of about 5 hr, was clearly

more stable in mouse serum than the other blocked ohigonu-
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TABLE 4

Biodistribution of the tritiated circular oligonucleotide
Values are mean ± standard error (n = 5).

Organ

Distribution

1 mm 5 mm 10 mm 20 mm 1 hr 2 hr 24 hr

% of injected dose/g

Blood 13.47 ± 3.22 1.71 ± 0.10 1.69 ± 0.37 1.99 ± 0.17 1.68 ± 0.16 1.53 ± 0.03 0.55 ± 0.03

Heart 4.69 ± 0.70 1.69 ± 0.14 2.14 ± 0.08 1.56 ± 0.09 1.96 ± 0.15 1.40 ± 0.06 0.49 ± 0.02
Lung 5.48 ± 1.15 1.59 ± 0.14 2.07 ± 0.12 1.50 ± 0.11 1.65 ± 0.12 1.49 ± 0.08 0.66 ± 0.05

Liver 4.15 ± 0.65 1.93 ± 0.16 3.82 ± 0.38 2.23 ± 0.19 2.41 ± 0.20 2.05 ± 0.13 1.17 ± 0.47

Kidney 15.04 ± 2.97 8.17 ± 0.75 8.92 ± 1.01 4.11 ± 0.37 2.88 ± 0.25 1.82 ± 0.06 1.30 ± 0.50

Muscle 1.03 ± 0.16 1.56 ± 0.14 2.50 ± 0.14 1.57 ± 0.18 1.74 ± 0.09 1.45 ± 0.08 0.50 ± 0.02

Skin 1.14 ± 0.30 1.49 ± 0.19 2.05 ± 0.15 1.93 ± 0.20 1.91 ± 0.20 1.74 ± 0.12 0.87 ± 0.03

Spleen 3.05 ± 0.69 2.51 ± 0.25 4.56 ± 0.31 5.57 ± 0.40 6.12 ± 1.86 15.60 ± 2.15 4.22 ± 0.67

Recovery

% of injected dose

43.36 ± 6.64 30.41 ± 2.57 41.54 ± 1.90 28.18 ± 2.11 29.05 ± 1.89 24.44 ± 1.25 10.75 ± 1.06

Elution Time ElutionTime

Fig. 5. Paired-ion HPLC of labeled nucleic acids present after addition or injection of the circular phosphodiester oligonucleotide. a, Serum (in
vitro); b, kidney; c, liver; d, urine. Arrowheads in b and c, retention time of intact oligonucleotide.

cleotides. This increased stability (both in serum and in vivo)

can be attributed to the fact that the chimeric oligonucleotide
has fewer phosphodiester linkages available for attack.

These results clearly demonstrate that mouse serum con-

tains endonuclease activity capable of initiating the degra-

dation of blocked oligonucleotides over a period of about 1 hr

in mouse serum at 37#{176}.The simultaneous presence of both

full length oligonucleotide and mononucleotide metabolites
(see Fig. 4a, for example) implies that the fragments pro-

duced by endonucleases are rapidly degraded by exonucle-

ases. Indeed, the circular ohigonucleotide liberated labeled
mononucleotide without detectable accumulation of any in-

termediates. These changes in degradation intermediates

provide independent evidence that the blocking strategies

have successfully inhibited the fastest pathway (exonuclease)

in the degradation of unblocked phosphodiester oligonucleo-

tides. Unlike analysis of changes in half-lives in serum, evi-

dence of this type is not limited by uncertainty in estimating
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half-lives in serum or by possible variations in serum nude-

ase activity.

The results of these stability experiments are generally

consistent with previous studies (11-13) indicating that 3’-

exonucleases are the major degradative enzymes in various

sera. However, the level of endonuclease activity in vivo in

mice and in mouse serum is high enough that oligonucleotide
stability is only modestly increased by blocking strategies. It

was not surprising to find that phosphodiester linkages are

degraded more rapidly in serum and in vivo than in the

dilute, heat-inactivated sera used in cell culture antisense

experiments. However, the magnitude of the increase in the

degradation problem was surprising. Blocking strategies

that have previously afforded almost complete stability in

cell culture experiments were only modestly successful in

mouse serum and essentially worthless in vivo.

Our conclusion concerning the in vivo utility of blocked

oligonucleotides differs from the conclusion reached by Ze-

ndegui et al. (17) using a guanine-rich, 38-base, phosphodi-

ester oligonucleotide blocked on the 3’-end with a phospho-
propyl amine. This blocked oligonucleotide exhibited uptake,

clearance, and tissue distribution similar to those ofall of our
phosphodiesters, blocked or unblocked. In contrast to the

results reported herein, however, intact 38-mer was recov-

ered from tissues up to 8 hr after injection. Because in vivo

degradation ofour circular and chimeric oligonucleotides was
clearly initiated by endonucleases, the stability of this 38-

mer cannot be simply attributed to the 3’-phosphopropyl

amine blocking group. This difference in stability could have

several other explanations. First, the long, guanine-rich oh-

gonucleotide used by Zendegui et al. (17) may have self-

associated to form tetramers or aggregates (31) that degrade

more slowly than monomeric oligonucleotides. Second, the

post-labeling methodology used by Zendegui et al. could not

detect terminal mononucleotide metabolites. Although other

controls were used, those authors may have been misled by

the low levels of detectable metabohites generated when slow

endonuclease cleavage is followed by rapid exonuclease
cleavage to mononucleotides. Finally, and most critically,

Zendegui et al. used an oligonucleotide dose of 130 mg/kg, i.e.,

20 times our dose. This difference alone can account for at
least 1 order of magnitude change in apparent degradation

rate. Given the expected high cost of manufacture of oligo-

nucleotides, our dose of 6 mg/kg should provide a more real-

istic assessment of oligonucleotide stability. Thus, whereas

the aforementioned experimental differences may account for

some or all of the increased stability, the experiments de-

scribed herein should be more relevant to potential therapeu-

tic use of blocked antisense ohigonucleotides.

In conclusion, our studies demonstrate that endonucleases

present in mice are likely to rapidly inactivate any simple,

monomeric, blocked phosphodiester oligonucleotide adminis-

tered at practical doses. This conclusion probably also applies

to chimeric oligonucleotides designed to mediate cleavage by
RNase H, but our data do not rule out the remote possibility

that marginal stability might be obtained when fewer than
S eight phosphodiester linkages are present (and possibly pro-

60 70 80 . . .

tected by adjacent noniomc linkages). It should be noted that

ohigonucleotide stability can vary with species; the circular

ohigonucleotide used in this study was significantly more

stable in human serum than in mouse serum,2 and reduced

degradation of other oligonucleotides in human serum has

been reported by others (9). It is therefore still possible that

blocked or chimeric oligonucleotides could be stable enough

in other species to permit therapeutic effects to be observed.

The satisfactory pharmacokinetics and metabolism exhibited

by PS oligonucleotides (18) make pursuit of blocking strate-

gies in other species comparatively unattractive.

Acknowledgments

The authors would like to thank Dennis Watson, Timothy Han-

cock, and Ashley Beasley for their assistance with biodistribution
and serum stability studies, Cheral Canna and Jerry Yarem for their
assistance with radiolabeling, and George Trainor for his guidance.

References

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


646 Sands et aL

synthesis and enzymatic degradation. Tetrahedron Lett. 28:3539-3542

(1987).

14. Ho, P. T. C., K. Ishiguro, E. Wickstrom, and A. C. Sartorelli. Non-sequence
specific inhibition of transferrin receptor expression in HL-60 leukemia
cells by phosphorothioate oligonucleotides. Antisense Res. Dev. 1:329-342
(1991).

15. Dagle, J. M., J. A. Walder, and D. L. Weeks. Targeted degradation of
mRNA in Xenopus oocytes and embryos directed by modified oligonucleo-
tides: studies of An2 and cyclin in embryogenesis. Nucleic Acids Res.
18:4751-4757 (1990).

16. Fisher, T. L., T. Terhorst, X. Cao, and R. W. Wagner. Intracellu)ar dispo-

sition and metabolism of fluorescently-labeled unmodified and modified
oligonucleotides microinjected into mammalian cells. Nucleic Acids Res.
21:3857-3865 (1993).

17. Zendegui, J. G., K. M. Vasquez, J. H. Tinsley, D. J. Kessler, and M. E.
Hogan. In vivo stability and kinetics of absorption and disposition of
3’-phosphopropyl amine oligonucleotides. Nucleic Acids Res. 20:307-314
(1991).

18. Sands, H., L. J. Gorey-Feret, A. J. Cocuzza, F. W. Hobbs, D. Chidester, and
G. L. Trainor. Biodistribution and metabolism of internally 3H-labeled
oligonucleotides. I. Comparison ofa phosphodiester and phosphorothioate.

Mol. Pharmacol. 45:932-943 (1994).
19. Hogrefe, R I., M. M. Vaghefi, M. A. Reynolds, K. M. Young, and L. J.

Arnold. Deprotection of methylphosphonate oligonucleotides using a novel
one-pot procedure. Nucleic Acids Res. 21:2031-2038 (1993).

20. Shabarova, Z. A., I. N. Merenkova, T. S. Oretskaya, N. I. Sokolova, E. A.
Shripkin, E. V. Alexeyeva, A. G. Balakin, and A. A. Bogdavov. Chemical

ligation of DNA: the first non-enzymatic assembly of a biologically active
gene. Nucleic Acids Res. 19:4247-4251 (1991).

21. Dolinnaya, N. G., M. Blumenfeld, I. N. Merenkova, T. S. Oretskaya, N. F.

Krynetskaya, M. G. Ivanovskaya, M. Vasseur, and Z. A. Shabarova. Oli-
gonucleotide circularization by template-directed chemical ligation. Nu-
cleic Acids Res. 21:5403-5407 (1993).

22. Giles, R. V., D. G. Spiller, and D. M. Tidd. Chimeric oligodeoxynucleotide
analogues: enhanced cell uptake of structures which direct ribonuclease H
with high specificity. Anti.Cancer Drug Design 8:33-51 (1993).

23. Temsamani, J., M. Kubert, J. Tang, A. Padmapriya, and S. Agrawal.

Cellular uptake of oligodeoxynucleotide phosphorothioates and their ana-
logs. Antisense Res. Dev. 4:35-42 (1994).

24. Rumney, N. S., and E. T. Kool. DNA recognition by hybrid oligoether-
oligodeoxynucleotide macrocycles. Angew. Chem. 31:1617-1619 (1992).

25. Blumenfeld, M., P. Brandys, L. d’Auroil, and M. Vasseur, inventors.
Genset, assignee. Closed sense and antisense oligonucleotides and uses
thereof. Patent PCT/FR92/00370 (1992).

26. Kool, E. T. Molecular recognition by circular oligonucleotides: increasing
the selectivity ofDNA binding. J. Am. Chem. Soc. 113:6265-6266 (1991).

27. Wang, S., and E. T. Kool. Circular RNA oligonucleotides: synthesis, nucleic
acid binding properties, and a comparison with circular DNA’s. Nucleic
Acids Res. 22:2326-2333 (1994).

28. Chu, B. C. F., and L. E. Orgel. Binding of hairpin and dumbell DNA to
transcription factors. Nucleic Acids Res. 19:6958 (1991).

29. Giles, R. V., and D. M. Tidd. Increased specificity for antisense oligonu-
cleotide targeting of RNA cleavage by RNase H using chimeric meth-
ylphosphonodiester/phosphodiester structures. Nucleic Acids Res. 20:763-

770 (1992).
30. Monia, B P., E. A. Lesmk, C. Gonzalez, W. F. Lima, D. McGee, C. J.

Guinosso, A. M. Kawasaki, P. D. Cook, and S. M. Freier. Evaluation of

2-modified oligonucleotides containing 2’-deoxy gaps as antisense inhib-
itors of gene expression. J. Biol. Chem. 268:14514-14522 (1993).

31. Guschlbauer, W., J.-F. Chantot, and D. Thiele. Four-stranded nucleic acid
structures 25 years later: from guanosine gels to telomer DNA. J. Biomol.
Struct. Dynamics 8:491-511 (1990).

Send reprint requests to: Frank W. Hobbs, DuPont Merck Pharmaceutical
Co., Experimental Station, P.O. Box 80353, Wilmington, DE 19880.

 at Z
hejiang U

niversity on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/



