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Inhibition of Bone Resorption In Vitro by Antisense RNAand DNAMolecules
Targeted against Carbonic Anhydrase 11 or Two Subunits of Vacuolar H+-ATPase
Tiina Laitala and H. Kalervo VainAnen
Department of Anatomy, University of Oulu, Kajaanintie 52 A, FIN-90220 Oulu, Finland

Abstract

The bone resorbing cells, osteoclasts, express high levels of
carbonic anhydrase II (CA II) and vacuolar H+-ATPase (V-
ATPase) during bone resorption. Wehave used antisense RNA
and DNAmolecules targeted against CAII, and against 16- and
60-kD subunits of vacuolar H+-ATPase (V-ATPase), to block
the expression of these proteins in vitro. Osteoclastic bone re-
sorption was studied in two in vitro culture systems: release of
45Calcium from prelabeled newborn mouse calvaria cultures,
and resorption pit assays performed with rat osteoclasts cul-
tured on bovine bone slices. Both antisense RNAand DNA
against CA II and the V-ATPase were used to compare their
specificities as regards inhibiting bone resorption in vitro. The
antisense molecules inhibited the synthesis of these proteins by
decreasing the amounts of mRNAin the cells in a highly spe-
cific manner. In osteoclast cultures treated with the 16-kD V-
ATPase antisense RNA, acidification of an unknown popula-
tion of intracellular vesicles was highly stimulated. The acidifi-
cation of these vesicles was not sensitive to amiloride or
bafilomycin Al. This suggests the existence of a back-up sys-
tem for acidification of intracellular vesicles, when the expres-
sion of the V-ATPase is blocked. Our results further indicate
that blocking the expression of CAII and V-ATPase with anti-
sense RNAor DNAleads to decreased bone resorption. (J.
Clin. Invest. 1994. 93:2311-2318.) Key words: antisense
RNA/DNA * osteoclast * vacuolar H+-ATPase * carbonic an-
hydrase II * bone resorption

Introduction

Osteoclastic bone resorption is a multistep process in which
osteoclast precursors are activated to form mature osteoclasts.
The osteoclast is a rapidly moving cell which cycles between
resorptive and nonresorptive phases ( 1 ). Osteoclasts resorb in-
organic bone matrix by producing acid: a vacuolar H+-ATPase
(V-ATPase)' pumps protons into resorption lacunae, where a
low pH is required for mineral dissolution (2, 3). In the cyto-
plasm of osteoclasts, carbonic anhydrase II (CA II) generates
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1. Abbreviations used in this paper: AO, acridine orange; CA II, car-
bonic anhydrase II; cRT-PCR, competitive RT-PCR; RT-PCR, reverse
transcription PCR; V-ATPase, vacuolar H+-ATPase; VSV, vesicular
stomatitis virus.

protons for the vacuolar proton pump (4-6). The expression
of these enzymes is dependent on the resorptive phase of the
osteoclast (7). In resorbing osteoclasts, both CAII and V-AT-
Pase are highly expressed, whereas in nonresorbing osteoclasts
only a low basal expression is maintained.

Antisense RNAand DNAmolecules inhibit the translation
of specific proteins in vitro and in vivo. These molecules are
capable of entering living cells and hybridizing to their target
mRNA. This most probably results in degradation of the
mRNAby RNAse H, and thus inhibition of protein synthesis
(8). Up to 95% inhibition of protein synthesis has been re-
ported. The mechanism for uptake of short or long nucleic
acids in eukaryotic cells is unknown. An 80-kD membrane
protein has been suggested to be involved in oligonucleotide
transport into cells by a mechanism resembling receptor-me-
diated endocytosis (9). Short antisense DNA-oligos have been
used to inhibit DNAsynthesis and mitosis ( 10), as well as cell
proliferation ( 11). Antisense RNAmolecules have also been
used in similar studies, even though the half-life of exogenous
RNAis probably very short ( 12-15).

Earlier studies have shown that enzyme inhibitors against
carbonic anhydrases and V-ATPase can be used to inhibit bone
resorption (6, 16, 17). Antisense mRNAagainst the catalytic
70-kD subunit of V-ATPase has been used to inhibit carrot
tonoplast H+-ATPase in vivo (18). In this investigation we
studied the roles of V-ATPase and CA II on osteoclastic bone
resorption in vitro, using antisense technology. Expression of
CA II and the 16- and 60-kD subunits of V-ATPase was
blocked by antisense RNAand DNA. The V-ATPase subunits
were chosen on the basis of their vital role for the function of
the enzyme (19). Short 18-nt DNA-fragments, and up to
1,100-nt RNA-fragments were used to study their usefulness,
effects and specificity in the inhibition of bone resorption in
vitro. The effects of antisense molecules on resorption activity
and protein synthesis, as well as on acidification of intracellular
vesicles, were studied in cultured rat osteoclasts and mouse
calvaria.

Methods

The cDNAs coding for the bovine 16-kD V-ATPase subunit (obtained
from Dr. Nelson, Roche Institute, Nutley, NJ) (20) and mouse CA II
(obtained from Dr. Curtis, Wistar Institute, Philadelphia, PA) (21)
were subcloned into pGEM-3Z (Promega, Madison, WI) using stan-
dard procedures (22, 23). For in vitro transcription, the plasmids con-
taining the cDNAwere digested to obtain linear templates. All restric-
tion enzymes were purchased from Boehringer Mannheim GmbH
(Mannheim, Germany) and other DNA-modifying enzymes from
Promega. In vitro transcription was performed using T7 and SP6 RNA
polymerase according to Promega's instructions, and antisense or sense
RNA-molecules were used at a concentration of 1 ,g/ml. rRNAsin
(Promega) at 50 U/ml was added to the culture medium 15 min before
adding the RNA, to inactivate RNAse activity in the medium. In all
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experiments, samples with no nucleotide addition were used as con-
trols. X-DNA digested with EcoRI was used as an extra non-sense con-
trol in all experiments. Statistical significances were determined by
variance analysis and Student's t test using Bonferroni's adjustment.

The homology between 16- and 60-kD V-ATPase subunits from
different sources is very high, and oligonucleotides were chosen from
areas with 100% interspecies homology. Normal and phosphorothioate
(S)-DNA-oligonucleotides (24) were synthesized by use of an Applied
Biosystems DNA-synthesizer (Applied Biosystems, Inc., Foster City,
CA). After synthesis, the oligonucleotides were detached from the col-
umn with 25% ammonia solution (+550C overnight), vacuum dried,
and dissolved in water. Oligonucleotides were purified by PAGEelec-
trophoresis following ethanol precipitation, and dissolved again in
water. The oligonucleotides were used at a concentration of I Mg/ml.

For the in vitro resorption pit assay, 2-3-d-old Sprague-Dawley rat
osteoclasts were cultured on bovine cortical bone slices as previously
described (25). Antisense or sense RNA/DNAwas added to the cul-
ture medium, and cells were cultured for 24 h (+370C, 5%C02). To
determine the resorption activity, cells were fixed with 3%paraformal-
dehyde + 0.2% saccharose and stained with 1% toluidine blue + 1%
sodium borate. Cells with at least three nuclei were counted as osteo-
clasts. After this, the bone slices were brushed free of cells and the
resorption lacunae stained with wheat germ agglutinin-lectin (Sigma
Chemical Co., St. Louis, MO). Bone slices were incubated for 20 min
in peroxidase-conjugated WGA-lectin (20 Mg/ml), washed with PBS,
and incubated for 15 min in diaminobenzidine (0.5 mg/ml) + 0.03%
H202. Morphometric analysis of the resorption pits was performed
with an MCID-image analyzer utilizing M2-software (Imaging Re-
search Inc., Brock University, Ontario, Canada).

The effects of antisense RNAand DNAon the corresponding
mRNAand protein levels were studied by immunostaining, immuno-
precipitation, and quantitative RT-PCR (cRT-PCR; 26, 27). For im-
munostaining of CA II in osteoclasts, rat osteoclasts were cultured in
the presence of CA II antisense or sense RNA/DNAand fixed. CA II
protein was detected using polyclonal CAII antibodies and rhodamine-
conjugated swine anti-rabbit immunoglobulins (DAKOPATTSA/S,
Glostrup, Denmark) as previously described (6).

For CA II immunoprecipitation, rat osteoclasts were cultured with
CA II antisense or sense RNA/ DNA, and then transferred to labeling
medium containing 50 MCi [35S]methionine. After 4 h, the cells were
washed three times, and disrupted by sonication ( 10 mMTris-HCI, pH
7.5, 2 mMEDTA, 10 mMNaCl, 0.5% Triton X-100, 0.3% SDS, 50,OM
PMSF). Samples were taken for scintillation counting, and CA II pro-
tein was immunoprecipitated with polyclonal antibodies bound to pro-
tein A sepharose CL (Sigma Chemical Co.) (28). The immunoprecipi-
tate was washed twice (50 mMTris-HCl, pH 8.3, 0.6 MNaCl, 1 nM
N-octylglucoside), centrifuged and the final precipitate was dissolved
in SDS-PAGEloading buffer. Samples for scintillation counting were
taken, and counted. After electrophoresis, the 10% SDS-gel was fixed
with 50% methanol + 12% acetic acid, immersed in EN3HANCE(Du-
Pont NEN, Boston, MA), dried, and subjected to autoradiography.

For cRT-PCR, a 40-nt MaeII-ApaLI fragment was removed from
the bovine 16-kD V-ATPase cDNA, and a 120-nt NdeI-BglII fragment
from mouse CA II cDNA. The re-ligated cDNA's were used as tem-
plates for in vitro transcription, and the resulting RNA-molecules were
used as internal standards in quantitative PCR(26). Total RNAwas
isolated from four bone slices containing the cultured osteoclasts (7).
The procedure for cRT-PCR was as follows: 50 ng of total RNAand 5
ng of standard RNAwas mixed with 100 ng each of: RT-oligo (5 'GAC-
TCGAGTCGACATCGA 1 1 113', reverse PCR-
oligo (5'GACTCGAGTCGACATCG3') and gene-specific forward
PCR-oligo (for V-ATPase: 5'CATGTCCGAGGCCAAGA3'and for
CA II: 5'ACCATGTCCCACCACTG3'). RT-PCR was performed as
previously described (7). Samples were run in 3% MetaPhor-agarose
(FMC Corp., Rockland, ME) gels containing ethidium bromide (1
ug/ml).

cells. Various enzyme inhibitors were added to the osteoclast culture
media together with antisense or sense RNAat the beginning of the
culture, to characterize the acidification system induced by A- 16-RNA.
1 mMamiloride was used to block the Na+/H' pump, and 0.1-10 nM
bafilomycin Al was used to block V-ATPases. Cells were incubated in
AOat 5 ,g/ml for 15 min at 370C, mounted in medium, and viewed
under a microscope using a fluorescein filter.

To further study the acidification mechanism after A-16-RNA
treatment, vesicular stomatitis virus (VSV) infection was used as a
model for endosomal acidification. For these studies, osteoclasts were
cultured for 24 h in the presence of antisense or sense RNA, or 10 nM
bafilomycin Al. Two plaque-forming units of VSVwere added to the
culture medium, and after 4 h the cultures were fixed. VSVG-protein
inside osteoclasts was visualized by use of a polyclonal antibody, as
previously described (29).

For mouse calvarial cultures, l-d-old NMRI-mice were injected
with 1.7 MACi 45Ca s.c., and the animals were allowed to grow for 5 d (30,
31 ). The mice were sacrificed and calvaria dissected into culture me-
dium (CMRL-1066, 0.1% BSA, 50 Ag gentamycin/ml, 100 U penicil-
lin, 100 gg streptomycin/ml; GIBCO, Paisley, UK). Calvaria were
preincubated for 1 d in CMRL-medium containing 0.5 gg indometha-
cin/ml (Dumex, Denmark) and 10 nMPTH (Sigma Chemical Co.).
The calvaria were then cultured in CMRL-medium in the absence of
indomethacin, and in the presence of PTHand antisense or sense nu-
cleotides for an additional 3 d. Antisense or sense RNA/DNAwas
added every day to keep its amount as constant as possible. To measure
the liberated and bound radioactivity, calvaria were dissolved in 6 M
hydrocloric acid. Both the culture media and dissolved bone were
counted in a scintillation counter.

Table L Nucleotide Molecules and Their Abbreviations
and Sequences

Abbreviation

A-16-RNA

S-16-DNA

A-16-DNA

S-16-DNA

A-60-DNA

S-60-DNA

A-CAII-RNA

S-CAII-RNA

A-CAII-DNA

S-CAII-DNA

The effects of antisense and sense RNAon acidification of intracel-
lular vesicles were followed by acridine orange (AO) uptake into living

Sequence

1100-nt antisense in vitro transcript from
bovine 16-kD V-ATPase subunit cDNA

1100-nt sense in vitro transcript from bovine
16-kD V-ATPase subunit cDNA

1 8-mer antisense DNAoligonucleotide from
bovine 16-kD V-ATPase subunit cDNA:
5' TTGGCCTCGGACATGTCT3'

1 8-mer sense DNAoligonucleotide from bovine
16-kD V-ATPase subunit cDNA:
5' AGACATGTCCGAGGCCAA3'

18-mer antisense DNAoligonucleotide from
bovine 60-kD V-ATPase subunit cDNA:
5' TTCACGATCCCCCGCATC3'

18-mer sense DNAoligonucleotide from bovine
60-kD V-ATPase subunit cDNA:
5' GATGCGGGGGATCGTGAA3'

450-nt antisense in vitro transcript from mouse
CAII cDNA

450-nt sense in vitro transcript from mouse
CAII cDNA

18-mer antisense DNAoligonucleotide from
mouse CAII cDNA:
5' CCAGTGGTGGGACATGGT3'

1 8-mer sense DNAoligonucleotide from mouse

CAII cDNA:
5' ACCATGTCCCACCACTGG3'
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Figure 1. (A) Resorbed bone area
per osteoclast (OC) after antisense
or sense RNA/DNAtreat-
ment±SD. Eight bone slices per
sample (6 x 7 mm), containing

- 200 osteoclasts each, were stud-
ied. The Pvalues between sense
and antisense, and control and an-
tisense (in parenthesis) are shown
as asterisks (*P < 0.05; **P <
0.01; ***P < 0.001). (B) Bone
resorption in mouse calvaria cul-
tures treated with antisense or
sense RNA/DNA±SD. The P val-
ues between sense and antisense,
and control and antisense (in pa-
renthesis) are shown as asterisks
(*P < 0.05; **P < 0.01; ***P <
0.001; n = 20).

Results

The RNA/ DNAmolecules used in this study are described in
Table 1. Fig. 1 A shows the effects of the different antisense
RNAsand DNAson the total resorbed areas per osteoclast in
the resorption pit assay. Significant decreases in the resorbed
areas/OC were seen after treatment with the antisense frag-
ments tested. A-16-DNA and A-CA II-DNA inhibited bone
resorption by 43 and 35%, respectively, compared with 69 and
51% inhibition obtained with the corresponding RNA frag-
ments. The different sense DNAs, X-DNA fragments, or
rRNase-inhibitor alone had no effect on bone resorption, and
the data were pooled with the controls. This experiment
showed that either antisense RNAor DNAcould be used to
inhibit bone resorption. However, the RNA molecules ap-

peared to be more potent inhibitors of bone resorption than
than the DNAmolecules.

In the mouse calvariae experiments, significant inhibition
of bone resorption was also observed with the antisense RNAs/
DNAs (Fig. B). The inhibitory effect of the antisense mole-

cules varied between 9%(A-CA II-DNA) and 36% (A-CA II-
RNA). The strongest inhibition was achieved in this model
also with antisense RNA.

To check the effects of nuclease-resistant DNAoligonucleo-
tides on bone resorption, we compared these S-DNA-oligos
with the corresponding normal DNAoligonucleotides. The
data presented in Table II show that the protected antisense
DNAmolecules had no better inhibitory effect on bone resorp-
tion than the normal antisense DNAs. On the basis of this, we
used normal antisense DNAoligonucleotides in further experi-
ments. The antisense DNAsinhibited bone resorption in vitro
dose dependently. As can be seen from Fig. 2, as little as 0.1 gg
of antisense DNA/ml inhibited bone resorption in the resorp-
tion pit assay, and the inhibitory effect increased when more
antisense DNAwas added.

To check for the ability of antisense molecules to block the
synthesis of specific proteins, immunoprecipitation and cRT-
PCRwere used. The staining pattern for CA II in osteoclasts is
shown in Fig. 3. In Fig. 3, A and D represent the immunofluo-
rescence staining of CA II protein; B and E represent nuclear
staining of the same samples; and Cand F represent bone sur-
face under the cells. Fig. 3, A, B, and Care from the same site,
and D, E, and F represent the same site. CA II was highly

expressed in the sense-treated, bone-resorbing osteoclasts (Fig.
3, A-C). In the antisense-treated cultures, 89% of the osteo-
clasts were negative for CA II (Fig. 3, Dand E). None of these
CA II-negative osteoclasts were resorbing bone at the time of
fixation, as determined by the intact bone surface under these
cells (Fig. 3 F). In these experiments, both A-CA II RNAand
DNAappeared to have similar effects.

To determine translation activity in the antisense-treated
cultures, metabolically labeled CA II protein was immunopre-
cipitated by CA II antibodies (Fig. 4 A). These results showed
that antisense RNA(Fig. 4 A, lane 3) was somewhat more
potent in inhibiting CA II synthesis than the corresponding
DNA-oligo (Fig. 4 A, lane 5). Whensamples were analyzed by
scintillation counting after labeling and immunoprecipitation,
we found no changes in the radioactivity of the samples after
labeling (35 800±2760 cpm). After immunoprecipitation, ra-
dioactivity of the control was 5923±443, and 6689±330 or
5276±212 in the S-CA II-RNA and DNA, respectively. In the

Table II. Effects of S-modified and Normal DNA-oligos
on Bone Resorption in the Resorption Pit Assay (n = 8)

Number of Bone Resorption,
Sample osteoclasts±SD percent of control±SD

CONTROL 235±29 100+2,3
SA-16-DNA 219±33 41±3,3*
SS-16-DNA 241±19 98±4,1
A-16-DNA 233±25 43±6,0$
S-16-DNA 257±12 103±1,1
SA-60-DNA 250±21 32+2, 1*
SS-60-DNA 223±29 99±2,9
A-60-DNA 199±36 36±3,9*
S-60-DNA 239±23 101±4,1
SA-CAII-DNA 233±26 30±5,4*
SS-CAII-DNA 212±29 105±3,2
A-CAII-DNA 244±30 35±3,4*
S-CAII-DNA 230±23 93+6,3

Osteoclasts were counted after toluidine blue staining as cells with at
least three nuclei. Bone resorption was measured in relation to control
by counting the number of resorption pits per osteoclast in each
sample (* P < 0.001; * P < 0.01).
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Figure 2. Resorbed bone area per osteoclast (OC) after treatment with
various concentrations of antisense or sense DNA±SD. The P values
between sense and antisense, and control and antisense (in parenthe-
sis) are shown as asterisks (*P < 0.05; **P < 0.01; ***P < 0.001).

A-CA II-treated samples radioactivity after immunoprecipita-
tion was 1294±189 (A-CA II-RNA) and 2341±133 (A-CA
II-DNA).

For cRT-PCR, internal standard RNAswere produced for
both CA II and the 16 kD V-ATPase subunit, and this allowed
us to examine the effects of the antisense molecules at the
mRNAlevel of the corresponding protein (Fig. 4 B). cRT-
PCRof RNAobtained from osteoclasts treated with sense oli-
gos revealed the expected products for CA II and the 16 kD
V-ATPase subunit (Fig. 4 B, lanes 1, 3, and 5). In contrast,
there were no such cRT-PCR products detected when RNA
was obtained from osteoclasts treated with antisense oligos
(Fig. 4 B, lanes 2, 4, and 7). This suggests that either transcrip-
tion is inhibited, or the transcribed mRNAis rapidly degraded.
In both cases, the amount of mRNAserving as template for
translation is decreased.

The accumulation of AO was followed in osteoclasts
treated with antisense molecules or specific enzyme inhibitors.
AO is a weak base which accumulates into acidic compart-

ments (32-34). Whenpresent at high concentrations, it forms
complexes, resulting in a shift in fluorescence from green to
red. A-16-RNA and A-CA II-RNA had opposite effects on
intracellular acidification: A-16-RNA (Fig. 5 C) increased AO
accumulation into mononuclear cells and osteoclasts, but A-
CAII-RNA (Fig. 5 E) decreased AOaccumulation. The corre-
sponding sense molecules (Fig. 5, Dand F), or 1 mMamilo-
ride (Fig. 5 B) had no effect on AOuptake compared to control
(Fig. 5 A).

In control cultures, bafilomycin A, inhibited accumulation
of AOinto intracellular vesicles partially at 5 nM, and totally at
a 10 nMconcentration (Fig. 6, A and C). At 1 nMand 100 pM
concentrations, bafilomycin Al had no detectable inhibitory
effect on intracellular acidification in the osteoclasts (Fig. 6, E
and G). However, when bafilomycin Al was added to A-16-
RNA-treated cultures, weakly acidic vesicles appeared in the
osteoclasts in the presence of 10 nMbafilomycin (Fig. 6 B).
The amount of acidic vesicles increased when the concentra-
tion of bafilomycin Al decreased (Fig. 6, D, F, and H).

Amiloride treatment inhibits acidification as indicated by
decreased AOuptake (Fig. 7 A). However, when A-16-RNA
was added in the presence of amiloride (Fig. 7 B), or with
amiloride and bafilomycin A, (Fig. 7 C), there is an increased
acidification. This suggests that this bafilomycin-resistant,
A-16-RNA-induced acidification mechanism is not amiloride-
sensitive either. These results strongly suggest that the acidifica-
tion mechanism induced by A-16-RNA is not dependent on a
conventional V-ATPase or a Na+/H+-exchanger.

Wethen studied endosomal acidification using VSVinfec-
tion, and noticed that A- 16-RNA inhibited it in cultured osteo-
clasts (Fig. 8, A and B). Infection of enveloped viruses occurs,
when endocytosed viruses fuse with acidic endocytic vesicles
(35). Acidification of endosomes is brought about by V-AT-
Pase, and VSV-infection should be inhibited if the proton
pump is blocked by antisense molecules. Any of the sense-
RNAsdid not inhibit VSV infection (Fig. 8, C-F). Bafilomy-
cin AI is known to block endosomal acidification by inhibiting
V-ATPases, and osteoclasts treated with 10 nMbafilomycin A1
were not infected with VSV(Fig. 8, Gand H). Whenthe bafi-

Figure 3. Immunostaining of CA
II protein after sense (A-C) or
antisense (D-F) CA II RNA
treatment. Sense RNA-treated
osteoclasts were positive for CA
II (A, arrow), and they were re-
sorbing bone (C, arrows point to
the resorption lacuna). Anti-
sense RNA-treated osteoclasts,
which were negative for CA II
(D) were incapable of resorbing
bone (F). Osteoclast nuclei from
the corresponding samples are
marked with large arrows, and
mononuclear cell nuclei with
small arrows in B and E. Bar,
10lOm.
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Figure 4. (A) Immunoprecipitation of metabolically labeled CA II
protein after CA II sense or antisense treatment. Control (lane 1);
S-CAII-RNA (lane 2); A-CAII-RNA (lane 3); S 7 CAII-DNA (lane
4); and A-CAII-DNA (lane 5) treated samples. (B) Agarose gel elec-
trophoresis of cRT-PCR products from antisense RNA/ DNA-treated
osteoclasts. The upper band represents sample mRNA,and the lower
band standard RNAlacking 40 nt (V-ATPase) or 120 nt (CA II). In
S-CAII-RNA (lane 1), S-CAII-DNA (lane 3), and S-16-DNA (lane
5)-treated osteoclasts both sample mRNAand standard RNAbands
can be seen. After A-CAII-RNA (lane 2), A-CAII-DNA (lane 4), and
A- 16-DNA (lane 7) treatment only standard RNAis visible, and the
non-sense control (lane 6) is negative for both.

lomycin + A- 16-RNA-treated osteoclasts were incubated with
VSV, no infection was seen (Fig. 8, I and J). This data also
suggests that AOaccumulation in the presence of A- 16-RNA is
not dependent on endosomal V-ATPase.

Discussion

In this study we used the antisense technique to study the roles
of V-ATPase and CA II in bone resorption, using two different
in vitro bone resorption assays. The number of osteoclasts was

the same in antisense-treated and control cultures, indicating
that the antisense molecules in themselves were not toxic to

osteoclasts (Table II). In the resorption pit assay (Fig. 1 A), the
antisense molecules were able to decrease the total resorbed
area. The effects of V-ATPase and CA II antisense molecules
on bone resorption in calvaria cultures (Fig. 1 B) were similar
to the results obtained from the resorption pit assay.

Antisense DNAand RNAhave been used to inhibit the
translation of several proteins in vivo and in vitro. They have
been used to transfect cells by using an antisense-bearing ex-
pression vector (36-38), and they have been added to cell cul-
tures in vitro to inhibit cell attachment or expression of differ-
ent proteins (10, 12, 14, 39-41). By these means, up to 95%
inhibition of translation has been achieved in some experi-
ments. According to our studies, antisense RNAmolecules
were more potent inhibitors of bone resorption than the shorter
antisense DNAoligonucleotides. One reason for this could be
that the length of the RNAnucleotide allows short mismatches
without affecting the hybridization efficiency. Even if the
added RNAwas degraded rapidly in the cells, there would proW
ably still be enough short fragments to inhibit translation. It has

Figure 5. Intracellular accumulation of AOinto osteoclasts treated
with antisense or sense RNAs. Osteoclasts are marked with large
arrows, and mononuclear cells with small arrows. Control (A), 1 mM
amiloride (B), A-16-RNA (C), S-16-RNA (D), A-CAII-RNA (E),
and S-CAII-RNA (F) treatment. Bar, 10 Mm.

I ._ 1.9 I

Figure 6. Intracellular accumulation of AOinto osteoclasts treated
with various concentrations of bafilomycin Al alone (A-D), or to-
gether with A-16-RNA (E-H). Osteoclasts are marked with large
arrows, and mononuclear cells with small arrows. 10 nMbafilomycin
A, (A), 5 nMbaf.Al (B), 1 nMbaf.Al (C), 100 pMbaf.Al (D), 10
nMbaf.A1 + A-16-RNA (E), 5 nMbaf.Al + A-16-RNA (F), 1 nM
baf.A, + A-16-RNA (G) and 10 pMbaf.A, + A-16-RNA (H) -treat-
ment. Bar, 10 Mm.
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Figure 7. Intracellular
B _ _ accumulation of AO

into osteoclasts treated
with 1 mMamiloride
+ S-16-RNA (A), 1
mMamiloride + A-16-
RNA(B), or I mM
amiloride + A-16-RNA
+ I nMbafilomycin A,
(C). Acidic vesicles in
mononuclear cells are
marked with small

A ~ _arrows, and osteoclasts
C _ are marked with large

arrows. Bar, 10 ,m

also been suggested that long nucleic acid strands are trans-
ported to cells more efficiently than short oligonucleotides (9).
There may thus also be a smaller concentration of the DNA-
oligo inside the osteoclasts to inhibit translation.

Wefound no great difference between the inhibitory effects
of normal and backbone-modified S-DNA-oligos, indicating
that degradation of the normal DNA-oligos in our system was
not a big problem (Table II). In fact, the S-oligos had a smaller
inhibitory effect on resorption. This could be due to their
poorer capability of passing through the plasma membrane
(24, 42). As little as 100 ng of antisense DNA/ml was enough
to decrease bone resorption. When> 1 gg/ml was used, inhibi-
tion was not further increased in a linear manner. The results of
previous studies have shown that high concentrations of anti-
sense nucleotides may decrease the specificity of mRNA-anti-
sense hybridization, and actually promote nonspecific degrada-
tion of mRNA(43).

On the basis of our immunofluorescence, immunoprecipi-
tation and cRT-PCR results, the antisense-molecules against
CA II inhibited the synthesis of CA II protein specifically. For
the 16-kD V-ATPase subunit, we were only able to study the
effect of the antisense molecules on mRNAlevels by cRT-
PCR, due to lack of a suitable antiserum. Both CA II and the
16-kD V-ATPase antisense molecules decreased specific
mRNAconcentrations in the osteoclasts, so that they could not

Figure 8. VSVG-protein staining after VSV-infection in cultures
treated as follows: (A) A-16-RNA, (C) S-16-RNA, (E) control, (G)
10 nMbafilomycin Al, and (I) 10 nMbafilomycin A, + A-16-RNA.
Nuclei were visualized with Hoechst-staining in B, D, F, Hand J.
Bar, 10sm.

be detected after PCR(Fig. 4, lane 7). The CA II antisense
molecules had no effect on overall protein synthesis, but they
decreased translation ofCA II protein, as determined by immu-
nostaining, metabolic labelling and immunoprecipitation
(Figs. 3 and 4, A and B, lanes 2 and 4).

Surprisingly, antisense RNAagainst the 16 kD V-ATPase
subunit did not inhibit intracellular acidification, as deter-
mined by AO-accumulation studies (Fig. 5 C). Instead, use of
this antisense RNA resulted in enormous accumulation of
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acidic vesicles inside the osteoclasts. Bafilomycin Al, a specific
V-ATPase inhibitor, decreased the accumulation of acidic vesi-
cles into cultured osteoclasts (Fig. 6, A-D). However, in the
presence of A-16-RNA, a population of bafilomycin-resistant
acidic vesicles appeared in the osteoclasts (Fig. 6, E-H). Thus
the acidification system of these vesicles differs from a classical
vacuolar proton pump and Na+/H+-exchanger, because acid
accumulation was not inhibited with bafilomycin A1 or amilo-
ride (Fig. 7).

To study the endosomal acidification mechanism in A-16-
RNA-treated osteoclasts, we used VSVinfection as a test (Fig.
8). Whenendosomes are neutralized, VSV-infection is inhib-
ited because viruses are not capable of fusing with endosomal
membranes at neutral pH (35, 44). This was confirmed first by
blocking VSV infection with bafilomycin A1 (Fig. 8 G). A-16-
RNAtreatment inhibited VSV infection, suggesting a specific
effect on endosomal acidification (Fig. 8 A). Sense RNA
strands had no inhibitory effect on VSV-infection. These re-
sults suggest that the acidic vesicles which were formed in
A- 16-RNA-treated osteoclasts may not have been endosomes.
However, we cannot exclude the possibility that A- 16-RNA
treatment may have disturbed vesicle transport in the osteo-
clasts, preventing internalization of the VSV.

Wedo not know the mechanism by which antisense-mole-
cules enter the osteoclast. Because they are phagocytosing cells,
the antisense-molecules maybe taken into the cells by phagocy-
tosis. Previously described receptor-mediated endocytosis may
also be involved (9). However, it is most unlikely that the long
RNAmolecules, or even the 1 8-mer DNA-oligos, could enter
the osteoclasts passively.

Wehave shown that osteoclastic bone resorption can be
inhibited by antisense RNA- and DNA-molecules in vitro.
These data confirm that antisense-molecules enter osteoclasts,
and that they inhibit protein synthesis specifically. Our results
also open a new, interesting possibility of using these antisense
molecules in vivo. The use of small, osteoclast-specific anti-
sense oligonucleotides against functionally important gene
products, may give us a new potential therapeutic approach in
bone resorption disorders.
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