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Abstract

We have previously identified a phosphorothioate oligonucleotide (PS-ODN) that inhibited epidermal growth factor receptor tyrosine
kinase (TK) activity both in cell fractions and in intact A431 cells. Since ODN-based TK inhibitors may have anti-cancer applications and
may also help understand the non-antisense mediated effects of PS-ODNs, we have further studied the sequence and chemistry
requirements of the parent PS-ODN (sequence: 5'-GGA GGG TCG CAT CGC-3') as a sequence-dependent TK inhibitor. Sequence
deletion and substitution studies revealed that the 5'-terminal GGA GGG hexamer sequence in the parent compound was essential for anti-
TK activity in A431 cells. Site-specific substitution of any G with a T in this 5’-terminal motif within the parent compound caused a
significant loss in anti-TK activity. The fully PS-modified hexameric motif alone exhibited equipotent activity as the parent 15-mer
whereas phosphodiester (PO) or 2’-O-methyl-modified versions of this motif had significantly reduced anti-TK activity. Further, T
substitutions within the two 5’-terminal G residues of the hexameric PS-ODN to produce a sequence, TTA GGG, representing the
telomeric repeats in human chromosomes, also did not exhibit a significant anti-TK activity. Multiple repeats of the active hexameric motif
in PS-ODNSs resulted in more potent inhibitors of TK activity than the parent ODN. These results suggested that PS-ODNs, but not PO or
2'-0-methyl modified ODNS, containing the GGA GGG motif can exert potent anti-TK activity which may be desirable in some anti-
tumor applications. Additionally, the presence of this previously unidentified motif in antisense PS-ODN constructs may contribute to
their biological effects in vitro and in vivo and should be accounted for in the design of the PS-modified antisense ODNs. (©) 2002 Published
by Elsevier Science Inc.

Keywords: Phosphorothioate; Aptamer; Receptor tyrosine kinase inhibitor; Antisense oligodeoxynucleotide

1. Introduction

Antisense oligonucleotides (ODN5s) are sequence selec-
tive nucleotide sequences that can bind to hybridization
accessible sites within a target mRNA to inhibit gene
expression [1-3]. An efficacious antisense ODN will result
in a decrease in the levels of the target gene product
(protein) and if the chemistry of ODN supports RNase
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H activity, a concomitant decrease in mRNA levels will
also be observed due to this enzyme selectively hydrolyz-
ing the mRNA in the antisense ODN:mRNA heteroduplex
[2].

Phosphorothioate (PS) ODNs support RNase H activity
and are the most widely used antisense ODN chemistry to
date in both clinical trials studies and in cell culture
experiments [1,4]. Indeed the first antisense ODN to be
marketed as a drug for the treatment of human cytome-
galovirus-induced retinitis is a PS-ODN (Vitravene, ISIS
Pharmaceuticals, Carlsbad) [2]. Although antisense PS-
ODNs can exert sequence specific antisense effects, they
can also exert non-antisense mediated biological effects.
Furthermore since these biological effects often can also
be sequence-specific, they are sometimes mistakenly
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interpreted as demonstrative of an antisense mechanism of
action [1-3,4]. It is now known that some G-rich ODNs,
termed “‘aptamers,” can exert biological effects by inter-
acting directly with cellular proteins. A positive example of
an aptameric ODN is one that inhibits thrombin activity
and is being developed for therapeutic use in vascular
diseases [5]. This prototype aptamer of thrombin, selected
from a large combinatorial library of oligonucleotides, has
a unique double G-tetrad structure capable of inhibiting
thrombin at nanomolar concentrations through binding to a
specific region within thrombin exosite I [5-7].

In a project designed to develop antisense ODNSs for the
down regulation of epidermal growth factor receptor
(EGFR) in the potential treatment of brain cancer, we
serendipitously discovered an aptameric ODN that inhib-
ited EGFR activity. A 15-mer PS-ODN complementary
(antisense) to the 5’ AUG initiation codon of the human
EGFR inhibited cell growth and altered the cell morphol-
ogy of A431 epidermoid cancer cells in a non-antisense
mechanism of action [8]. Preliminary mechanistic studies
suggested that A431 cell growth and morphology changes
were resulting from an inhibition of the EGF receptor
tyrosine kinase activity as no changes in receptor protein
or mRNA levels were observed by Western and Northern
Blotting analyses [8]. In this study, we have further exam-
ined the sequence and chemistry requirements of this
aptamer in its role to inhibit EGFR tyrosine kinase activity
and report on its non-specificity in also inhibiting insulin
receptor tyrosine kinase activity.

2. Methods
2.1. ODN synthesis and cell culture

Aptamer ODNs were synthesized as PS, phosphodiester
(PO) or 2’-0O-methyl modified chemistries and 5’-end [**P]-
radiolabeled as described previously [8-10].

A431 and U87-MG cells from the European Collection
of Animal Cell Cultures (ECACC, Porton Down, UK) were
maintained at 37°, in a 5% CO, atmosphere, in DMEM
containing 10% fetal calf serum (FCS), 1% penicillin/
streptomycin and 2 or | mM glutamine, respectively (all
from Life Technologies Inc.). The L6 skeletal muscle cells
were provided by Luck (AstraZeneca), and were originally
obtained from ECACC. A sub clone was isolated in the
laboratory of Luck on their basis to fuse and form myo-
tubes in 0.5% serum. These cells were frozen at Aston
University, and aliquots thawed for the experiments
described in this paper. L6 cells were cultured in
DMEM/5% FCS as described previously [11]. To induce
differentiation, confluent cells were left overnight in
DMEM with the serum reduced to 0.5%.

For morphological studies, cells were seeded in 24-well
plates at 2.5 x 10*-5.0 x 10* cells per well, ODNs were
added in culture medium (containing 10% FCS or serum-

free) 24 hr after seeding, when the cells were approxi-
mately 50% confluent. For cell growth assays, cells were
trypsinized 24 hr after aptamer or Tyrphostin A25 addition
and the number of viable cells was counted in triplicate
wells. The morphology of cells was examined by light
microscopy 24 hr after addition of aptameric ODNs and
representative replicate wells were photographed.

2.2. Preparation of solubilized EGF receptors

A431 cells were homogenized in 50 mM Tris, pH 7.5,
1 mM MgCl,, 2 mM EDTA, 20 pg/mL soybean trypsin
inhibitor, 0.1 mM PMSF and the membranes spun down at
10,000 g for 20 min. A crude solubilized extract was made
by agitating membranes (2.5 mg protein/mL) in 50 mM
Tris, 1% Triton X-100, 20% glycerol, 0.1% BSA, 0.05%
sodium azide for 15 min at 4° and then centrifuging at
15,000 g for 10 min. This extract was aliquoted and stored
at —20°.

2.3. Assay of EGFR tyrosine kinase activity

EGFR tyrosine kinase activity was determined using the
BIOTRAK EGF-receptor tyrosine kinase enzyme assay kit
according to the manufacturer’s instructions (Amersham
Life Sciences, UK). Briefly, 10 pL. of solubilized mem-
branes (prepared as above) were mixed with an equal
volume of substrate peptide (a model poly(tyr—glu) peptide
specific for EGFR) and 5 pL. of 1.2 mM ATP containing
0.05 uCi y-[*’P]-ATP. These were stimulated with 4 pg/
mL of EGF (final concentration) in the presence of oligo-
nucleotides for 30 min, in a total volume of 33 pL. Labeled
peptide was separated from unreacted y-[*>P]-ATP by
binding to phosphocellulose filter paper and quantified
by scintillation counting.

2.4. Glucose uptake as an indirect assay for insulin
receptor tyrosine kinase activity

Uptake of [*H]-2-deoxyglucose was measured as
described elsewhere [12]. In brief, cells grown in 24-well
plates were washed with glucose-free Krebs and then
incubated for 10 min in glucose-free Krebs supplemented
with 0.1 mM [*H]-2-deoxyglucose (0.5 pCi per well) at
room temperature. This medium was then discarded, the
cells were washed twice in ice-cold Krebs and solubilized
with 0.5 mL of 1 M NaOH. Radioactivity was measured by
scintillation counting.

2.5. Invivo studies in nude mice xenografts

The hexameric active motif, APT6, was administered
intra-tumorally as a single injection (100 puL) at a dose of
16 mg/kg into NCR nude mice (six mice per group)
bearing established A431 cell xenografts. Mice were
obtained from the National Cancer Institute (USA). Tumor
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volumes were calculated from two dimensional caliper
measurements using the formula (a> x b)/2 where a is the
smaller diameter and b is the larger diameter. Tumor
volumes were recorded on day 3, 7, 10 and 14 following
administration. Data were compared with untreated and
those mice receiving only an equivalent volume of saline.
UKCCR Guidelines [13] were followed throughout for the
vivo studies.

3. Results and discussion

In our earlier study we showed that the parent PS-ODN
(5’-GGA GGG TCG CAT CGC-3') inhibited EGFR autop-
hosphorylation in intact A431 cells. The underlying
mechanism for inhibition of EGF receptor autophosphor-
ylation was thought to be a direct inhibition of receptor
kinase activity by the PS-ODN rather than interference
with receptor-ligand interactions or even receptor dimer-
ization [8]. Since an in vitro receptor kinase assay using
solubilized EGF receptors showed that the parent aptamer
inhibited the enzyme in a dose-dependent manner and was

Table 1

the likely cause of the reduced autophosphorylation, we
have used this assay again in this study to examine the
sequence and chemistry requirements of this aptamer.
Since the aptamer also altered cell morphology, we have
additionally examined the changes in morphology of A431
cells in response to treatment of various sequences and
chemistries of ODNs.

3.1. Elucidation of the EGFR tyrosine kinase inhibitory
sequence motif by mutation and deletion studies

Table 1 summarizes the changes in cell morphology and
receptor tyrosine kinase activity for various doses of
aptameric ODNs housing substitutions/mutations or dele-
tions investigated in this study. Similar to our previous
findings, the parent aptamer had a marked effect on A431
cell morphology (see also Fig. 1) and on the tyrosine kinase
activity resulting in about 65% inhibition (Table 1). An
altered colony morphology resulting from the aggregation
of cells into tight clusters was observed for the parent
compound but not in the scrambled control sequence
(Fig. 1). This indicated that the order of the nucleotides

The effect of aptamer sequence and chemistry on EGF receptor tyrosine kinase and A431 cell morphology (mean + SD; n = 3)

ODN name Sequence (5'-3) and chemistry® Concentration (LM) Effect on cell morphologyb % Tyrosine kinase activity®
Parent GGA GGG TCG CAT CGC 0 — 100 £ 3

0.01 + n.d

0.1 ++ n.d

1.0 +++ n.d

2.5 ++++ 35+1
Scrambled CGC ACG TGG ACT GGC 2.5 - 98 +2
Gl1A AGA GGG TCG CAT CGC 2.5 - n.d
G1C CGA GGG TCG CAT CGC 2.5 - n.d
GIT TGA GGG TCG CAT CGC 2.5 — 81 +4
G2T GTA GGG TCG CAT CGC 2.5 - 80 £ 7
G3T GGA TGG TCG CAT CGC 2.5 - 82 1
G4T GGA GTG TCG CAT CGC 2.5 - 9 + 6
G5T GGA GGT TCG CAT CGC 2.5 + 62 +£5
APT6 GGA GGG 0.01 + 105 +5

0.1 ++ 95+ 6

1.0 +++ 575

2.5 ++++ 37+£9
TEL6 TTA GGG 2.5 — 84 +4
APT6-PO GGA GGG (PO) 2.5 — 85+ 6
APT6-20M GGA GGG (2'-O-methyl) 2.5 + 72 £5
2.5 x APT6 GGA GGG GGA GGG GGA 0.01 ++ n.d

1.0 ++++ n.d

2.5 +++++ 15+2
3 x APT6 GGA GGG GGA GGG GGA GGG 2.5 +++++ 11 +1
Gy GGG G 2.5 +++ 23 +2
G GGG GGG 2.5 +++++ 14 £2

Some nucleotides are shown in bold to highlight substitutions in parent aptamer. n.d. refers to “not determined”.
# All phosphorothioate internucleoside chemistry unless stated; PO refers to all phosphodiester modified internucleoside linkages and 2'-O-methyl as

having 2’-O-methyl modifications on the sugar residues.

® The effect on A431 cell morphology was scored from -+, least effect; to a maximum effect with 4+ and relates visually to those shown in Fig. 1 for
the corresponding concentrations of parent aptamer. A score of +++++ is assigned when the morphology effect was even greater than observed for parent
motif as in the case of repeat motifs. A score of — indicates minimal or no effect on cell morphology.

¢ Relative to activity obtained with the control untreated A431 cells which was taken as 100%.
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Fig. 1. Effect of parent aptamer on A431 cell morphology. Panel a represents untreated control cells. Panels b—e represent cells treated with 0.01, 0.1, 1 and
2.5 uM of parent aptamer, respectively. Panel f represents cells treated with 2.5 uM scrambled ODN (see Table 1 for sequences). In all cases cells were
photographed at a 100x magnification following treatment with ODNs for 24 hr. Bar = 15 pM.

in the sequence rather than base composition per se was
important for this aptameric effect.

We next began to elucidate which sequence motifs were
critical for the observed effects on cell morphology and
receptor tyrosine kinase activity. Based on the assumption
that G-rich regions may be involved, we focused on the 5'-
terminus of the parent compound that comprised the GGA
GGG string of nucleotides. Sequential substitution of the G
residues within this 5’-terminus with a T resulted in a near
abolition of the anti-tyrosine kinase activity associated
with the parent sequence (see Table 1). The aptamer-
induced effect on A431 cell morphology was also removed
upon sequential substitution of G with T (Table 1). Simi-
larly there was no effect on morphology when A431 cells
were treated with sequences where the first 5'-G residue
was substituted with either an A or C nucleotide (Table 1).
These data suggested that G residues were important for
activity. Substitution of the first four G residues with T

residues at the 5'-terminus resulted in aptamers that at best
only modestly inhibited tyrosine kinase (less than 20%
inhibitory activity). However, substitution of the fifth G
residue with a T nucleotide in the parent sequence still
exhibited about a 40% inhibition in TK activity. These
findings suggested that all the first four G residues were
essential for activity of the parent ODN and that the fifth G
in the sequence was the least important as some inhibitory
activity (~25-30%) was still present upon its substitution.

These studies involving mutations of G to T also sug-
gested that the TK inhibitory activity was probably due to a
sequence motif within the 5'-terminus of the parent com-
pound. Splitting of the 15-mer parent PS-ODN into two
molecules, a 6-mer 5-GGA GGG-3' (5'-terminal motif;
APT6) and the 9-mer 5-TCG CAT CGC-3' (3'-motif)
confirmed that the activity was a direct result of the 5'-
terminal sequence. Indeed the 5'-terminal APT6 motif
alone (i.e., the effective deletion of the 3’-terminus)
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resulted in the same level of TK inhibition as the parent
compound (see Table 1) confirming that this was the active
motif in the parent compound. It also had a marked effect
on cell morphology at a similar level to the parent com-
pound (Table 1; data not shown) providing further suppor-
tive evidence for this being the active motif.

Further attempts to shorten this motif significantly
reduced the inhibitory action. For example, splitting of
the hexamer to two trimer sequences 5'-GGA-3’ or GGG
failed to markedly alter the morphology of A431 cells upon
treatment with either sequence individually (data not
shown). Furthermore, substitution of the two terminal G
residues with T as in the sequence 5'-TTA GGG-3', which
resembles the telomeric tandem repeat sequence found at
the ends of human chromosomes (e.g. [14] and references
therein), also failed to inhibit tyrosine kinase activity
(Table 1). These studies collectively suggested that the
active motif in the parent PS-ODN aptamer was the 5'-
GGA GGG-3' sequence found at its 5'-terminus. The
hexameric motif identified by the present study appears
to be novel and is distinct from the aptameric sequences
previously reported as having anti-tyrosine kinase activity.
For example, studies by Bergan et al. [15,16] suggested
that ODN sequences housing GGC motifs were important
for the inhibition of p210 ber-abl tyrosine kinase autopho-
sphorylation. This motif was not present in our parent
aptamer and thus not contributing to the activity of the
sequences studied here. However, it was present at the 3'-
terminus of the scrambled control ODN (Table 1) and yet
failed to exert any effect on the cell morphology or EGFR
tyrosine kinase activity (Table 1). This finding further
suggests that sequence context and/or the number of
repeating motifs in a given sequence may be additional
determinants for aptamer activity. Indeed sequence context
is important for stimulation of immune response with CpG
containing ODNSs [17-19]. In another study, a 28-mer poly-
C phosphorothioate ODN was effective in inhibiting EGFR
tyrosine kinase activity [20] suggesting that several dif-
ferent motifs may be important for aptameric action at the
level of receptor signaling. The effective concentration of
the aptamers reported in the present study are similar (in
the low micromolar range (~1-5 uM)) to those reported
previously by Bergan er al. [15,16], Krieg et al. [21] and
Rockwell er al. [20]. However, the parent aptamer was
about 10-fold more sensitive in the present study than
previously reported by Coulson et al. [8]. A likely expla-
nation is the different source and sensitivity of the A431
cells used in each study. Those used by Coulson et al. [8]
were from an unidentified primary source and with an
unknown age/passage number. They also appear less sen-
sitive than the present A431 cells (obtained from ECACC)
with respect to their effects with Tyrphostin A25 [22], a
small molecular weight preferential inhibitor of EGF
receptor tyrosine kinase, and further emphasizes the need
to use cells from the same source and with defined char-
acteristics for comparative studies (for a comparison of the

effects of aptamer and Tyrphostin A24 on A431 tumor cell
growth, see below).

3.2. The effect of aptamer ODN chemistry on tyrosine
kinase activity

To investigate if the inhibition of EGFR tyrosine kinase
activity by the hexamer aptameric motif was dependent on
ODN chemistry, we synthesized PO and 2'-O-methyl
modified versions of the motif. Table 1 shows that full
modification of the aptamer to either of the new chemis-
tries significantly reduces its inhibitory effect on tyrosine
kinase activity. Approximately 15% inhibition with PO
chemistry and only about 25-30% inhibition of tyrosine
kinase activity were observed with the 2'-O-methyl mod-
ified APT6 aptamer. Neither of these chemical modifica-
tions had any marked effect on cell morphology (Table 1
and Fig. 2). This is in contrast to the PS-modified APT6
which inhibited tyrosine kinase activity by about 65-70%
and significantly altered cell morphology (Table 1 and
Fig. 1). This confirmed that the aptamer required an all
phosphorothioate chemistry to exert its potent effect on cell
morphology and EGF receptor kinase activity.

3.3. PS-ODNs with multiple repeats of the active motif
enhance aptamer activity

As both the parent aptamer and the hexameric active
motif only inhibited receptor tyrosine kinase activity by
about 65-70% at the maximal doses studied, we investi-
gated whether more potent aptamers could be produced by
having sequences with multiple repeats of the active motif.
Table 1 shows that by having 2.5 repeats (5'-GGA GGG
GGA GGG GGA), coded as 2.5 x APT6, or three repeats
([5'-GGA GGG]») in a single new sequence improved the
observed effect on EGF receptor kinase activity with
almost 85-90% inhibition being observed with these apta-
mers. The more enhanced effect on cell morphology with
2.5 x APT6 is shown in Fig. 2 and can be compared with
that observed for the parent aptamer in Fig. 1. For example
2.5 x APT6 produces markedly greater rounding of cells
(Fig. 2d) compared with the same dose of aptamer in
Fig. le. From a therapeutic viewpoint, the potential use
of repeat motif ODNSs as tyrosine kinase inhibitors has to be
assessed in the light of the likely increased potential for
such ODN:ss to interact with proteins involved in many other
biological pathways. For example G-rich ODNSs, especially
those forming G-quadraplex or higher structures, are
known to bind and/or interfere with the functions of
DNA polymerases and transcription factors (e.g., see
references [23,24]). Indeed in Table 1, we show that both
GGGG and GGG GGG phosphorothioate-modified
sequences markedly affect A431 cell morphology and
inhibit TK activity. Hence, these results suggest that some
of the biological effects of G-quadraplex forming ODN5s
may be mediated by inhibition of receptor tyrosine kinase
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Fig. 2. Effect of 2.5 x APT6, an aptamer housing 2.5 multiple repeats of the active sequence, and aptamer chemistry on A431 cell morphology. Panel a
represents untreated control cells. Panels b—d represent cells treated with 0.01, 1 and 2.5 uM of 2.5 x APT6, respectively. Panel e and f represent cells treated
with 2.5 uM of 2'-O-methyl modified and all PO chemistry of APT6 (see Table 1 for sequences). In all cases cells were photographed at a 100x

magnification following treatment with ODNs for 24 hr. Bar = 15 uM.

activity and further confirms that several different ODN
motifs can modulate TK activity (see also references
[15,16,20,21]).

3.4. Aptamer is a non-specific inhibitor of receptor
tyrosine kinase activity

Previously we have shown that the anti-TK activity of
the parent aptamer sequence was not due to impairment of
EGF ligand-receptor binding or interference with EGFR
receptor dimerization [8]. In this study, we have further
examined the mechanism of action by investigating its
specificity of action. The purpose of this study was to
simply determine if a receptor tyrosine kinase other than
EGFR could be inhibited by the aptamer ODN. In this
preliminary investigation, we examined the effects of the
parent aptamer on insulin receptor tyrosine kinase activity

using an indirect assay that was already available in our
group. This assay involved examining insulin stimulated
glucose uptake in cultured L6 muscle cells, a process that
required insulin receptor tyrosine phosphorylation.

Table 2 indicates that aptamer action is not specific to
EGFR tyrosine kinase but also affects insulin receptor
activity. Insulin (1 pM) caused a significant increase in
glucose uptake compared to unstimulated cells and was

Table 2
The effect of aptamer on insulin stimulated glucose uptake in L6 muscle
cells (mean &+ SD; n = 3)

Treatment Glucose uptake (%)
Insulin alone (1 uM) 101 £ 7
Insulin (1 pM) + 2.5 uM scrambled ODN 93 +6
Insulin (1 pM) + 2.5 uM APT6 57+5
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taken as control (i.e., 100% stimulation). In the presence of
2.5 uM scrambled control ODN, there was no significant
change in this value (93 + 6% stimulation). However, in
the presence of 2.5 M parent aptamer, insulin-stimulated
uptake was significantly reduced (57 £ 5%). Thus, the
aptamer appeared to inhibit insulin receptor-TK activity
as assessed by this indirect assay without affecting differ-
entiation of L6 cells. Since stimulation of glucose uptake
by insulin depends on insulin tyrosine phosphorylation,
this result is consistent with the aptamer inhibiting the
insulin receptor tyrosine kinase.

Taken together the mechanistic studies reported here and
those previously [8] suggest that inhibition of receptor
tyrosine kinase activity is not specific to EGFR, is not due
to inhibition of ligand binding, and is not by a direct
inhibition of receptor homodimerization during receptor
phosphorylation. As to what other receptor kinases are
affected and whether heterodimerization between related
growth factor receptors e.g., EGFR and HER?2 is affected
requires further study to help explain exactly how the
aptamer is functioning.

3.5. Anti-tumor effects of the hexameric PS-ODN
aptamer in vitro and in nude mice xenografts

Receptor tyrosine kinases play an important role in the
initiation and development of cancers and inhibitors appear
useful as anti-cancer agents [25,26]. In an attempt to
investigate whether the hexameric ODN aptamer motif
was an effective anti-tumor agent, we first examined its
effects on cell growth in A431 cells in culture and also
performed a preliminary in vivo study in nude mice
xenografts. Fig. 3 shows the effects of APT6 and Tyrphos-
tin A25, a positive control that is a preferential inhibitor of
EGF receptor tyrosine kinase [27], on A431 tumor cell
growth in vitro. Fig. 3a confirms that Tyrphostin A25 is an
effective, dose-dependent inhibitor of the growth of the
EGFR-overexpressing A431 cell line with an 1c5y of
approximately 3.5 pM which is similar to that reported
previously [28,29]. In contrast, Tyrphostin A25 had little
effect on the growth of the U87-MG glioma cell line that
has largely lost its EGFR expression [8] and its dependence
on the growth-promoting effects of EGF [30]. This further
suggested that Tyrphostin A25 was mediating its effects by
preferentially interfering with EGF receptor signaling.
Fig. 3b shows that the APT6 also had a dose-dependent
inhibitory effect on the growth of A431 cells in culture in a
similar manner to the positive control. For example at a
dose of 2.5 uM, A431 cell growth was reduced to about 68
% of the control with the aptamer treatment compared to
62% with Tyrphostin A25 treatment (see Fig. 3). These
data suggested that dose-dependent inhibition of tyrosine
kinase activity by APT6 (see Table 1) was proportional to
its effects on tumor cell growth in vitro (see Fig. 3b). These
encouraging anti-tumor results in vitro led to the testing of
this aptamer in vivo.
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Fig. 3. (a) Effects of Tyrphostin A25 on cell growth in A431 (solid bars)
and U87-MG (open bars) cell lines. Cells were incubated with increasing
concentrations (0.1-10 uM) of Tyrphostin A25 for 24 hr and then cell
numbers determined by trypan blue exclusion assay. (b) The effect of
APT6 on growth of A431 cells in culture as a function of aptamer
concentration. Cells were incubated with increasing concentrations (0.01—
2.5 uM) of APT6 for 24 hr and then cell numbers determined as above. All
data are expressed as percentage of control (untreated) cell number. Bars
represent SD where n = 3. Asterisk () denotes a significant reduction
(P < 0.05) from the untreated control.

For the in vivo study, cultured A431 epidermoid cancer
cells were injected sub-cutaneously in nude mice to estab-
lish xenografts. Once the mice exhibited palpable tumors, a
single intra-tumoral dose (16 mg/kg) of the 6-mer APT6
aptamer was administered. The 6-mer was selected for this
study based on the in vitro results above but also because of
its lower molecular weight (compared to the 15-mer
parent), which may facilitate its delivery to tumor cells
in vivo. After 14 days, relative tumor volumes were
compared for untreated, saline treated and aptamer treated
mice (see Fig. 4). There was a general, but not statistically
significant, trend to lower tumor volumes with saline
treated animals compared to untreated controls. The reason
for this trend is unclear but may be related to damage
following needle injection that could somewhat impair
tumor growth. The explanation for this effect requires
further study. Although, there was no difference in the
relative tumor volume between mice receiving aptamer



2194 S. Akhtar et al./Biochemical Pharmacology 63 (2002) 2187-2195

A Untreated
40 H Saline
g ® APT6
3 20
g L
g
010
c [
5 8[
2 [
° L
2 4t
s |
[
S

1 T T 1

0 5 10 15
Time (days)

Fig. 4. The effect of APT6 on A431 tumor growth in nude mice. The mean
relative tumour volume is given for each group of six mice. A statistically
significant difference between data for untreated and APT6 treated mice
was observed (P > 0.01) but not between untreated and saline or even
saline and APT6 treated. SDs are omitted for clarity of the figure.

or saline, there was a modest but statistically significant
anti-tumor effect with the 6-mer active motif (P < 0.01)
compared to the untreated controls. This suggested that
such aptameric inhibitors of EGFR kinase activity may
have a role in inhibiting tumor growth in vivo and are
worthy of further study. A more thorough study including a
full dose-response and examination of the specificity of
effect in animal models would further assess the full
potential of APT6 efficacy in vivo. Further work is planned
with the more active repeat motif sequences and with more
frequent dosing regimens. There is also the possibility that
a single dose administration of ODN may not be sufficient
to maintain an effective dose in the tumors for the duration
of this study. Indeed we have recently shown that a direct
intra-tumoral, single-dose administration of a fluores-
cently-labeled antisense ODN resulted in only about
20% of the dose remaining 6-hr post-injection [2]. The
subsequent use of this ODN entrapped within a sustained-
release polymer microsphere formulation significantly
improved residence time of the nucleic acid within the
tumor [2]. In another study, we have shown that polymer
formulations can also improve the cellular biodistribution
as well as increase the residence time of nucleic acids in the
brain of rats when administered site-specifically in the neo-
striatum [31]. In addition, the localized intra-tumoral
administration of aptameric ODNs as polymer implants,
of even those aptamers that are non-specific inhibitors of
receptor TK activity, should limit their activity to the site of
administration (e.g., solid tumors) and thereby minimize
unwanted effects in normal tissue. Thus the use of poly-
meric sustained release formulations may not only improve
the pharmacokinetic and pharmacodynamics of ODNs but
may further help localize the activity of aptameric ODNs to
target tissues and as such they are being actively studied in
the laboratory [2,31,32].
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