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INTRODUCTION

Blockage of IGF-II/IGF-I receptor signaling by novel RNA- or antibody-based strategies
should result in inhibition of prostate cancer cell growth and progression, and also induction
of programmed cell death (apoptosis). The therapeutic potential of ribozymes and single-
chain antibodies that target IGF-II and IGFIR, respectively, has never been tested. Now that
the first sets of IGF-II ribozyme and anti-IGFIR single chain antibody (JGFIR scFvs) have
been designed, constructed, and expressed in a prostate cancer cell line in the PT’s laboratory,
it is possible to test their therapeutic potential for prostate cancer. Based on the first set of
experiments, alternative strategies to improve the efficacy of ribozymes and oIGFIR scFvs
are being explored.
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BODY

Task 1. To evaluate the effect of intracellular expression of IGF-II ribozyme and ¢IGFIR scFvs on
cell growth, tumorigenesis, and apoptosis in cell culture and athymic mice (Months 1-24)

- To test the efficacy of the ribozyme expression on prostate cancer cell growth and apoptosis

(Months 1-12)

We have evaluated the effect of the IGF-II ribozyme expression on PC-3 cell growth, which
demonstrated that PC-3 cells expressing the ribozyme do not grow but tend to die under the serum-free or
low serum conditions while PC-3 cells expressing the inactive ribozyme or vector only grew or survive.
This demonstrated that IGF-II ribozymes were able to lower endogenous IGF-II mRNA and protein
levels, thereby blocking IGF-II/IGFIR signaling and inhibiting cell growth, which has been published
(1)(Xu et al., Endocrinology, 140, 2134-2144, 1999; see Enclosure).

We have tried to evaluate whether PC-3 cells expressing the IGE-II ribozyme are prone to apoptosis.
The experiments to measure apoptosis in general, however, did not work well in our laboratory. Thus,
we stopped pursuing this research direction.

- To test the efficacy of the clGFIR scFvs expression on prostate cancer cell growth and

apoptosis (Months 1-12)

We lost the stable PC-3 clones expressing oIGFIR scFvs such as clones 19 and 26 shown in Fig. 3 of
the original proposal. We attempted to isolate new stable PC-3 clones expressing olGFIR scFvs, but
failed to do so. Thus, we switched our strategy from stable transfection to transient transfection. The
experiments are now underway.

- To purify and characterize soluble cIGFIR scFv-Fc (Months 1-6)
Purification and characterization of aIGFIR scFv-Fc are summarized below.

Purification of oIGFIR scFv or scFv-Fc: The cell culture supernatant of ~40 ml, collected from aIGFIR
scFv-Fc-expressing transfectants, clone 1F12 or 1B8, was adjusted to pH 8.0 by adding 1/20 volume of
1.0 M Tris (pH 8.0), and passed through a Protein A-Sepharose CL 4B column (1 ml column). The
column was washed with 10 column volumes of 100 mM Tris-HCI buffer, pH 8.0, 10 column volumes of
10 mM Tris-HCI pH 8.0. aIGFIR scFv-Fc was eluted from the column by 100 mM glycine buffer pH 3.0,
and collected in 1.5 ml conical tubes containing 1/10 volume of 1M Tris (pH 8.0).

From culture media of 1F12 (40 ml) and 1B8 (38 ml), 1.8 and 3.2 mg of aIGFIR scFv-Fc,
respectively, were purified. The level of alGFIR scFv-Fc expression was thus calculated to be 45 and 85
ug/ml for 1F12 and 1B8, respectively. The purified oIGFIR scFv-Fc was used for biochemical and
activity analyses of the engineered 0IGFIR scFvs. To date, we have purified nearly 400 mg of the
soluble aIGFIR scFv-Fc, which has been and will be used to characterize the effect of IGF signaling in
cancer growth in vitro and in vivo.

Structural and functional analysis of oIGFIR scFv-Fc: SDS-PAGE analysis (7.5% gel) under reducing
conditions revealed a single protein band of 53 kDa (Fig. 1A lanes 2 & 3), which showed
immunoreactivity with anti-1H7 antibody (Fig. 1 A lane 5). A single disulfide-linked protein of 120 kDa
was detected by SDS-PAGE analysis (5% gel) under nonreducing conditions (Fig. 2B lane 1 & 2),
indicating that IGFIR scFv-Fc is a disulfide-linked dimer. Gel filtration showed that the dimer eluted at
the expected position for the size of dimer, indicating that alGFIR scFv-Fc does not form aggregates
larger than a dimer in solution (data not shown).
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First 15 N-terminal amino acids of the purified aIGFIR scFv-Fc were sequenced, which confirmed the

authenticity of this recombinant antibody and the proper removal of the signal peptide. Binding
constants of 1H7 and aIGFIR scFv-Fc for IGFIR determined by BIAcore were | x 10° and 1 x 108 M,
respectively.

Inhibition of IGF-I or IGF-II binding to the purified IGFIR by 1H7 or oIGFIR scFv-Fc: Effects of
oIGFIR mAbs and oIGFIR scFv-Fc on IGF-1 and IGF-II binding to the purified IGFIR are shown in Fig.
2. oIGFIR scFv-Fc inhibited IGF-II binding to the IGFIR more potently than IGF-I binding, which
showed a similar trend to the previous observation with 1H7 (2). The inhibition potency by alGFIR

scFv-Fc was 10 times less than that by 1H7, which is consistent with their binding affinity difference. A
control 2C8 mAD did not inhibit IGF-I or IGF-II binding to IGFIR.

Stimulation of autophosphorylation of the purified IGFIR by cIGFIR scFv-Fc:
Autophosphorylation of the purified IGFIR was compared in the absence and presence of IGF-I,
oIGFIR scFv-Fc, 1H7, and positive control poly L-lysine (PLL). Both antibodies similarly
stimulated the § subunit phosphorylation (Fig. 4). Stimulation was the highest with PLL (12.8-
fold) followed by IGF-I (3.8-fold), 1H7 (2.3-fold), and oIGFIR scFv-Fe (1.8-fold).

Effect of aIGFIR scFv-Fc on cell growth: The effect of extracellular addition of ®IGFIR scFv-Fc or 1H7
on cell growth was determined by MTT methods using NIH3T3 cells overexpressing IGFIR. The
average of four independent experiments is shown in Fig. 4. Cell growth was significantly inhibited after
4 days treatment with 10 or 100 nM 1H7 mAD (Fig. 4A) (P<0.05). In contrast, aJGFIR scFv-Fc was not
as effective as 1H7 in inhibiting cell growth (Fig. 4B). After 4 days treatment with aIGFIR scFv-Fc,
however, cell growth appeared to be inhibited by a dose-dependent manner. The highest dose used, 1000
nM oIGFIR scFv-Fc, was required to inhibit cell growth to the level similar to that achieved by 100 nM
1H7. This difference is presumably due to the difference in their affinity for the IGFIR.

- To test the effect of the intracellular ribozyme expression on tumorigenesis and apoptosis in

athymic mice (Months 6-24)

Effects of intracellular ribozyme expression on tumorigenesis have been measured using PC-3 cells
expressing ribozymes, control vector, and parental PC-3 cells in athymic nude mice. After the
Experiment #1, we found that R4 and R6 lost the ribozyme expression while R39 was still expressing the
ribozyme.

Experiment #1: Nude mice/PC-3 Rz clones (PC-3, vector (R6), vector (R4), R39, Rz)
Experiment #2: Nude mice/PC-3 Rz clones (PC-3, vector (R6), R39, Rz)
PC-3 tumor growth from above two experiments, #| and #2 are shown in Figs. 5 and 6, respectively.

The results repeatedly indicated that Rz-expressing PC-3 clones, especially Rz, appear to grow in
vivo more aggressively than control vector or parental PC-3 cells. These results are contrary to those of
the in vitro cell growth experiments in which we showed that Rz-expressing PC-3 clones do not grow
well as control PC-3 cells (1). In order to investigate this unexpected result we obtained, we are
collaborating with Dr. Daisy De Leon, Loma Linda University.
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- To test the effect of the intracellular oI GFIR scFvs expression on tumorigenesis and apoptosis

in athymic mice (Months 6-24)

Since we were not able to obtain stable PC-3 transfectants expressing aIGFIR scFvs to evaluate the
effect of the intracellular tIGFIR scFvs expression on tumorigenesis and apoptosis, we examined the
effect of extracellular addition of alGFIR scFv-Fc on PC-3 tumor growth in athymic mice. We did not
find the significant effect of extracellular addition of aIGFIR scFv-Fc on PC-3 tumor growth in athymic
mice (Fig. 7) while breast cancer MCF-7 tumor growth was significantly inhibited in vivo under the same
conditions. We reason that this difference is due to the level of IGFIR expression which influence IGF
dependency of the cancer cells.

Task 2. To construct and evaluate alternative ribozymes and scFvs (Months 13-30)

- To construct and express alternative IGF-II ribozymes (Months 13-24)

Rz constructs have been ligated into pLNL6MoMuLV; Rz/pLNL6MoMuLV (active Rz) and
M/pLNL6MoMuLV (inactive mutant Rz). Retrovirus-mediated transfer to three prostate cancer cell
lines, PC-3, DU145, LNCaP, is being carried out to compare the effect of Rz expression on prostate
cancer cell growth.

- To construct and express additional clGFIR scFvs (Months 13-30)

oIGFIR scFv constructs have been ligated into pHaNeoIRES; alGFIR scFv/pHaNeolIRES (soluble
form) and aIGFIR scFv-ER/pHaNeoIRES (ER-retained form). Retrovirus-mediated transfer to prostate
cancer cell lines is being carried out to compare the effect of scFvs expression on prostate cancer cell
growth.

- To evaluate alternative IGF-II ribozymes in cell culture (Months 18-30)
This part has not been started.

- To evaluate alternative IGF-II ribozyvmes in cell culture (Months 18-30)
This part has not been started.

DISCUSSION

Intracellular expression of an active IGF-II ribozyme suppressed endogenous IGF-II
mRNA and protein levels, and thereby inhibited prostate cancer PC-3 cell growth. This
result is consistent with our hypothesis that IGF-II plays a critical role in prostate cancer cell
growth.

We have thus far failed to obtain stable PC-3 cell transfectants expressing oaIGFIR scFvs. In
addition, inhibition of IGF-I/IGFIR signaling by intracellular expression of IGF-II ribozyme
reduced endogenous IGF-II levels only to ~40% of the control levels, which resulted in cell
growth inhibition. The results not only confirmed our hypothesis, but also suggested that
complete inhibition of the IGF-I/IGFIR signaling cannot be achieved since this signaling is
absolutely required for PC-3 cell growth.

Thus, our focus for the Year 2 will be the retrovirus-mediated transient expression of IGF-II
ribozyme and alGFIR scFvs to three prostate cancer cell lines to test the effect of IGF-II
ribozyme or alGFIR scFvs expression on cell growth.
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KEY RESEARCH ACCOMPLISHMENTS

1.

The effect of intracellular expression of IGF-II ribozyme on prostate cancer PC-3 cell
growth was evaluated. PC-3 cells expressing the ribozyme do not grow under the serum-
free or low serum conditions while PC-3 cells expressing the inactive ribozyme or vector-
transfected PC-3 cells grew. This result was consistent with our hypothesis that IGE-II
plays a critical role in prostate cancer cell growth.

We have thus far failed to obtain stable PC-3 cell transfectants expressing oIGFIR scFv. In
addition, inhibition of IGF-II/IGFIR signaling by intracellular expression of IGF-II ribozyme
reduced endogenous IGF-II levels only to ~40% of the control levels.

These "negative" results not only confirmed our hypothesis, but also suggested that complete
inhibition of the IGF-IVIGFIR signaling cannot be achieved since this signaling is absolutely
required for PC-3 cell growth.
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REPORTABLE OUTCOMES

1.

IGF-II ribozymes were able to lower endogenous IGF-II mRNA and protein levels,
thereby blocking IGF-II/IGFIR signaling and inhibiting PC-3 cell growth, which has been
published (Xu et al., Endocrinology, 140, 2134-2144, 1999, see Enclosure).

The effect of intracellular expression of IGF-II ribozyme on prostate cancer PC-3 cell
growth, which is an important outcome to demonstrate the role of IGF-II on prostate

cancer growth, has been supported by this award.

Stable PC-3 cell lines expressing IGF-II ribozyme as well as vector control cell lines have
been developed.

10
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CONCLUSIONS

Intracellular expression of an active IGF-1I ribozyme suppressed endogenous IGF-II
mRNA and protein levels, and thereby inhibited prostate cancer PC-3 cell growth. This
result is consistent with our hypothesis that IGF-II plays a critical role in prostate cancer cell
growth.

Inhibition of IGF-II/IGFIR signaling by intracellular expression of IGF-II ribozyme,
however, reduced endogenous IGF-II levels only to ~40% of the control levels, which
moderately reduced cell growth. This is reasonable since only PC-3 cell transfectants
expressing IGF-II ribozyme, which are able to grow, can be achieved as stable clones.

We have been unable to obtain stable PC-3 cell transfectants expressing aIGFIR scFvs.

These "negative" results not only confirmed our hypothesis, but also suggested that
complete inhibition of the IGF-II/IGFIR signaling cannot be achieved since this signaling is
absolutely required for PC-3 cell growth.

Thus, our focus for the Year 2 will be the retrovirus-mediated transient expression of
IGF-II ribozyme and oIGFIR scFvs to three prostate cancer cell lines to test the effect of
IGF-II ribozyme or alGFIR scFvs expression on cell growth.
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Figure 1. Purification of soluble form oIGFIR sckFv-Fes. A) SDS-PAGE under reducing conditions
followed by Coomassie-staining (lanes 1-3) and immunoblotting (lancs 4 & 5) of the purified oIl GFIR
scFv-Fc. Shown are afGFIR scFv-Fe purified from conditioned media of two independent stable clones,
1F12 and [B8, as indicated. B) SDS-PAGE under nonreducing conditions, followed by Coomassie-
staining of the purified alGFIR scFv-Fc.
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Figure 2. Effects of cIGFIR scFv-Fc¢ and mAbs on '*T-IGF-I (A) and '"*I-IGF-1I (B) binding to the
purified human IGF-I receptor. The binding activity is cxpressed as the per cent of binding in the
absence of antibodies. Antibodies used are 0lGFIR scFv-Fc (0), 1H7 (0O), and control 2C8 (0).
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Figure 3. Effects of oIGFIR scFv-F¢ and 1H7 on 3 subunit phosphorylation of the purified IGFIR.
IGFIR was autophosphorylated in the presence of IGF-I and /or antibodies as indicated. Samples were
analyzed by SDS-PAGE under reducing conditions. Shown is a phosphoimage of the gel. Fold-
stimulation for the samples (lanes 2-7) was calculated by dividing the basal level phosphorylation (lane 1).
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A: 1H7 B: scFv-Fc

Day Day

Figure 4. Effects of oIGFIR scFv-Fc and 1H7 on cell growth in vitro. NIH cells overexpressing
IGFIR were cultured in DMEM supplemented with 2% FCS in the absence (¢) or presence of 10 nM
(M), 100 nM (A), or 1000 nM (X) of 1H7 (A) or ¢IGFIR scFv-Fc (B).
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Figure 5. Effects of intracellular expression of IGF-II ribozyme on PC-3 tumor growth in vivo in
nude mice. Nude mice, four each of 21 day-old mice, were inoculated s.c. in the flank with 10’ PC-3
cells or PC-3 cells expressing Rz or vector control cells. The results of Experiment #1 are shown; PC-3
(parental), R6 (vector control), R4 (vector control; not shown), R39 (Rz expressing), and Vector (Rz
expressing). Tumor growth was determined twice weekly by measuring length (/) and width (w), and the
tumor volume was calculated as w* x #/2. Two mice indicated with (%) in Rz-group were sacrificed
because tumors had been ulcerated.
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Figure 6. Effects of intracellular expression of IGF-II ribozyme on PC-3 tumor growth in vivo in
nude mice. Nude mice, four each of 21 day-old mice, were inoculated s.c. in the flank with 10’ PC-3
cells or PC-3 cells expressing Rz or vector control cells. The results of Experiment #2 are shown. PC-3,
R6, R39, and Vector, correspond to parental cells, vector control, and two Rz-expressing cells,
respectively. Four mice and three mice indicated with (1) in PC3 cell-group and Rz-group, respectively,
were sacrificed because tumors had been ulcerated.
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Figure 7. Effects of ocIGFIR scFv-Fc¢ administration on PC-3 tumor growth in vivo in nude mice.
Three week old athymic mice were inoculated in the flank S.C. with 2 x 10° PC-3 cells on Day 0. On
Day 5, aIGFIR scFv-Fc treatment started; intraperitoneal injections of olGFIR scFv-Fc into 6 mice each
(0.5 mg per mouse) twice weekly while control mice received PBS. Tumor growth was measured as
described above.
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ABSTRACT

Insulin-like growth factor (IGF)-II plays an important role in fetal
growth and development. IGFs are potent mitogens for a variety of
cancer cells. A paracrine/autocrine role of IGF-II in the growth of
breast and prostate cancer cells has been suggested. To test the role
of IGF-II in cancer cell growth, hammerhead ribozymes targeted to
human IGF-II RNA were constructed. Single (R)- and double (RR)-
ribozymes were catalytically active in vitro whereas mutant ri-
bozymes (M or MM) did not cleave IGF-II RNA. RR was more active
than R. In human prostate cancer PC-3 cells, both R and RR similarly

suppressed IGF-II messenger RNA (mRNA) levels (~40%) compared
with the level in parental or M-expressing PC-3 cells. Polymerase II
and III promoter-driven R similarly suppressed IGF-II mRNA levels.
Suppression of IGF-II mRNA levels by R was associated with sup-
pression of IGF-II protein levels. R- (or RR-) expressing PC-3 cells did
not grow under serum-starved conditions and showed prolonged dou-
bling times in the presence of 10% FCS compared with those of pa-
rental or M-expressing cells. These results substantiated that IGF-II
plays a critical role in prostate cancer cell growth. (Endocrinology 140:
2134-2144,1999)

CANCER arises as a result of a series of molecular al-
terations in normal cells including up-regulation of
growth factors that could facilitate uncontrolled cell growth.
Insulin-like growth factor (IGF)-I and -II are important mi-
togens for a variety of cancer cells (1). The mitogenic actions
of both IGF-I and -II are mediated via the IGF-I receptor
(2-4). IGF-II also binds to the IGF-II/mannose-6 phosphate
receptor and insulin receptor with high affinity while IGF-I
binds to these receptors with low affinity. In addition, IGF-
binding proteins bind IGFs with high affinity (5) and mod-
ulate IGF actions in both a positive and negative manner.
Thus, the activity of IGFs in the local tissues depend, not only
on the amount of IGFs produced, but also on the type and
amount of IGF system components present.

IGF-II is a 7.5-kDa single-chain polypeptide of 67 amino
acid residues, which is processed from its precursor (6).
Previous studies suggested that an incompletely processed
form of 15-kDa IGF-1l is expressed more abundantly than the
7.5-kDa form in many cancers (1, 7-9). The 15-kDa form of
human IGF-II was shown to have a mitogenic potency
greater than that of 7.5 kDa (10). We showed that of 36
prostate, 17 breast, 10 bladder cancers, and 9 paraganglioma
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tissues examined, IGF-II was expressed in more than 50% of
prostate, breast, and bladder tumors, and in 100% of para-
ganglioma tumors (9). Greater expression of the 15-kDa
IGF-II relative to the 7.5-kDa IGF-II form was clearly dem-
onstrated in all six prostate cancers and in one of the two
breast and two of the four bladder cancers examined (9). The
results are consistent with the hypothesis that the 15-kDa
form of IGF-II expressed in cancerous cells contributes to
autocrine cancer cell growth in vivo.

Evidence is accumulating that an enhanced IGF/IGF-I re-
ceptor (IGFIR) signaling leads to increased cancer cell pro-
liferation and tumorigenesis as well as antiapoptotic effects
(11, 12). For example, it has been demonstrated in experi-
mental systems that overexpression of human IGFIR pro-
motes ligand-induced neoplastic transformation (13) and tu-
morigenesis (14) in the presence of an active protein tyrosine
kinase. An important role of IGFIR in mediating c-Myc-
induced apoptosis of fibroblasts in low serum medium was
first reported (15). Since then, a series of studies supporting
the antiapoptotic role of IGFIR in cancer cells have been
published (16-18). In brief, reduction of the number of IGFIR
by introduction of antisense IGFIR cDNA caused extensive
apoptosis it vivo in several transplantable human or rodent
tumors (16).

In the case of prostate cancer, it was originally reported
that IGF-1 is responsible for autocrine growth of human
prostate cancer cell lines including androgen-dependent
LNCaP as well as hormone-independent DU145 and PC-3
cells (19). We and others more recently showed that IGF-II,
but not IGF-, is produced in those established human pros-
tate cancer cell lines and suggested an autocrine regulation
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of DU145 and PC-3 cell growth by IGF-II (20-22). Further-
more, recent studies using in situ hybridization and immu-
nohistochemistry indicated that epithelial cells rather than
stromal cells in prostate tumors express IGF-I1 in vivo (9, 23).
These data provided the basis for using prostate cancer as a
model to test the hypothesis that cancer cell growth may be
regulated by IGF-II in an autocrine manner.

Blockage of IGF-II/IGFIR signaling and subsequent effects
on cell growth, transformation, and tumorigenicity have
been reported. Examples of strategies to block IGF-II/IGFIR
signaling include 1) inhibition of IGF-II expression by anti-
sense oligonucleotides or RNAs (24-26); 2) inhibition of
IGFIR expression by antisense oligonucleotides or RNAs (19,
27-28); 3) blockage of IGFIR by IGFIR monoclonal antibody
such as aIR-3 (29, 30); and 4) blockage of IGF-mediated
growth by IGF-binding proteins (20, 31). In addition, a num-
ber of anticancer drug agents have been shown to work, at
least in part, by suppression of IGFIR action. For instance,
suramin administration to breast, lung, and prostate cancer
patients significantly reduced IGF-I and -II serum levels (32).
Similarly, the antiestrogen tamoxifen has a powerful cyto-
static effect in breast cancer cells, which in part is due to its
inhibitory effect on the IGF-I/IGFIR axis (33).

Ribozymes (RZs) are RNA enzymes that specifically cleave
their respective target RNAs, thereby inhibiting the expres-
sion of specific gene products. Hammerhead-type RZs work
incis (intramolecularly) in nature, but separation of cis-acting
RZs into two RNA fragments can convert them into trans-
acting RNAs capable of site-specific cleavage of substrate
RNAs. In the last 15 yr, RZs have progressed from an in-
triguing subject of scientific study to therapeutic agents for
the potential treatment of both acquired and inherited dis-
eases (34). It is becoming increasingly evident that RZs can
serve the duel function of a tool to elucidate the functional
roles of many gene products as well as therapeutic agents
designed to functionally destroy deleterious RNAs. Suppres-
sion of IGF-II expression by IGF-II-specific RZs in cells has
never been reported. We thus constructed catalytically active
IGF-II RZs and expressed them intracellularly in human
prostate cancer PC-3 cells.

Materials and Methods
Design and construction of IGF-II RZs

Two hammerhead RZs were designed and constructed to be com-
plementary to the sequence near the translation initiation site of human
prepro-IGF-Il mRNA at nucleotides 16-30 and 16~46, respectively (35)
(Fig. 1). As controls, activity of RZ was inactivated by introducing a point
mutation of G to A in the catalytic core as shown in Fig. 1. Template
DNAs for RZs and mutant RZs were prepared by filling in the opposite
strands of two overlapping oligonucleotides by PCR. The oligonucleo-
tides used for construction of the single ribozyme were 5'-ACGCGTC-
GACCAGCATCCT(A/G)ATGAGTCCGTGAGG-3' (34 bases) and 5'-
GCTCTAGAGCGGGGAAGTTTCGTCCTCACGGACTC-3' (35 bases),
which contained restriction enzyme Sall and Xbal sites, respectively. The
primers for the double RZs were 5'-ACGCGTCGACAGAAGGTCT(A/
G)ATGAGTCCGTGAGGACGAAAGAAGCACCAGCAT-3' (53 bases)
and 5'GCTCTAGAGCGGGAAGTIT CGTCCTCACGGACTCAT(C/
T)AGGATGCTGGTGCTT-3’ (52 bases), which contained restriction en-
zyme Sall and Xbal sites, respectively. For both single and double RZs, the
sequences that are complementary are underlined. Note that the position
indicated as (/) represents equal ratios of both nucleotides incorporated to
generate both active and inactive (mutant) RZ at the same time. The tem-
plate DNAs for single and double RZ were prepared by five cycles of PCR

Single ribozyme

11 21 | 31
5-CAAUGGGGAAGUC GAUGCUGGUG-3'
3'CCCCUUCA CUACGACCAS'
A C A

Double ribozyme

11 21 4 31 I 41
5-CAAUGGGGAAGUC GAUGCUGGUGCUUCUC ACCUUCUUGG-3'
3'CCCUUCA CUACGACCACGAAGA UGGAAGAS'

A C A A C A
A U X A U X
G A G G A GA
cG Gyt CG Gy

AU AU

GC GC

GC GC

A G A G

GU GU

Fic. 1. Structure of the hammerhead RZ and target human IGF-II
RNA. Secondary structures of single and double RZs and IGF-II sub-
strate RNA are illustrated. Cleavage of the IGF-1I substrate occurs at
3’ of the GUC or CUC as indicated with | . To produce an inactivated
RZ, a highly conserved base, G5, in the catalytic domain, which is
required for cleavage, was mutated to A as shown (G — A).

of 94 C for 1 min, 37 C for 1.5 min, and 72 C for 1.5 min, and five cycles of
PCR of 94 C for 1 min, 33 C for 1.5 min, and 72 C for 0.5 min, respectively.
After the PCR, the quality of PCR products was examined by PAGE. The
PCR products were cleaned up, digested with Sall and Xbal, and subcloned
into the Sall / Xbal sites of pTZU6 + 27 vector, which contained the human
U6 promoter and pUC19 multiple cloning site (36). After the ligation re-
action was carried out, the ligation products were electroporated into Escli-
erichia coli XL-1 blue cells. The bacteria were plated on the LB agar con-
taining ampicillin, X-gal, and isopropyl-B-p-thiogalactopyranoside.
Plasmids were prepared from white colonies, and colonies containing the
correct inserts were identified by Sall/ Xbal digestion and gel electrophore-
sis. To confirm authenticity of the RZs, plasmid DNAs were prepared and
subjected to Southern blot analysis and DNA sequencing. Clones express-
ing single RZ (R) and its mutant (M, an inactive RZ in which a point
mutation of G5 to A is introduced), and double RZ (RR), its mutant (MM),
and double RZ with one mutant, RM or MR, were isolated. These plasmids,
pTZU6+27/RZ, were used for both in vitro transcription of RZ as well as
RNA polymerase (pol) IlI-driven expression of the RZ in mammalian cells.

Overlapping oligonucleotides that contained Hindlll or Xbal sites
were used to produce R or M, which was subcloned into Hind1Il/ Xbal
sites of pcDNA3 (pcDNA3/RZ). The primers used were; 5'-GCTCTA-
GAGCGGGGAAGTTTCGTCCTCACGGACTC-3' and 5'-CCCAAGCT-
TGGGCAGCATCCT(A/G)ATGAGTCCGTGAGG-3’, in which comple-
mentary sequences are underlined. The template DNAs for R or M were
prepared as described for pTZU6 + 27.

Subcloning of IGF-II substrate

To test the in vitro cleavage efficiencies of the RZs, a substrate human
IGF-II RNA [-6 to +74, 80 nucleotides (nt)] was prepared by subcloning
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a small fragment of IGF-II cDNA into pBluescriptll KS(+) (Stratagene,
San Diego, CA). A DNA template for the IGF-Il RNA was prepared by
PCR from the full-length IGF-Il cDNA (9). The primers used for the PCR
were: 5'-CGGAATTCCGACACCAATGGGAATCCC-3' and 5'-CGG-
GATCCCGGCAGGC AGCAATGCAGCACGA3-', which contained a
restriction enzyme site, BamHI and EcoRI, respectively. PCR was per-
formed as follows: 95 C for 3 min, and then 30-cycle amplification of 95
C for 1 min (denaturing), 55 C for 1 min (annealing), and 72 C for 1 min
(extension).

The PCR product, digested with BamHI and EcoRI, was ligated into
pBluescript KS. Transformation of the ligation mixture was achieved by
electroporation. Briefly, 3 ul of the ligation mixture were electroporated
into E. coli XL1 blue cells. After LB was added, the bacteria were incu-
bated at 37 C for 1 h to allow the antibiotic-gene express, and then plated
on LB/1.5% agar containing 100 ug/ml Ampicillin, which had been
layered with 100 ul of 0.05% X-gal and 75 mm IPTG, and grown at 37
C overnight. Plasmids were prepared from white colonies and their
inserts were examined by BamHI/EcoRI double digestion and gel elec-
trophoresis. Colonies containing the right-size insert were selected. To
confirm the authenticity of the IGF-II substrate sequence, plasmid DNAs
were subjected to DNA sequencing.

Preparation of IGF-II mRNA substrate by in vitro
transcription

The plasmids that contained the IGF-II substrate (—6 to +74) and the
full-length IGF-II were linearized by BamHI digestion and used as tem-
plates for in vitro transcription. Transcription reactions were carried out
at 37 Cfor 1 hin 40 mm Tris-HCI buffer, pH 7.9, containing ~0.2 ug DNA
template, 0.5 U/ ul of T3 RNA pol, 20 mm MgCl,, 10 mm NaCl, 10 mm
dithiothreitol, 0.5 mm each of ATP, GTP, and uridine triphosphate, 0.05
mw cytidine triphosphate (CTP), 10 uCi of [a-**P]CTP, and 1 U/ ul of
RNasin (Promega Corp., Madison, WI). After transcription, the RNAs
were treated with RNase-free DNase I for 15 min and purified by
electrophoresis in a 6% denaturing polyacrylamide gel for 1 h at 200 V.
Before purification, a small aliquot of RNAs was removed to use for
calculation of the specific activity. After electrophoresis, the gel was
exposed to a Kodak XRP film (Eastman Kodak Co., Rochester, NY) for
1 min and the film was developed. The region of the gel containing the
desired RNA band was excised and crushed into fine pieces. The IGF-II
substrate RNA was eluted in an elution buffer overnight. The aqueous
phase was removed and mixed with phenol-chloroform-isoamyl alcohol
(25:24:1) to extract the RNA. The substrate RNA was precipitated with
ethanol, redissolved in 20 ul diethyl pyrocarbonate-treated H,O, and
stored at —75 C.

In vitro transcription of RZs

The pTZU6+27/RZ plasmids were linerarized by Xbal digestion and
used as templates for transcription of IGF-II RZ as described for sub-
strate RNA preparation with two exceptions: only a trace amount of the
radioisotope was used and T7 RNA pol was used instead of T3 RNA pol.

In vitro RZ cleavage assays

RZ assays were performed according to the methods previously
described (37, 38). Briefly, RZs and substrate were heated independently
for 1 min at 90 C in 10 ul of water. After cooling to 25 C, the reaction
buffer was added to a final concentration of 10 mm MgCl,, 140 mm KCl,
and 50 mm Tris-HCl, pH 7.5. RZs and substrate were then combined and
incubated at 37 C. The reaction was stopped by adding an equal volume
of stop solution (0.5% of SDS/25 mm EDTA) and then 100 ul of phenol.
The aqueous phase was brought to 100 ul. After vortexing, the aqueous
phase was removed and the RNAs were precipitated with ethanol. The
RNAs were analyzed by 6% polyacrylamide/8 m urea gel electrophore-
sis. Radioactive bands were visualized by autoradiography and quan-
titated by a PhosphorImager (Molecular Dynamics, Inc.).

The single turnover experiments using RZ excess over substrate were
carried out to determine the first-order rate constant for cleavage of the
substrate (39). The initial cleavage velocities under single-turnover con-
ditions were determined at a constant substrate concentration of 1 nm
and varying RZ concentrations. Reaction mixtures (10 ul) containing 0,
2.5, 5, 10, 20, 30, and 40 nM RZ and the substrate RNA (at a final
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concentration of 1 nm) were incubated at 37 C for 2 h. The reaction was
stopped by the addition of 10 ul of the stop solution and analyzed by
PAGE as described above. K,/ K, values were obtained by plotting the
remaining fraction of the **P-labeled substrate RNA (Frac S) against the
ribozyme concentration ([RE]) according to the following equation k =
— In (FracS)/t = [RE] X k.:/K,, where k is the observed reaction rate
and t is the reaction time of 2 h.

Cell culture and transfections

Human prostate cancer PC-3 cells were transfected with
pTZU6+27/RZ or pcDNA3/RZ. The calcium-phosphate precipitation
method was used to cotransfect PC-3 cells with pTZU6+27/RZ expres-
sion and neo vectors (40). Briefly, 24 h before transfection, exponentially
growing cells were harvested by trypsinization and replated into 90-mm
tissue culture dishes. Ten milliliters of RPMI 1640 medium with 10% FCS
were added, and cells were incubated overnight at 37 C in a humidified
incubator in an atmosphere to 5% CO,. To those cells, were added 0.5
ml of 0.25 M CaCl, containing 18 ug of superhelical plasmid RZ DNA,
2 g neo Vector DNA, and 0.5 ml of 2X PBS-buffered saline. The cells
were incubated for 15 min at room temperature. RPMI 1640 medium
with 10% FCS was added dropwise to the cells in the dishes, which were
gently swirled. The cells were incubated for 16 h at 37 C in a humidified
incubator in an atmosphere of 3% CO,. The medium was removed by
aspiration, and cells were rinsed twice with medium. Ten milliliters of
fresh medium were added, and cells were incubated for 24 h at 37 C in
a humidified incubator in an atmosphere of 5% CO,. After 24 h incu-
bation in nonselective medium to allow expression of the transferred
genes to occur, the cells were trypsinized and replated in medium
containing 600 pg/ml of G418. The medium was changed every 3 days
for 4 weeks to remove the debris of dead cells and to allow colonies of
G418-resistant cells to grow.

For the RNA pol II-driven RZ expression system, PC-3 cells were
transfected by electroporation. Cells were grown to 70% confluence,
trypsinized for 2 min, centrifuged in the table-top centrifuge, and re-
suspended in PBS buffer at a cell density of 5 X 10° cells per ml. This
suspension was preincubated with 5-20 ug of DNA in 800 ul of PBS
buffer on ice for 10 min with mixing, transferred to a cuvette, and
immediately pulsed with the following settings: capacitance, 800 pFar-
ads; resistance (R4), R4 (72 ohm); and charging voltage, 350 V. A 4-mm
gap chamber was used in a BTX electroporator (San Diego, CA). After
pulsing, the cells were left in ice for 10 min, transferred into the Petri
dish, and cultured in the medium containing 600 pg/ml of G418 for at
least 1 month.

Detection of IGF-II RZs expressed in PC-3 cells

RZ expression in G418-resistant clones was confirmed by RT-PCR. A set
of primers for detection of RZ prepared were 5'-primer, 5-TCGCTTCG-
GCAGCACGTCGAC-3', containing a sequence corresponding to the junc-
tion between U6 promoter and the RZ, and 3'-primer, 5-GGGAAGTI-
TCGTCCTCACGGA-3’, containing a sequence of the catalytic stem
underlined. RT reaction was performed at 37 C for 45 min by mixing 4 ug
of total RNA from the PC-3 transformants with 10 pmol of the 3'-primer
in 50 mm Tris-HCl, pH 7.5, containing 10 mm dithiothreitol, 75 mm KCl, 3
mM MgCl,, 1 mum of each deoxynucleoside triphospate, 800 U of Moloney
murine leukemia virus reverse transcriptase, and 20 U of RNasin. RT
reaction products, equivalent to 1 ug of total RNA from each clone, were
processed through 30 cycles of PCR with denaturation at 94 C for 1 min,
annealing at 47 C for 2 min, and synthesis at 72 C for 3 min, in a final volume
of 20 pl. One half of the reaction product was analyzed in 2% agarose gel,
stained with EtBr, and blotted onto a nylon membrane. The blot was
hybridized with a specific *P-labeled oligonucleotide probe, 5'-TGGTC
GTAGGACTACTCA-3' (underline and bold indicate the complementary
sequence to the catalytic stem and the position mutated in M, respectively)
at54 C for 16 hin 6 SSC, 5X Denhardt’s solution, 1% SDS, and 100 ug/ml
herring-sperm DNA. The membrane was washed three times in 2X SSC
and 0.1% SDS for 30 min at 51 C. The bands hybridized with the ribozyme-
specific probe were visualized by autoradiography. For detection of RZ in
pcDNA3/RZ clones, PT-PCR was performed under the same conditions as
above using 5'-primer, 5'-CCCACTGCTTACTGGCTTATCGA-3', and 3'-
primer, 5'-GGACAGTGGGAGTGGCACCTTC-3".
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Quantitation of IGF-II mRNA levels in PC-3 cells by
quantitative competitive (QC)-PCR

The 5'- and 3'-primers used to detect RZ-mediated cleavage of IGF-II
RNA in cells were 5'-CCAGCACCAATGGGAAT CCCAATGGG-
GAAG-3' (-10 to +21) and 5'-GTATCTGGGGAAGTTGTCCGGAAG-
CAC GGTC-3" (+294 to +324), respectively. pBluescript KS/IGF2,
pBluescriptll KS(+) (Stratagene, La Jolla, CA) containing approximately
1kb EcoRI fragment encoding the human precursor IGF-11 (911-2067 nt)
(9) was used to generate a new plasmid that encodes a competitor IGF-II
sequence. Detailed methods will be published elsewhere (Xu, Z.-D., R.
Mineo, 5.-J. Liang, and Y. Fujita-Yamaguchi, manuscript in preparation).
Briefly, a 110-bp Sall/ Sall fragment was inserted into the IGF-II sequence
between the PCR primers so that when the competitor IGF-II RNA was
transcribed, it would provide a template for a PCR product that is 110
bp longer than that derived from the authentic IGF-Il mRNA. In the
presence of the competitor RNA, a 444- bp band, which was therefore
produced in addition to the 334-bp band derived from an endogenous
IGF-II RNA.

Conditioned medium

PC-3 cells and transfectants were seeded in 25-cm? flasks in the
regular medium. The next day, cells were washed with PBS three times
and grown for 2 days in 4 ml of RPMI 1640 containing 0.1% BSA.
Condition media were collected and analyzed for IGF-II and -I as pre-
viously described (22). At the time of conditioned medium collection,
cell numbers were determined with a hemocytometer, and the IGF-II
protein level was expressed as nanograms/ml/10° cells.

Determination of cell proliferation

Cell growth was determined by the 3-(4,5-Dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT) method, which measures mito-
chondrial dehydrogenase activity that is active only in living cells. Cells
(10* cells per well) were plated in 96-well plates containing 100 ul of
medium and cultured 37 C for 4 days. Atdays 1,2, 3, and 4, 20 ul of 0.5%
MTT were added to the wells in triplicate. After incubation at 37 C for
4 h, the medium was removed and 100 ul of isopropyl alcohol supple-
mented with 0.05 N HCI were added. The color developed was quan-
titated by measuring absorbance at 540 nm.

Doubling times of parental PC-3 cells and transfectants were deter-
mined by time-lapse microscopy. Approximately 10° cells of each clone
were seeded in medium supplemented by 10% FCS in a T-25 flasks and
incubated at 37 C overnight. The flasks were placed under a phase
contrast microscope (Nikon, Melville, NY) ina warm room. A good view
of isolated cells was selected and video-recorded for 4 days. Doubling
time for each clone was averaged from those of five to eight cell
divisions.

Results
In vitro RZ cleavage reactions

Catalytic activity of the RZs constructed was examined
using the shorter IGF-II RNA (—6 to +74) as a substrate
unless otherwise stated.

Time course. The substrate, 7.7 nM, was incubated with 12.3
nM RZ, R or M, at 37 C for 10 to 210 min (substrate-RZ ratio
of 0.6:1). As shown in Fig. 2, only the active RZ cleaved the
substrate in a time-dependent manner. After incubation for
210 min, all the substrate was apparently digested by R.

Substrate-RZ ratio. RZ cleavage reactions were carried out
under different substrate-RZ ratio conditions. After incuba-
tion at 37 C for 210 min, more than 80% of the substrate was
cleaved by single RZ, R, at the substrate-RZ ratio of 1.2 or 0.6.
In contrast, percent cleavage was markedly reduced at the
substrate-excess condition.

12 3 456 7 8 910 11

bebyoesude

Ribozyme -
(RorM, 347nt)

Substrate > ® o~ -
(147 nt)

P1(89nt) - -

P2(58nt) — - - -
Ribozyme(R) - + - + + + + + + + -
InactiveRz(M) - - + - - - - - - - 4
Substrate + = — 4+ 4+ o+ + 4+ + + +

Reaction Time 210 10 30 60 90120 180 210 min

Fic. 2. Time course of RZ cleavage reaction by single RZs in vitro.
Both RZs and substrate were 32P labeled. A substrate-RZ ratio of 0.6:1
was incubated at 37 C for indicated time, 0-210 min. After cleavage
reactions, RZ, substrate, and products were separated by 6% poly-
acrylamide/8 M urea gel electrophoresis. Nucleotide (nt) sizes of ri-
bozymes, substrate, and products contain additional 5’-sequences
derived from the vectors (see Figs. 1 and 3C for schematic illustra-
tions). Note that the free substrate concentration after incubation for
3 h with M (lane 11) seems to become lower than the substrate only
(lane 1), probably due to formation of a stable substrate/M RZ com-
plex, which is resistant to denaturation conditions used in these
studies.

In vitro cleavage reactions of single and double RZs. RZ activities
of single RZ (R), double RZ (RR), its mutant (MM), and
double RZs with one mutant (RM and MR) were analyzed.
Figure 3A demonstrates that in vitro cleavage reactions of
both single and double RZs produced the expected sizes of
cleavage products as illustrated in Fig. 3C. Mutant double RZ
(MM) did not cleave the substrate RNA at all. To compare
relative cleavage efficiencies among various RZ constructs,
the intensity of the product, either P1 or P1’, was quantitated.
Figure 3B clearly indicates that R and RM are equally active
whereas MR is less effective in cleaving the substrate IGF-II
RNA than RM or R. The double RZ, RR, appeared the most
active RZ of the four RZs that we constructed to target IGF-II
RNA.

Comparison of RZ cleavage reactions by single and double RZs.
Since the results of in vitro cleavage reactions suggested that
RR is more active than R (Fig. 3), catalytic efficiencies of
single and double RZs were further compared.

Kinetic analysis for the two RZs, R and RR, were per-
formed under single-turnover conditions using the short
IGF-II RNA substrate. The results summarized in Fig. 4 re-
vealed K_,./K,,, = 1546 and 4772 M~'s™", respectively. This
indicates that the double RZ is approximately 3-fold more
efficient in cleaving the substrate IGF-II RNA than the single
RZ in vitro (P < 0.05).

The catalytic efficiencies of single and double RZs were
also examined using the precursor IGF-II RNA (1157 nt) as
a substrate. Both RZs cleaved the IGF-II RNA substrate after
incubation for 16 h (Fig. 5A, lanes 11 and 12). The time course
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Fic. 3. Comparison of RZ cleavage reaction by single and double RZs in vitro. A, Autoradiogram. Cleavage reactions by single RZ (R), double
RZ (RR), its mutant (MM), and double RZs with one mutant, RM or MR, were compared. Both RZs and substrate were 32P labeled. Note that
RZs were 2P labeled with only trace amounts of radioactivity while the substrate was fully 32P labeled. The differing intensities of RZs are
due to differences in the levels of radioactivity incorporated during in vitro transcription of template encoding different RZ constructs. RZ
reactions were carried out at 37 C for 210 min at a substrate concentration of 5 nM in the presence of 1 or 5 nM RZ (R, RM, MR, RR, or MM).
After cleavage reactions, RZ, substrate, and products were separated by 6% polyacrylamide/8 M urea gel electrophoresis. Nucleotide (nt) sizes
of the RZ, substrate, and products are indicated. B, Relative intensity of the RZ product, P1 or P1’. Cleavage efficiencies of the RZs shown in
lanes 1-8 in panel A were determined by quantitating the intensity of the products, P1 or P1'. C, Schematic illustration of IGF-II RNA substrate
and RZ products. The IGF-II substrate and RZ cleavage sites are presented schematically to show nt sizes of the products derived from each
RZ or inactive RZ. An additional 5'-sequence which is attached to the substrate is shown as ~~~~~ .

A. Single ribozyme (R) B. Double ribozyme (RR)

300 -

m 4
- T o
@ 200 4 Kcat/Km, M's
v R RR
@ 15071 Experiment | W 1803 5840
¥ 101 Experiment 2 ¢ 965 3704

50 Experiment 3 A 1870
0 Mean + SD* 1546 £ 411 4772 £ 1068
*P<0.
0 20 40 0 20 40 0.05
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Fic. 4. Comparison of single and double RZs in vitro by single-turnover experiments. Single turnover experiments with RZ in excess over
substrate were carried out and K /K_, values were calculated as described in Materials and Methods. In Exps 1 and 2, R and RR were assayed
in parallel.

experiment, however, revealed that during the first 3 h of
incubation, RR cleaved the substrate in a time-dependent
manner whereas R did not appear significantly to cleave the

substrate (Figs. 5A, lanes 1-8, and Fig. 5B). This result is
consistent with that of the kinetic analysis that indicated that
RR is more active than R in vitro.
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Fic. 5. RZ cleavage reaction by single and double RZs in vitro using the precursor IGF-II RNA as a substrate. A, Autoradiogram. Prepro-IGF-II
RNA (1157 nt) was synthesized from BluescriptIl KS encoding the prepro-IGF-II cDNA. Both RZs and substrate were 32P labeled. RZ reactions
were carried out 37 C for 1-16 h at a substrate concentration of 15 nM with 1.2 mM single or double RZ. The results of two independent experiments
are shown; lanes 1-8 and lanes 9-14 are from Exp 1 and 2, respectively. B, Relative intensity of the RZ products. Cleavage reaction by RR
was shown as average of P1 and P2 produced after incubation of 1, 2, and 3 h. C, Schematic illustration of IGF-II RNA substrate and RZ products.
RZ cleavage sites and expected products are schematically presented.

Intracellular cleavage of IGF-II mRNA by RZs

Intracellular activity of the RZs was determined in PC-3
cells that were stably expressing RZs. Two expression sys-
tems that use RNA pol IIl and II were used in this study.
While RNA pol II expression systems have been developed
for years and widely used for the expression of proteins,
RNA pol III expression systems have been suggested to be
advantageous for stable, high steady-state expression of
short chimeric RNAs since RNA pol IlI-driven chimeric tran-
scripts are more abundant than poly(A)* RNAs in mamma-
lian cells (41).

Stable expression of RZs in PC-3 cells driven by RNA Pol III
promoter (pTZU6+27 vector).

Detection of RZ mRNA in PC-3 cell transfectants. Expression
of R, M, and RR in four, two, and two transfectants, respec-
tively, was confirmed by EtBr-stained agarose gel electro-
phoresis of RT-PCR products prepared from DNase I-treated
RNA (data not shown). No PCR amplification was made
when PCR was performed from the corresponding RNA
preparations without RT (data not shown). RT-PCR products

derived from single and double RZs migrated at the same
positions as PCR controls for R and RR, respectively, pre-
pared from the plasmids encoding R and RR (data not
shown). The authenticity of R, M, and RR was confirmed by
Southern blot analysis using an oligonucleotide probe com-
plementary to the R sequence (data not shown). The mutant
RZ did not hybridize with the R-specific probe at 54 C due
to a one-base mismatch in the probe sequence.

Quantitation of IGF-II mRNA levels in PC-3 cell transfectants.
IGF-II mRNA levels in parental and transfected PC-3 cells
were determined by QC-PCR using a competitive IGF-II
RNA as a control (Fig. 6A). Endogenous IGF-Il mRNA levels
in PC-3 cells expressing R or RR were suppressed by 62% or
68%, on average, compared with that of parental PC-3 cells,
whereas cells expressing M had little effect (12% suppressed)
on the IGF-II mRNA levels (Fig. 6, A and B) as determined
by quantitative RT-PCR.

Effect of RZ expression on PC-3 cell growth. The effect of
intracellular expression of RZs and the subsequent reduction
of IGF-Il mRNA and protein levels on cell growth was eval-
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B. Endogenous IGF-Il mRNA levels
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Fic. 6. PC-3 transfectants expressing single (R), double (RR) or inactive single (M) RZ under the control of Pol III promoter. A, Endogenous
IGF-II mRNA levels as determined by QC-PCR. Quantitative RT-PCR was performed using IGF-1I-specific primers and 1 pg of total RNA
prepared from parental PC-3 cells (lane 3) and transfectants (lanes 4-11) in the presence of a competitor IGF-II RNA (110 bp longer than the
authentic IGF-II mRNA). Lanes 1 and 2 show PCR products from control IGF-II and PC-3 RNA, respectively. B, Endogenous IGF-II mRNA
levels in parental PC-3 cells and R-, RR-, or M-expressing PC-3 cells. Endogenous IGF-II mRNA was expressed as the ratio to control RNA,

which is further normalized by 18S ribosomal levels shown in panel A.

TABLE 1. Effect of RZ expression on PC-3 cell growth

Relative cell growth after 2 days in SFM
(mean * SE)*

1.23 +0.02(n=2)
0.58 + 0.13 (n = 5)°
04(n=1)

1.61 = 0.33 (n = 2)

PC-3 cells and transfectants were plated in 24-well plates (1.3 X
10 cells per well), and cell numbers were counted after 2 day-culture
in serum-free medium. Cell growth is expressed as a ratio of the cell
number at day 2 to the original cell number seeded.

@ The relative cell growth values are mean values of those of in-
dependently isolated stable clones. Numbers of clonally selected
transfectants are indicated in parentheses. For parental PC-3 cells,
n = 2 means two independent measurements of the cell line.

b Significantly different (P < 0.01) by Newman-Keuls post hoc test
compared with parental PC-3 cells.

Parental PC-3 cells
R-expressing PC-3 cells
RR-expressing PC-3 cells
M-expressing PC-3 cells

uated under serum-free conditions. Parental PC-3 and trans-
fectants were grown in serum-free medium (SEM) for 2 days.
While cell numbers of parental PC-3 cells or M-expressing
cells increased, those of R- or RR-expressing cells decreased
(Table 1), indicating that catalytically active RZ expression is
inhibitory for PC-3 cell growth. These results suggest that
cleavage of IGF-IIl mRNA by R or RR, but not the potential
antisense effect of M per se, is required for inhibition of PC-3
cell growth.

Stable expression of RZs in PC-3 cells driven by RNA Pol II
{(pcDNA vector). While the transcripts expressed by the RNA
pol IIT U6 + 27 system are nuclear (36), capped, polyade-
nylated RNA pol II transcripts are more likely to direct RZ
transcripts to the same intracellular compartment as the tar-
geted IGF-Il mRNA in the cytoplasm. To compare RZ activity
under the control of RNA pol I promoter, PC-3 cells were
transfected with pcDNA3/RZ.

Detection of RZ mRNA in PC-3 cell transfectants. Of 10 trans-
fectants examined, expression of R was confirmed in 4 in-
dependent clones by RT-PCR (Fig. 7A). EtBr-stained agarose

gel electrophoresis of the RT-PCR product also identified six
G418-resistant clones that do not express R. They were used
as vector-control cells below.

Measurements of IGF-Il mRNA and protein levels in PC-3 cell
transfectants. IGF-Il mRNA levels in parental and transfected
cells were determined by QC-PCR (Fig. 7B). Endogenous
IGF-II mRNA levels for parental, R-expressing, and vector-
transfected PC-3 cells were 0.2 (n = 1), 0.045 = 0.005 (n = 4),
and 0.122 = 0.018 (n = 6), respectively. Endogenous IGF-II
mRNA levels in R-expressing PC-3 cells were thus reduced
to approximately 40% level when compared with those of six
transfectants that do not express R (vector-control), and to
about 20% level when compared with that of parental PC-3
cells. In parallel to the IGF-II mRNA levels, IGF-II protein
levels secreted into conditioned media by R-expressing PC-3
cells were significantly lower than those of parental or vector
clones, while that of the vector-transfected cells was mod-
estly reduced (Table 2)".

Effect of RZ expression on PC-3 cell growth as measured by the
MTT method. The growth of parental PC-3 cells and the vec-
tor- or R-transfectants, shown in Fig. 7, were analyzed in SFM
(Fig. 8A) or in the presence of 2% FCS (Fig. 8B). The results
clearly demonstrate that PC-3 cells expressing the IGF-II RZ
do not grow well under serum-free or 2% FCS conditions.
The results are similar to the observation we had for R- or
RR-expressing PC-3 cells under the control of RNA pol III
promoter. Since the R-expressing PC-3 cells were isolated
after culturing those transfectants in the medium containing
10% FCS, they must have been able to grow in the presence
of 10% FCS (see time-lapse microscopy experiments below).

1 IGF-I protein levels secreted into conditioned media by parental and
PC-3 cell transfectants were determined. The IGF-I levels measured,
however, were too low to be informative given that PC-3 cell IGF-Ilevels
are below accurate levels of detection (22).
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Fic. 7. Expression of RZ under the control of Pol II promoter. A,
Detection of RZ expression by RT-PCR. Experiments were performed
as described in Fig. 6A. B, Endogenous IGF-II mRNA levels in pa-
rental PC-3 cells, R-expressing PC-3 cells, and vector-controls as
determined by QC-PCR. Experiments were performed as described in
Fig. 6B. C, IGF-II protein levels in conditioned media. IGF-II protein
levels in conditioned media harvested from parental cells and PC-3
cell transfectants were measured in duplicate.

Effect of RZ expression on PC-3 cell growth as measured by
time-lapse microscopy. Analysis of cell division of parental
PC-3 cells, vector-transfected cells (V37), and R-expressing
PC-3 cells (R4, R6, and R39) revealed doubling times (mean *
sEM) of 283 + 039 (n =8),323 £10(n=3),37 £ 1.1 (n =
6), 38.6 + 2.3 (n = 5), and 42.5 £ 2.8 (n = 2) h, respectively
(Table 3). This result indicates that PC-3 cells expressing the
IGF-II RZ showed a significantly prolonged doubling times
compared with parental PC-3 cells, while the doubling times
of vector-transfected PC-3 cells are not significantly different
from those of the parental cells.

Discussion

Hammerhead RZs against human IGF-II RNA, which we
have constructed, were catalytically active in vitro. The cat-
alytic efficiencies, however, varied among differently de-
signed IGF-II RZs. The results can be summarized as follows;
RR >R ~ RM > MR. This indicates that the first RZ cleavage
site may be a better target than the second RZ cleavage site
since the cleavage of the former by R, RM, or RR was more

TABLE 2. IGF-II protein levels secreted into conditioned media

IGF-II protein level

Exp (ng/mV/10° cells)

Parental PC-3 cells 1 6.22

2 5.85

Vector-transfected PC-3 cells 1 4.07
2 4.5

R-expressing PC-3 cells (R3) 1 2.07

2 291

R-expressing PC-3 cells (R4) 1 2.95
2 2.5

R-expressing PC-3 cells (R6) 1 2.31

2 2.06

R-expressing PC-3 cells (R39) 1 1.07

3.68

IGF-II protein levels in conditioned media harvested from parental
PC-3 cells and transfectants were measured in duplicate. IGF-II pro-
tein levels in the pooled data of R-expressing PC-3 cells were signif-
icantly different (P < 0.01) by Newman-Keuls post hoc test compared
with parental and vector-transfected PC-3 cells.

efficient than that of the later by MR. Of three double RZs
examined, RR was more active than RM and MR. RR was also
3-fold more efficient in cleaving a substrate IGF-II RNA than
R as judged by kinetic analysis under single-turnover con-
ditions. Both RM and R were equally active despite the dif-
ference in the length of antisense arms, 29 and 17 nt, respec-
tively. These results suggest that the tandem repeat of two
catalytic domains enhances the catalytic efficiency of the RZ
rather than the longer antisense arms. When a longer RNA
substrate was used, RR was much more effective in cleaving
the substrate than R. However, the cleavage of the longer
substrate (1157 nt) required a much higher concentration of
RR than that of the shorter substrate (147 nt). These obser-
vations are generally in good agreement with the results of
previous studies that systematically analyzed the effects of
catalytic core tandem repeats (42) or antisense arm lengths on
RZ cleavage reactions in vitro (43).

Single and double RZs were stably expressed in human
prostate cancer PC-3 cells under the control of RNA pol III
or pol II promoter. Stable transfectants were isolated and
used to determine the efficacy of the RZ activity in cells and
effects of active RZs on cell growth. Establishment of quan-
titative assays for the target RNA was necessary for the
detection of RZ cleavage reactions in vivo (in cell line). The
QC-PCR method was used in this study because it is very
sensitive, specific, and quantitative (44). In contrast to most
of the RT-PCR methods that use two pairs of primers, the
competitor IGF-Il RNA shares the same sequences for primer
binding as the target endogenous IGF-II mRNA. But, it con-
tains an additional 110-base long insert that will give a PCR
product larger than the PCR product generated from the
target endogenous IGF-I mRNA. This 110-base difference in
size was sufficient for easy separation of the two PCR prod-
ucts on denaturing polyacrylamide gels and for quantitation
of the radioactive bands with a PhosphorImager (Fig. 6A).
Using QC-PCR, we have clearly demonstrated that the in-
tracellularly expressed RZs cleaved endogenous IGF-II
mRNA.

Interestingly, in our study, single and double RZs showed
almost the same level of efficacy in reduction of IGF-IImRNA
in PC-3 cells. This observation can be explained in the fol-
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Fic. 8. Effect of RZ expression on PC-3 cell growth as measured by the MTT method. Cell growth under serum-free conditions (A) or in the
presence of 2% FCS (B). Parental PC-3 cells (®), vector-control PC-3 cells (V37; [J), R-expressing PC-3 cells (R4; <, R6; O, and R39; A) were
cultured either in serum-free medium (SFM) or in the presence of 2% FCS. Cell growth was determined for 4 days in triplicate by the MTT
method. Growth curves are normalized by setting the OD value of day 1 as 100% for each transfectant. Shown are the representative results
from three independent experiments.

TABLE 3. Effect of RZ expression on PC-3 cell growth as measured by time-lapse microscopy

R-expressing transfectants Vector transfectant
PC-3 cells
R4 R6 R39 Va7
Doubling time = sEm (h) 28.3 + 0.39 37+ 1.1 38.6 + 2.3 425 + 2.8 323+ 1.0
Doubling time (-fold) relative to parental PC-3 cells 1.00 1.31 1.36 1.50 1.14
P <001 P < 0.001 P < 0.001 P > 0.05

Cell division of parental PC-3 cells and transfectants in RPMI1640 in the presence of 10% FCS was recorded. Doubling time for each clone
was calculated from five to eight divisions.

lowing ways: 1) due to unique secondary or tertiary structure ~ compartment with the target RNA, RZ activity would be
caused by other cellular factors, interaction of IGF-IImRNA  dramatically decreased.
with the double RZ may make one of the cleavage domains The secondary structure of the target RNA or RZs is also
unable to anneal with the substrate (second cleavage site);  very important. Since RZs cleave the target RNA by first
thus there is no cleavage reaction for that domain; or 2) the =~ complementary binding to the target RNA, if the secondary
RZ-expressing clones selected may be only those thatareable  structure of target RNA or RZs interferes with the binding of
to moderately reduce IGF-II to a point that does notcausecell ~ RZ and target, RZ activity will be reduced. Also, proteins
death. may bind to portions of the RNA substrate or to the RZ itself
Although in vitro studies of RZs are essential steps for =~ and may facilitate or interfere with the catalysis. For example,
quantitating their catalytic efficiencies, they cannot be used  previous studies demonstrated an enhancement of RZ cleav-
to predict the efficiency of the RZs when expressed in cells.  age reactions by RNA-binding proteins such as heteroge-
Due to the complexity of eukaryotic gene expression, and  neous nuclear ribonucleoprotein Al and the capsid protein
also multiple factors involved, the RZ action in the cell is ~ NC7 of human immunodeficiency virus type 1 (HIV-1) (37,
heavily influenced by the cellular environment. Factors that 45, 46). In our study, pTZU6 + 27 and pcDNA 3 vectors were
may interfere with RZ action in the cell include RZ expres-  used to express IGF-II RZs intracellularly under the control
sion level, colocalization of RZs with the target RNAs, lo-  of RNA pol III and II, respectively. The RZ transcripts from
cation of the RZ gene relative to the target gene in the host =~ pTZU6+27/RZ should be relatively stable and expressed in
genome, target sites at which the RZ functions, secondary  both nucleus and cytoplasm, but mainly in the nucleus (36,
structure of the target RNA or RZs, and cofactors or inhib- 47,48). Pol IIl promoters, which naturally drive transfer RNA
itors such as proteins, Mg”>* concentration, and pH. For ex-  and small nuclear RNA synthesis, are good for high-level,
ample, if RZ expression is not highly efficient, thelevel of RZs ~ non-tissue-specific expression of short RNAs. For example,
may be too low to cleave the target RNA. Even though RZs ~ Thompson et al. (41) used a transfer RNA-based RNA pol III
are efficiently expressed, if RZs are not in the same cell  promoter-driven RZ and found high accumulation of recom-
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binant pol Il RZ transcripts in all cell lines tested. The RZ
activity was readily detectable in total RNA extracted from
stably transformed human T cell lines. Michienzi et al. (48)
used Ul small nuclear RNA chimeric RZs with substrate
specificity for the Rev pre-mRNA of HIV and showed that
this construct caused more efficient reduction in the Rev
pre-mRNA level in vivo. Kawasaki et al. (49) reported that by
using a pol Ill-driven vector, the adenoviral-E1A-associated
300-kDa protein expression in HeLa cells was inhibited. In
contrast, the RZ transcripts from pcDNA3/RZ can be ubiq-
uitously expressed in the cytoplasm under the control of
RNA pol II. Pol II promoters, including viral promoters,
which are used naturally for mRNA synthesis, can allow
tissue-specific expression of RZs. A disadvantage of Pol II
promoters is their requirement for long coding sequences, so
that the RZ sequence may be placed in long RNA molecules.
This can interfere with RZ conformation.

In the present study, both pol II and pol III promoter-
driven vectors similarly expressed RZs and suppressed
IGF-II mRNA levels in PC-3 cells, which resulted in cell
growth inhibition. It should be noted that the growth of
M-expressing PC-3 cells was not affected although the M RZ
could have an antisense effect. Since the in vitro experiments
revealed formation of a stable IGF-II RNA substrate/M RZ
as seen in Fig. 2, formation of the complex in cells might also
take place. Our results, however, indicate that if such a com-
plex formed in PC-3 cells, it was not sufficiently stable to
inhibit cell growth. It is possible that short RNA hybrids may
be destroyed by ribosome translocation or heterogeneous
nuclear ribonucleoproteins (37). The different results in the
growth effects observed between R and M RZs thus support
the notion that the catalytic activity of R RZ is required to
significantly inhibit cell growth under our experimental
conditions.

Suppression of IGF-II mRNA levels by the RZs was asso-
ciated with reduced IGF-II protein levels. The reduction of
protein levels was, however, not as significant as that of
mRNA levels. This suggests that there may be a possible
difference in the regulation of two IGF-II forms, the regular
7.5-kDa form and the incompletely processed 15-kDa form.
The IGF-II protein levels measured in this study reflect those
of both 7.5- and 15-kDa IGF-II since the RIA used an anti-
IGF-II antibody that binds both forms of IGF-1I. It is possible
that the expression of the 15-kDa IGF-II, which is commonly
expressed in cancerous tissues, is more affected by IGF-II RZ
actions while the 7.5-kDa IGF-II level may not be affected.
Further analysis of the expressed IGF-II protein by immu-
noblotting is necessary to substantiate this possibility. It is
also necessary to examine whether expression of other IGF
system components including IGF-binding proteins has been
changed when an active RZ is intracellularly expressed.

RZ-expressing PC-3 cells did not grow well but rather die
under serum-starved conditions while they grew in the me-
dium supplemented by 10% FCS, which was the condition
used for isolation of the RZ-expressing clones. It has been
shown that PC-3 cells undergo apoptosis under serum-free
conditions (50), and that IGFs are antiapoptotic (15-17). Con-
sistent with those previous studies, the results shown in Fig.
8 show that PC-3 cell and vector-control cells seem to un-
dergo apoptosis in SFM, and that the reduction of IGF-II

levels by intracellular expression of IGF-II RZs seem to stim-
ulate apoptosis of PC-3 cells in SFM and low serum medium.
Investigation on mitogenic and apoptotic pathways of R-
expressing PC-3 cells are now in progress.

In conclusion, the present study demonstrated that IGF-II
RZs were active at least in one cell line and were able to lower
endogenous IGF-IImRNA and protein levels, and that block-
age of IGF-II/IGFIR signaling by IGF-II RZs inhibited cell
growth. The IGF-II RZ can thus be used as a tool to inves-
tigate the role of IGF-II in other physiological systems. The
study also provided the basis for the development of IGF-II
RZs as future cancer therapeutics.
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