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Apoptosin, a novel gene encoding a mitotic kinase-
otif protein, is stimulated by activin, a member of
GF-b family, in human LNCaP prostate cancer cells
nd in patient tissues. We employed a gene knockout
ethodology based on the covalent bonding of chem-

cally modified antisense probes to apoptosin mRNAs
n LNCaP cells. The mRNA–antisense hybrid duplexes
ere neither translated nor post-transcriptionally
odified, resulting in no protein synthesis. Introduc-

ng antisense apoptosin into activin-induced apopto-
ic LNCaP cells prevented apoptosis, interfered with
enomic DNA fragmentation and released cell cycle
heckpoint. These findings suggest that the apoptosin,
n addition to p53, is important in apoptotic regulation
f human prostate cancers. © 1999 Academic Press

Key Words: activin; covalent-binding antisense probes;
poptosis; gene knockout; prostate cancer.

Apoptosin, a human homolog to Rattus mitotic check-
oint protein kinase Bub1 (1), was isolated by subtractive
ybridization between cancerous and activin-induced
poptotic LNCaP cells (2). In Saccharomyces cerevisiae,
ub1 was localized in the nucleus and able to modulate

he activation of the spindle assembly checkpoint (3). In
rosophila, mutations in Bub1 caused chromosome mis-

egregation and apoptotic DNA fragmentation (4). Al-
hough the Bub/Mad signaling pathway was recently
tudied in human mitotic cells, the role of apoptosin in
egulating this checkpoint and in apoptosis is still un-
lear. According to our previous findings (2), apoptosin is
ighly expressed in activin-induced apoptotic LNCaP
ells, in which DNA fragmentation is more significant
han cytoplasmic changes. The function of apoptosin and
ub1 appears to be consistent in cell cycle regulation but

1 To whom correspondence and reprint requests should be addressed.
ax: (323) 442-3158; (626) 289-7172. E-mail: sying@hsc.usc.edu.
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f functional apoptosin is lethal to LNCaP and other
ested competent cells, we used an antisense gene knock-
ut method to reveal the function of this novel apoptotic
inase.
Gene knockout technology facilitates the determina-

ion of a gene function in living cells. Because traditional
robes were nuclease sensitive and mediated through
ydrogen-bond affinity (5–7), exceedingly high concentra-
ions was required to obtain biological effects. To increase
he specificity and efficiency of antisense targeting, a
odified nucleotide probe with covalent binding capabil-

ty, termed C-probe, was devised to enhance intracellular
ene knockout (Fig. 1). The ability to form covalent bonds
etween two nucleotide sequences has permitted com-
lete elimination of undesired gene homologs through
ubtractive hybridization procedures (8, 9). To increase
he binding force without significant cytotoxicity, a
-probe is preferentially carboxylated on its C-5/C-6 pyri-
idines permitting it to form a specific amide-linkage
ith the C-6/C-2 amino-groups of a targeted mRNA re-

pectively (Fig. 2). C-probes were delivered into activin-
nduced apoptotic LNCaP cells by liposome mediated
ransfection (10), to investigate the role of apoptosin gene
xpression in subsequent DNA laddering and cell growth
lterations.

ATERIALS AND METHODS

Cell culture and activin treatment. LNCaP cells were obtained
rom the American Type Culture Collection (ATCC, Rockville, MD)
nd grown in RPMI 1640 medium supplemented with 10% fetal
ovine serum with 100 mg/ml gentamycin at 37°C under 10% CO2.
or three-day activin induction, LNCaP cells were treated with 200
g/ml activin per day, while control cells were simply treated with
edium. Five days after treatment was initiated, a 56% reduction in

rowth was observed in the activin-treated cells compared to the
ontrol by both microscopy and cell counting as previously reported
11). The two groups of cells were independently trypsinized and
RNAs were purified by poly-(dT) dextran columns (Qiagen, Santa
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
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larita, CA). The quality of isolated mRNAs (2 mg) was assessed on
% formaldehyde-agarose gels.

Preparation of C-probes. Following the single-strand DNA ampli-
cation method reported by Medori et al. (12), 100 ng of probes were
sed in a 100 ml PCR reaction containing 30 pmol of anti-sense
rimer, 0.3 pmol of sense primer, dNTP mixture (0.2 mM each for
ATP, dCTP, dGTP, dTTP and 0.1 mM dUTP), Taq DNA polymerase
3.5 U) and 1.5 mM MgCl2. A thirty cycle PCR amplification was
arried out by denaturation at 95°C, annealing at 55°C and exten-
ion at 72°C for 1 min in each step. Labeling of probes was achieved

FIG. 1. Schematic protocol. (A) Gene knockout with C-probes, illu
nd covalent targeting of an antisense probe. The covalent modificati
hich can form covalent bonding with the amino groups on the C-6
670
y incorporating [33P]-dATP (.3000 Ci/mM, Amersham Interna-
ional). The amplified antisense products (up to 30 mg) were recov-
red by a microcon-50 filter (Amicon, Beverly, MA), single-stranded
y adding 20 ml alkaline acetyl chloride (3 min, 94°C) and neutral-
zed by 80 ml Tris buffer (10 mM, pH 7.4). After further purification
ith a microcon-50 filter in 10 ml Tris buffer, 20ml potassium per-
anganate reagent (1 mM, pH 10) was added (3 min, 80°C) to

enerate carboxyl-groups on the C-5/C-6 of pyrimidines in the mod-
fied probes. The modified probes can form covalent bonding with
mino-groups on the C-6/C-2 of purines from endogenous oligonu-

ting single-stranding, covalent modification, liposomal transfection,
B) generates carboxyl groups on the C-5/C-6 of modified pyrimidines
of natural purines respectively.
stra
on (
/C-2



c
i
c
m
s

(
s
b
E
m
i
i
a
S
N
T
F

m
t

LNCaP cells at 50% confluency. After a 24-hour incubation, the cells
t
1
c
t
a
T
f
c
a
b

f
(
P
s
n
c
w
7
d
q
o
0

R

b
t
fi
f
e

C

l
c
s
b
c
o
i
i
a
l
l
d
c
i
m

q
A
1
d
C
b
s

h
c
d
s
t
w
n
b
p
p

Vol. 265, No. 3, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
leotides. The C-probes were finally collected by a microcon-50 filter
n pure chloroform containing 3 mM triethylamine and 3 mM ethyl
hloroformate at 4°C for 30 min and recollected by another
icrocon-50 in 10 ml of 20 mM Hepes buffer and prepared for lipo-

ome mediated transfection.

Nuclease resistance assay of C-probes. An apoptosin fragment
300 base pairs) served as the target DNA to test the nuclease
usceptibility and binding efficiency of an antisense C-probe (300
ase oligonucleotide with 70% homology to the apoptosin fragment).
qual amounts of double-stranded fragments and C-probes were
ixed for nuclease digestion with or without hybridization. Hybrid-

zation was performed at 94°C for 3 min and then 70°C for 16 hours
n EEx3 buffer (30 mM EPPS, pH 8.0 at 20°C; 3 mM EDTA). Nucle-
se digestion was performed with a mixture of DNase I and nuclease
1 (50 U each, Roche) at 25°C for 10 min in 13 NS1 buffer (0.2 M
aCl, 50 mM sodium acetate, pH 4.5; 1 mM ZnSO4, 0.5% glycerol).
he results were electrophoresed on a 2% agarose gel as shown in
ig. 2.

Liposomal transfection. Covalently modified probes (1-8 mg) were
ixed with 50 ml DOTAP liposome (1 mg/ml; Roche) and applied

o a 100 mm culture dish (12 ml) which contained activin-treated

FIG. 2. Comparison between C-probes (CP) and traditional
ydrogen-binding probes (HP). (A) In vitro analysis of binding effi-
iency and nuclease resistance by gel electrophoresis of digestions. a,
ouble-stranded (ds) targeted apoptosin DNA fragments (200 ng); b,
ingle-stranded (ss) antisense CP (100 ng); c, hybridization of the
argeted DNAs and HP after nuclease digestion; d, same as lane c but
ithout digestion; e, hybridization of CP to the targeted DNAs (100
g each) after nuclease digestion. (B) Intracellular binding efficiency
etween apoptosin mRNAs and the two different kinds of antisense
robes labeled with 33P. (C) Agarose gel electrophoresis of RT-PCR
roducts amplified from above probe-bound apoptosin mRNAs.
671
ook up 60% of the probe-containing liposome. Uptake improved to
00% after two days of incubation. Using liposome-mediated intra-
ellular transfection, C-probes can penetrate at least twenty layers of
umor cells (10). After five days, genomic DNAs were isolated by an
poptotic DNA ladder kit (Roche) and assessed on a 2% agarose gel.
he cell growth and morphology were also examined. The mRNAs

rom the transfected LNCaP cells were isolated by poly-(dT) dextran
olumns (Qiagen), fractionated on a 1% formaldehyde-agarose gel
fter a 24-hour incubation period, and transferred onto nylon mem-
ranes (Schleicher & Schuell).

Northern blot hybridization. mRNAs were fractionated on 1%
ormaldehyde-agarose gels and transferred onto nylon membranes
Schleicher & Schuell, Keene, NH). Probes were labeled with the
rime-It II kit (Stratagene, La Jolla, CA) by random primer exten-
ion in the presence of [32P]-dATP (.3000 Ci/mM, Amersham Inter-
ational, Arlington Heights, IL), and purified with Micro Bio-Spin
hromatography columns (Bio-Rad, Hercules, CA). Hybridization
as carried out in a mixture of 50% freshly deionized formamide (pH
.0), 53 Denhardt’s solution, 0.5% SDS, 43 SSPE and 250 mg/ml
enatured salmon sperm DNA (18 h, 42°C). Membranes were se-
uentially washed twice in 23 SSC, 0.1% SDS (15 min, 25°C), and
nce each in 0.23 SSC, 0.1% SDS (15 min, 25°C); and 0.23 SSC,
.1% SDS (30 min, 65°C) before autoradiography.

ESULTS AND DISCUSSION

In order to test the function of apoptosin, we had to
lock its protein synthesis in cells. For this purpose we
ested an improved antisense technology, C-probe. We
rst desired to show the specificity of the covalent bonds
ormed by C-probes in vitro and in cell to prevent unnec-
ssary cytotoxicity and increase targeting specificity.

ovalent Binding Specificity and Nuclease Resistance
of Apoptosin C-Probes in Vitro

Although some chemotherapeutic agents can cross-
ink nucleotide sequences in cells (13, 14), the nonspe-
ific crosslinking feature of these chemicals also causes
ignificant toxicity to normal cells (15). To increase
inding specificity without significant cytotoxicity, the
arbon 5-6 double bond found in pyrimidines was
pened using potassium permanganate followed by ox-
dation to carboxylic acid (16). The addition of activat-
ng agents such as ethyl chloroformate (17) can further
ctivate these carboxyl groups to form an amide-
inkage with the amino groups of purines. Such cova-
ent bonding reaction generates low level of carbon
ioxide and alcohol which are normally metabolized by
ells. Since the covalent bond still maintains the orig-
nal base pairing specificity, only highly matched ho-

ologues can form hybrid duplexes.
The affinity of a C-probe to its homologous gene se-

uence is greatly enhanced by this covalent interaction.
s shown in Fig. 2A, the apoptosin C-probes provide
00% binding efficiency (lane e) compared to 53% in tra-
itional probes (lane d). Also, the inertness between
-probes is rendered by acetylation (18), resulting in high
inding efficiency between the C-probe and its target
equences. Moreover, because of their structural modifi-
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ation, they are highly resistant to nuclease digestion
lane b), even after binding with the targeted sequences
lane e). Such selective covalent bonding fully inhibits the
unctional activity of the targeted gene. Since covalently
ound hybrid duplexes cannot be separated in cells, any
nzymatic activity requiring single-stranded nucleotide
emplates will be effectively shut down. It has been
hown that even a polymerase chain reaction (PCR) can-
ot be performed through the covalently bound hybrid
uplexes (Fig. 2C).

n-Cell Covalent Targeting of Antisense C-Probes
to Apoptosin mRNAs

To compare the efficiency of binding, mRNAs ex-
racted from labeled control and C-probe transfected
NCaP cells were fractionated by electrophoresis. The
utoradiogram (Fig. 2B) shows that the C-probes
chieved 100% targeting while the traditional
ydrogen-binding probes reached only 43% binding ef-
ciency, based on the strength of radioactive emission.
garose gel electrophoresis of RT-PCR products ampli-
ed from the above hybrids indicates that such cova-

ent bonding completely inhibited polymerase exten-
ion activity on the targeted gene transcripts whereas
he traditional hydrogen-binding did not. We have ob-
erved that the C-probes were effectively activated in
ransfected cells up to three days without significant

FIG. 3. Analysis of gene knockout effects after transfection of
robes into activin-induced apoptotic LNCaP cells. LNCaP genomic
NAs were shown: a, without activin treatment; b, with activin

reatment; c, with activin treatment and transfection by anti-
poptosin C-probes; d, with activin treatment and transfection by
on-modified anti-apoptosin probes; and e, with activin treatment
nd transfection by sense-apoptosin C-probes. A better rescue effect
esults from applying antisense C-probes rather than traditional
ntisense probes, while the sense probes show no effect on prevent-
ng activin-induced apoptosis in LNCaP cells.
672
ut effects depends on the expression rate of individual
enes in cells.

enomic and Morphological Alterations of Apoptosin
Gene Knockout by C-Probe Transfection

We then tested the ability of suppressing apoptosin
ith anti-apoptosin C-probes to rescue apoptosis using

he activin-induced apoptosis model. The results indi-
ated that the antisense apoptosin C-probes protected
ctivin-treated LNCaP cells from apoptotic DNA frag-
entation more efficiently than traditional antisense

robes, whereas the sense C-probe of apoptosin had no
ffect (Fig. 3). The proliferation rate and morphology of
ctivin-treated LNCaP cells were also changed after
he C-probe knockout of apoptosin transcripts (Fig. 4).

FIG. 4. Gene knockout effects on the cell number and morphol-
gy of LNCaP cells. (a) LNCaP cells without treatments. (b to d)
ctivin-treated cells after different transfections, including liposome
nly (lane b), anti-apoptosin C-probe (lane c), and sense-apoptosin
-probe (lane d). (e) The cells counted after transfections of lanes a to
demonstrate a 73% rescue effect of anti-apoptosin transfection in

he activin-induced cell growth inhibition. The black bar indicates
he mean of individual cell numbers counted in each treatment and
he gray bar is the variation of each mean (n 5 7).
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here was a 73% rescue of cell growth after transfect-
ng anti-apoptosin C-probes into activin-treated cells
Fig. 4e). The transfection of either sense-apoptosin
-probes or only liposome carriers had no effect on cell
poptosis and morphology after activin treatments, in-
icating that the knockout results are highly gene-
pecific. The function of apoptosin therefore seems re-
ated to both cell cycle arrest and apoptosis.

n Vivo Significance of Apoptosin Expression
in Activin-Expressing Cancerous Cells

The heterogeneity of progressive cancers usually
ounteracts the tumor suppression effect of p53. Apop-
osin may provide an alternative way to monitor
poptotic regulation following tumor progression. Since
he more malignant prostatic cancers contain fewer
ctivin-positive cells, apoptosin appears to play a cru-
ial role in preventing prostatic epithelium from hyper-
roliferation. Northern blot analysis (Fig. 5) of RNA
xtracts from either LNCaP cells (in vitro) or patients’
issues (in vivo) showed higher p53 and apoptosin ex-
ression in activin-positive cells. Moreover, based on
he in vivo data, the p53 expression was more signifi-
ant in less progressive cancer tissues while apoptosin
as significant in more malignant tissues. However,

hese data only represent possible conditions within
hree patients as well as LNCaP cells. A larger scale

FIG. 5. In vivo analysis of p53 and apoptosin expression by
orthern blots between activin-positive (Ac1) and activin-negative

Ac2) cells. The patient 1 (ptn’1) represented malignant status,
hile patients 2 (ptn’2) and 3 (ptn’3) showed intermediate and pros-

atic intraepithelial neoplasia stage, respectively.
673
earch is clearly warranted.
Sequencing data revealed highly conserved kinase

omains between apoptosin and Bub1, although the
roteins have different functions. While both apoptosin
nd Bub1 are capable of arresting the cell cycle at the
1 checkpoint, only apoptosin can then trigger DNA

ragmentation in apoptotic cells. There are still many
uestions that need to be answered. For example, what
s the target protein for the phosphorylation of apopto-
in, how is apoptosin involved in both cell cycle regu-
ation and apoptosis, and which factor activates or
epresses apoptosin? Current antisense technology
uccessfully facilitates our understanding of loss of
poptosin function in human prostate cancer cells. Be-
ause the transduction of this apoptotic kinase is le-
hal, learning how to exploit other biotechnologies in
he further analysis of apoptosin will be a forthcoming
hallenge.
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