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SUMMARY

The overexpression of epidermal growth factor receptor (EGFr)
has been implicated as a causative factor and a poor prognos-
tic marker in a number of carcinomas. Therefore, strategies that
down-regulate EGFr expression may be therapeutically useful.
We designed antisense ODNs complementary to the initiation
codon region of the EGFr mRNA and evaluated their efficacy in
several tumor-derived cells, including the A431 cell line, that
express amplified levels of EGFr. A 15-mer phosphorothioate
(PS) antisense ODN (erbB1AS15) induced a concentration-
dependent reduction in proliferation that was accompanied by
a change in the morphology of A431 cells into more tightly
clustered and discrete colonies. A 15-mer sense (PS) control
oligodeoxynucleotide (ODN) and a phosphodiester (PO) version
of erbB1AS15 had little or no effect on cell number or morphol-
ogy, and erbB1AS15 (PS) did not induce these effects in control

cell lines expressing lower levels of EGFr. The effects of
erbB1AS15 (PS) on A431 cells were not mediated by a true
antisense mechanism in that there was no reduction in the level
of EGFr mRNA or protein over a 24-hr period, as determined by
Northem and Western blotting, respectively. However, auto-
phosphorylation of the receptor was significantly reduced by
erbB1AS15 (PS) and not by control ODNs. The results of further
studies suggested that this effect was mediated by a direct,
dose-dependent inhibition of the EGFr tyrosine kinase enzyme
and was not due to impairment of either ligand-binding or
receptor dimerization. These data suggest that erbB1AS15 (PS)
can inhibit proliferation and alter the morphology of A431 cells
by a sequence-selective, but nonantisense, mechanism affect-
ing receptor tyrosine kinase activity.

Antisense ODNS, in principle, have the ability to inhibit
the translation of a specific transcript and thus allow target-
ing of an aberrant or overexpressed mRNA in a disease state.
Hybridization of an ODN with the target mRNA may result
in translation arrest by steric hindrance of ribosome progres-
sion or by activation of RNase H-mediated cleavage of the
mRNA. Although down-regulation of the target protein has
been demonstrated in a number of antisense applications (for
reviews, see Refs. 1 and 2), there is, however, considerable
debate as to whether many reported biological effects of
ODNSs are achieved by a true antisense mechanism. Indeed,
the requirement for appropriate antisense controls and the
problems in interpreting data from antisense experiments
have recently been addressed (1, 3).

Due to the rapid degradation of PO ODNs in biological
systems (4), many chemically stabilized ODNs have been
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synthesized. Currently, the most widely used modification is
the PS backbone, and such compounds are undergoing clin-
ical trial evaluation for therapeutic application in viral infec-
tions and leukemias (5). We have been investigating the
potential use of stable PS ODNs in down-regulating overex-
pressed oncoproteins in brain tumors. In glioblastoma mul-
tiforme, a highly malignant brain cancer for which there is no
effective therapy, the most commonly overexpressed onco-
gene is the c-erbB1 gene, which encodes for EGFr (6).

EGFr is a 180-kDa protein that comprises an extracellular
ligand binding domain, a transmembrane section, and an
intracellular domain with protein kinase, tissue specificity,
and regulatory regions (7). The external ligand binding do-
main is stimulated by EGF as well as by tumor growth
factor-a, amphiregulin, and some viral growth factors (8).
The cytoplasmic domain has tyrosine kinase activity and is
autophosphorylated (9). Dimerization of the receptor is es-
sential for the intermolecular model of activation and is
suggested to involve both the kinase domain (10) and the

ABBREVIATIONS: EGFr, epidermal growth factor receptor; EGF, epidermal growth factor; ODN, oligodeoxynucleotide; mer, oligomer; PS,
phosphorothioate; PO, phosphodiester; FCS, fetal calf serum; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; SSC, standard saline citrate;
ECL, enhanced chemiluminescence; SDS, sodium dodecyl sulfate; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid.
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EGF binding domain (11). In addition to autophosphoryla-
tion, the activated EGFr phosphorylates many downstream
molecules in a cascade response (7).

In addition to glioblastomas, abnormal EGFr expression
has been reported in squamous epidermoid cancers and
breast cancer (for reviews, see Refs. 7, 8, and 12). Although
the EGF'r gene is amplified in >40% of glioblastoma biopsies,
overexpression of the EGFr is, however, lost on passage in
most cell lines established from these tumors (6). The A431
cell line is derived from a vulval carcinoma and expresses the
EGFr at levels 10-50-fold higher than that seen in other cell
lines (13). Despite the fact that EGF can stimulate (at low
concentrations) as well as inhibit (at high concentrations) the
growth of these cells (14), the A431 cell line provides a simple
cell culture model in which to initially evaluate ODNs di-
rected to the EGFr, with the aim of applying the findings to
malignant gliomas.

We evaluated the biological efficacy of PS and PO ODNs
targeted against the initiation codon region of the EGFr
mRNA in cultured A431 cells, the U87-MG glioblastoma cell
line, IPFA primary astrocytes, and control HeLa cells. These
cells were selected on the basis that they expressed varying
levels of EGFr. In the highly expressing A431 cells, a 15-mer
antisense PS ODN exhibited biological effects within 24 hr,
affecting proliferation, altering colony morphology, and re-
ducing autophosphorylation of EGFr. These effects seemed to
be specific to one “antisense” sequence and most pronounced
in A431 cells. Western and Northern blot analyses indicated
that these biological effects were not due to an antisense
mechanism of action but may be dependent on the structural
conformation assumed by this “antisense” ODN.

Materials and Methods

Design and synthesis of ODNs. A number of criteria were taken
into account in the design of antisense ODNSs targeted to the EGFr.
Potential sequences of 15 or 18 bases in length spanning the initia-
tion codon were considered. Selection of the two antisense ODNs
(Fig. 1, a and b) was based on predictions of the melting temperature,
the folding, and the frequency of sites with partial matches to the
ODN, within both the EGFr sequence and all other human se-
quences contained on the GenBank database. Computer analyses
were conducted using programs from the University of Wisconsin
Genetics Computer Group (15), available on the SEQNET database
located at the Science and Engineering Research Council laboratory
(Daresburg, UK) and accessed via Telnet. Folding of ODNs was
predicted using FOLD (16), and searches for undesirable matches of
ODNSs were conducted against nontarget nucleotide sequences using
the program FASTA (17) and within the target sequence using
FindPatterns (15). Complementarity within EGFr and other human
transcripts did not differ greatly between the various ODNs, so
selection was made mainly on the folding criterion, as the high G/C
content of the target may favor the formation of stable intramolec-
ular structures. For both the 15- and the 18-mer antisense ODNs
selected, controls corresponding to the sense version of the ODN
were synthesized, along with a “nonsense” ODN, which is a scram-
bled form of the antisense sequence. These were checked for the
potential to adopt intramolecular folding and to interact with the
EGFr sequence. As the 18-mer sense ODN contained a run of four G
residues, which have been implicated in the nonantisense sequence-
selective activities of other ODNs (3), a third 18-mer control
(erbBlcon18) was synthesized, corresponding to the antisense se-
quence flipped in a 5'-to-3’ direction. PO and PS ODNs were synthe-
sized on an ABI 392 automated DNA synthesizer (Applied Biosys-
tems, Warrington, UK) using standard phosphoramidate chemical
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procedures and desalted on NAP10 columns (Pharmacia, Vienna,
Austria). The ODN sequences synthesized and their mRNA target
are shown in Fig. 1, a and b.

Stability and electrophoresis of ODNs. To determine the sta-
bility of the ODNSs, 10 pmol was end-labeled with [y->2P]JdATP using
T4 polynucleotide kinase; unincorporated label was removed on a
NENSORB 20 column (New England Nuclear-DuPont, Boston, MA)
according to the manufacturer’s protocol. Labeled ODNs were made
up to 10 uM with the corresponding cold ODN and incubated either
in 10% FCS or added to cells in serum-free medium. Samples were
recovered over a time course, mixed with formamide loading buffer
(80% formamide, 10 mM EDTA, pH 8.0, 1 mg/ml xylene cyanol FF, 1
mg/ml bromphenol blue), and stored at —20°. These were heated to
100° for 5 min and separated on 7 M urea/20% acrylamide gels; bands
were then detected by autoradiography of wet gels. Electrophoresis
of 5’ end-labeled ODNSs on native 20% acrylamide gels was investi-
gated using nondenatured ODN samples in glycerol loading buffer.

Cell culture and assays. A431 cells (a gift from Dr. P. L. Nicklin,
Ciba, Horsham, UK) were maintained at 37° in a 5% CO, atmo-
sphere in Dulbecco’s modified Eagle’s medium containing 10% FCS,
1% penicillin/streptomycin, and 2 mM glutamine (all from Life Tech-
nologies). Other cell lines used were U87-MG (purchased from the
European Collection of Animal Cell Cultures, Porton Down, UK),
HeLa (a gift from Dr. T. Kalamati, Institute of Cancer Research,
Sutton, UK), and primary human astrocytes, IPFA (a gift from Dr. G.
Pilkington, Institute of Psychiatry, London, UK), which were main-
tained under identical conditions in 1 mM glutamine. For experi-
ments, cells were seeded into 24-well plates at 2.6-5.0 X 10* cells/
well, and ODNs were added in culture medium (containing 10% FCS
or serum free) 24 hr after seeding, when the cells were ~50% con-
fluent. For proliferation assays, cells were trypsinized 24 hr after
ODN addition, and the number of viable cells were counted in trip-
licate wells. The morphology of cells were examined by light micros-
copy 24 hr after the addition of ODNs, and representative replicate
wells were photographed.

Western blotting and immunoprecipitation. Cells were lysed
and triplicate wells were pooled, either 24 hr after the addition of
ODNSs or after 4 days in an alternative assay in which cells were
treated with ODNs in media containing 10% FCS at 2-day intervals.
For analysis of whole-cell lysates, cells were harvested in Laemmli
buffer (100 mM Tris, pH 6.8, 4% SDS, 0.2% bromphenol blue, 20%
glycerol, 200 mM dithiothreitol). For immunoprecipitation, cells were
lysed in lysis buffer (20 mmM HEPES, pH 7.5, 1560 mM NaCl, 1% Triton
X-100, 10% glycerol, 0.2 mM phenylmethylsulfonyl fluoride) on ice for
5 min. When cells were stimulated with EGF (50 pg/ml to 500 ng/ml),
this was performed at room temperature for 10 min before lysis. Cell
lysates were immunoprecipitated overnight at 4° using the anti-
EGFr antibody 108 (see Ref. 18) (a gift from Dr. A. Ullrich, Max-
Planck-Institute, Martinsried, Germany) and protein A-Sepharose.
The immunoprecipitates were washed three times in the lysis buffer,
before suspension in Laemmli buffer. Proteins prepared by whole-
cell lysis or immunoprecipitation were heated to 100° for 5 min,
separated on 7.5% SDS-polyacrylamide gel electrophoresis gels, and
electrophoretically transferred to ECL-Hybond. Membranes were
blocked using 5% nonfat dried milk in phosphate-buffered saline/
Tween (0.1%). Primary antibodies used were OM-11-905 (Cam-
bridge Research Biochemicals, Zeneca, UK) to the extracellular do-
main of the EGFr, 3138 (Sigma, Poole, UK) to the intracellular
domain of the EGFr, and 4G10 (Upstate Biotechnology, Lake Placid,
NY) to the activated receptor phosphotyrosine. An anti-actin anti-
body (A-2066; Sigma) was used to control for the loading of whole-cell
lysates onto gels. Horseradish peroxidase-conjugated secondary an-
tibodies, the ECL system, and ECL-Hyperfilm (Amersham Interna-
tional, Bucks, UK) were used for detection and autoradiography.
Blots were stripped at 50° for 30 min in 100 mM 2-mercaptoetha-
nol/2% SDS/62.5 mM Tris'HCl, pH 6.7, and blocked before being
probed with an alternative primary antibody.
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fragments were isolated from 1% low melting point agarose gels.
Fifty nanograms of DNA was labeled with [a-32P}dCTP by random
hexanucleotide priming (ODN labeling kit; Pharmacia), and unin-
corporated nucleotides were removed by Sephadex G-50 spin column
chromatography. Prehybridization and hybridization were carried
out at 65° in the hybridization solution (6X SSC, 5X Denhardt’s
solution, 10 mM sodium phosphate, 1 mM EDTA, pH 8.0, 25 pug/ml
denatured fragmented salmon sperm DNA). The hybridized filter
was washed to an appropriate stringency (0.2X SSC/0.1% SDS).
Filters were stripped for 1 hr at 65° in 50% formamide/10 mM sodium
phosphate, pH 6.8, and washed three times in 2X SSC/0.1% SDS
before rehybridization.

135L.EGF ligand binding assays. Crude membranes were pre-
pared from A431 cells by scraping of the cells into 1 mM EDTA/20 mm
Tris, pH 7.5 (7.5 ml/75-cm? flask), homogenization with 12 up-and-
down strokes of a pestle, and centrifugation (35,000 X g for 20 min).
The 10-mg pellet was resuspended in 50 ml of Krebs’ solution sup-
plemented with 20 mm HEPES, HC, pH 7.5, and 0.3% bovine serum
albumin, at 0.2 mg of membrane protein/ml. Samples (0.5 ml) of
membrane suspension were transferred into microcentrifuge tubes
and incubated for 120 min at 37° with 10 pM 2°I-EGF (DuPont-New
England Nuclear) and various concentrations of ODNs. Control ex-
periments demonstrated that binding was stable and at equilibrium
at this time. Incubations were terminated by centrifugation
(15,000 X g for 5 min); the supernatant was discarded, and the
pellets were washed twice with water. Membrane-bound ?°I-EGF
was determined by y-radiation counting.

Preparation of solubilized EGFrs. A431 cells were homoge-
nized in 50 mM Tris, pH 7.5, 1 mM MgCl,, 2 mM EDTA, 20 ug/ml
soybean trypsin inhibitor, and 0.1 mM phenylmethylsulfonyl fluo-
ride, and the membranes were spun down at 10,000 X g for 20 min.
A crude solubilized extract was made by agitating membranes (2.5
mg/ml) in 50 mM Tris, 1% Triton X-100, 20% glycerol, 0.1% bovine
serum albumin, and 0.05% sodium azide for 15 min at 4° and then
centrifugation at 15,000 X g for 10 min. This extract was aliquoted
and stored at —20°.

Assay of EGFr tyrosine kinase activity. EGFr tyrosine kinase
activity was determined using the BIOTRAK EGFr tyrosine kinase
enzyme assay kit according to the manufacturer’s instructions
(Amersham Life Sciences). Briefly, 10 ul of solubilized membranes
(prepared as above) was mixed with an equal volume of substrate
peptide [a model poly (tyrosine-glutamate) peptide specific for EGFr]
and 5 pl of 1.2 mM ATP containing 0.05 uCi [y->2PJATP. These were
stimulated with 4 ug/ml EGF (final concentration) in the presence of
ODNs for 30 min in a total volume of 33 ul. Labeled peptide was
separated from unreacted [y-32P]JATP by binding to phosphocellulose
filter paper and quantified by scintillation counting.

Densitometry of autoradiograms. Autoradiograms were
scanned using an AGFA Focus scanner connected to a Macintosh
computer, and images were saved as TIF files. The software program
National Institutes of Health Image 1.58 (Division of Computing and
Research Technology, National Institutes of Health, Bethesda, MD)
was used to plot and quantify the band intensities using the gel-
plotting macros. Values were used to calculate the half-life for ODNs
and the ratio of proteins expressed from Western blots.

Results

Stability of ODNs. Two series of ODNs (15 or 18 bases
long; Fig. 1, a and b) were synthesized for this study. To
assess the potential degradation of these ODNs during cell
culture experiments, the stability of erbB1AS15, synthesized
as the PO and PS forms, was evaluated in 10% FCS over a
period of 24 hr and is represented graphically in Fig. 1c. The
PO ODN was rapidly degraded by 3' exonuclease activity in
10% FCS, with a half-life of ~1 hr. However, it was deter-
mined by densitometry that 52% of the full-length
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erbB1AS15 (PO) was recovered after 24 hr from serum-free
cell culture supernatants (data not shown), indicating that
approximately half of the applied PO ODN would remain
intact in the assays described below. In contrast to the PO
ODN, erbB1AS15 (PS) was more stable, with a half-life of 15
hr in 10% FCS (see Fig. 1c).

The 3' hairpin structure (HP2) in erbB1AS15HP?2 is de-
signed to protect ODNs against the action of 3’ exonuclease.
Although the HP2 sequence provided a degree of protection
against degradation, extending the half-life of the PO ODN to
6 hr in 10% FCS (see Fig. 1d), the strategy was less effective
than previously reported for other ODN s stabilized with this
sequence (21). The predicted folding for erbB1AS15HP2 re-
vealed a potential to form an alternative low energy struc-
ture and may indicate a potential of the basic 15-mer to form
intramolecular structures. To determine whether this alter-
native structure accounted for the poor stability of
erbB1AS15HP2, a second hairpin ODN was synthesized. In
erbB1AS15HP2(2), two bases in the antisense portion of the
ODN have been switched; this therefore has two mismatches
to the target sequence but is predicted to fold correctly into
the hairpin-stabilized structure. It can be seen in Fig. 1d that
this ODN was indeed more stable than erbB1AS15HP2, with
a half-life of 19 hr in 10% FCS. However, these ODNs were
not predominantly used in the activity studies as the anti-
sense ODN was less stable than the PS ODN and had differ-
ent stability than the mismatched ODN. Therefore, as the
use of a stable ODN was preferable, PS ODNs were used in
the majority of the subsequent assays.

The expression of EGFr in cell lines. It has been re-
ported that A431 cells express 10-50-fold higher levels of the
EGFr than other cell lines (13). We compared the level of
EGFr protein expressed in the cell types described here by
Western blotting and densitometry (data not shown). An
antibody to the intracellular domain was used to detect the
EGFT, and loading of gels was standardized by quantification
of the level of actin detected. It was evident that the A431
epithelial cells expressed greatly amplified levels of full-
length EGFr compared with the other cells. HeLa, which is
also an epithelial cell line and is derived from a cervical
cancer and transformed by HPV18 (22), was used as a con-
trol. HeLa cells were demonstrated to express <5% of the
receptor seen in A431 cells. The IPFA astrocytes were ana-
lyzed after 10 passages in culture and showed a similar level
of EGFr expression to the HeLa cell line, whereas in the
glioblastoma-derived cell line, U87-MG, the level was ~15%
of that in A431 cells. This represents a slight (3-fold) up-
regulation relative to the normal primary human astrocytes
at the protein level. The level of EGFr detected in U87-MG
cells is not unexpected because although it has been reported
that U87-MG cells express more EGFr-specific transcripts
than human fibroblasts (23), extensive overexpression of the
EGFT is often lost on passage of glioma-derived cell lines (6).
Therefore, the four cell types described here provide a range
of EGFr expression in which to asses the biological efficacy of
antisense ODNs targeted against the EGFr transcript.

The effect of ODNs on cell proliferation. To evaluate the
potential of the antisense ODNSs to reduce proliferation of A431
cells, an assay was undertaken based on determination of the
number of viable cells at 24 hr after the addition of the ODNs.
In untreated cells, the cell number increased by ~50% in se-
rum-free medium over 24 hr. A concentration-dependent effect
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of the antisense ODN erbB1AS15 (PS) was demonstrated in
A431 cells, in which the cell number showed little increase from
time 0 at an ODN concentration of 25 uM for both serum-free
conditions (Fig. 2a) and in the presence of 10% FCS (data not
shown). The PO version of erbB1AS15 did not affect the number
of cells (Fig. 2a). The effect of erbB1AS15 (PS) and two 15-mer
control sequences, erbBlsenl5 (PS) and erbBlnonl5 (PS), are
shown in Fig. 2b. At a concentration of 25 uM, a highly signifi-
cant effect on proliferation was seen only for the antisense ODN
in A431 cells. None of the 15-mer ODNs reduced cell growth of
the control cell lines, U87-MG (Fig. 2c) or HeLa (Fig. 2d). The
18-mer PS antisense and control ODNs and the various hair-
pin-modified versions of erbB1AS15 were also evaluated in
A431 cells at a concentration of 25 uM, but none of these ODNs
gignificantly reduced proliferation (data not shown). These data
therefore illustrate an antiproliferative effect that is specific to
erbB1AS15 (PS) in the A431 cell line. Attempts to confirm the
cell-counting data by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium assays were invalidated by the morphological
changes described below, as described previously in other cell
types in which such alterations influence the amount of reagent
internalized by the cells (24).

The effect of ODNs on cell morphology. During a mi-
croscopic examination of the cells before trypsinization in the
proliferation studies described above, it was noted that the
A431 cells incubated with erbB1AS15 (PS) adopted an al-
tered colony morphology compared with the control cells. A
range of ODN treatments were compared in serum-free me-
dium (Fig. 3). A concentration-dependent effect of erbB1AS15

(PS) on the morphological appearance of A431 cells is evident
in Fig. 3, b—d. This altered appearance reflected, but was not
wholly attributable to, the reduction in cell number shown in
Fig. 2. An altered colony morphology, apparently due to ag-
gregation of the cells into tight clusters with few peripheral
cells, was also seen. This effect was confirmed with eight
independently synthesized batches of erbB1AS15 (PS). Sim-
ilar results were also obtained in media containing 10% FCS
(data not shown). The PO version of this ODN did not have as
marked an effect on the morphology (Fig. 3e), even in serum-
free medium, where it remains partially intact over the 24-hr
time course. Both the 18-mer antisense and the control PS
ODNs, including erbBlsen18 (which has a run of four G
residues), showed little alteration in A431 colony morphology
(Fig. 3i). In addition, none of the hairpin-modified forms
of the antisense 15-mer ODN [erbB1AS15HP2 (PO),
erbB1AS15HP2(2) (PO), or erbB1AS15HP2 (PS)] induced a
morphological effect in the A431 cell line (data not shown).
The effect of erbB1AS15 (PS) was demonstrated to be revers-
ible on removal of the ODN, under serum-free conditions
(Fig. 4) and in 10% FCS (data not shown). A431 cells had
reverted to the normal colony morphology within 24 hr of
removal of the ODN (Fig. 4d), although it is clear that the cell
number is still reduced relative to that seen in the untreated
cells (Fig. 4c). None of the PS ODNs investigated had an
effect on the U87-MG or HeLa cell lines (data not shown).
The ability of erbB1AS15 (PS) to induce morphological
changes was therefore restricted to the A431 cell line, which
greatly overexpressed the EGFr.

Control

3 erbB1AS15 (PS)  (PO)

erbB1AS1S |
erbBisenlS |

Fig. 2. The effect of ODNs on the proliferation of A431
cells and the control cell lines U87-MG and HeLa. Cell
numbers were counted 24 hr after the addition of ODNs in
serum-free medium to cells in 24-well plates and are
expressed as a percentage of the number of untreated
cells. a, Effect of a range of concentrations of erbB1AS15
on A431 cell number. b, Effect of erbB1AS15 (PS) and
control PS ODNs at a concentration of 25 um on A431
cells; the only reduction that was highly significant com-

erbBlnonl5 |

sense (x, p < 0.001). c, Effect of erbB1AS15 (PS) and

Control

erbB1AS15|

erbBlsenl5s
erbBlnonl5

control ODNs at a concentration of 25 uM on proliferation
of U87-MG cells. d, the effect of erbB1AS15 (PS) and
control ODNs at a concentration of 25 uM on proliferation
of Hela cells.

erbBlnonl5

pared with the ODN-free control was seen with the anti- -
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d 25uM erbBIASIS (PS)
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€ 25uM erbBIASIS (PO) f 1M erbBisenis (PS)

i 25uM erbBIASIS (PS) J 25uM erbBisen18 (PS)

Effect of ODNs on the expression of EGFr protein
and mRNA in A431 cells. The effect on cell number and
colony morphology seemed to be specific to the 15-mer anti-
sense sequence erbB1AS15 (PS), so this was further investi-
gated at the molecular level to clarify whether a true anti-
sense mechanism was operating. A431 cells were incubated
with a range of concentrations of this ODN, with the PO
antisense and the PS sense ODNs used as controls. Whole-
cell lysates were made from the cells after 24 hr, separated on
7.5% SDS-polyacrylamide gel electrophoresis gels, and trans-
ferred to ECL-Hybond for Western blotting. A blot probed
with an antibody to the intracellular domain of the EGFr is
shown in Fig. 5a. A band of ~180 kDa was detected in all
lanes, and incubation of cells with the antisense ODN did not
seem to reduce the level of the protein expressed, as deter-
mined by the percentage of expression relative to actin. In
further experiments, the absence of translation arrest was
also demonstrated for the other ODN sequences shown in
Fig. 1 (data not shown).

The level of EGFr mRNA expression was also investigated
because the transcript may be depleted or cleaved if an
RNase H-mediated mechanism were operating. A DNA probe
to the 1.3-kb portion at the 5’ end of the EGFr sequence was

g 10 uM erbBisenls (PS)

K 25uM erbBlconl8 (PS)

h 25uM erbBisenls (PS)

Fig. 3. Effects of ODNs on the
morphology of A431 cells. The
ODNs were added at the con-
centrations indicated to A431
cells in serum-free medium, and
the cells were photographed (at
a magnification of 100X) 24 hr
later.

| 25uM erbBinoni8 (PS)

produced from a clone containing the cDNA, as shown in Fig.
5b. A Northern blot of RNA isolated from cells that had been
treated with either erbB1AS15 (PS) or erbBlsenl5 (PS) in
serum-free media for 24 hr is shown in Fig. 5c. An EGFr-
specific transcript of 2.8 kb was seen in all the samples, and
at long exposure times, transcripts of 5.8 and 10.5 kb were
also evident. The 2.8-kb EGFr transcript, corresponding to
the truncated extracellular domain of the receptor, may orig-
inate from the translocated amplified gene copy (13) or be a
differential splicing product (12). The two larger transcripts
are proposed to be due to differing lengths of poly(A)* tails
(12), and reduction of these larger transcripts would corre-
spond to down-regulation of the message encoding the full-
length receptor. Probe of the same blot for expression of the
housekeeping gene GAPDH confirmed equal loading of total
RNA between lanes on the gel. Densitometry determined
that the relative level of EGFr mRNA detected in A431 cells
treated with either erbB1AS15 (PS) or erbBlsenl5 (PS) was
not reduced but seemed to be slightly elevated. The explana-
tion for this is not clear, but it was demonstrated that the
ODNSs were not reducing the mRNA levels via an antisense-
related mechanism.

An experiment was also conducted in which cells were
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Fig. 4. Reversibility of the morphological change induced by
erbB1AS15 (PS) in A431 cells. Cells were photographed (at a magnifi-
cation of 100X) after incubation for 24 hr in serum-free medium in the
presence or absence of the ODN. The cells were then washed and
incubated in the absence of ODN in serum-free medium for 24 hr.
Photographs show control cells without ODN treatment and cells after
treatment with 25 um erbB1AS15 (PS) (a and c, respectively) and after
removal of the ODN and an additional 24-hr incubation (b and d,

respectively).

treated with ODN for a total of 4 days in culture medium
containing 10% FCS, which was replaced after 2 days (data
not shown). Although this extended incubation should not be
necessary to observe an antisense effect because receptor
turnover occurs by internalization and degradation with a
half-life of 6 hr (25), under these conditions a possible block
in translation was observed. On densitometric analysis of
Western blots, erbB1AS15 (PS) produced a reduction in the
level of EGFr, relative to that of actin, to 54% of the control,
whereas the longer antisense, erbB1AS18, caused a greater
reduction, to 33% of the control. However, some of the 15- and
18-mer controls also showed a reduction, with EGFr expres-
sion ranging from 75% to 33% of the control. In contrast to
the results in serum-free medium, when A431 cells were
treated with these ODNs over a 4-day period in 10% FCS, the
level of EGFr-specific mRNA and the ratio of the transcripts
detected by Northern blotting were the same (within 10%) for
the control and ODN-treated cells.

Investigation of the interaction of erbB1AS15 with
the EGFr. Because an antisense-mediated block in transla-
tion of the EGFr by erbB1AS15 (PS) was not indicated, we
investigated the activation of the EGFr in A431 cells. In an
assay to directly determine the effect of erbB1AS15 (PS) on
autophosphorylation of the EGFr, ODN-treated cells were

immunoprecipitated using the anti-EGFr (108) antibody. The
precipitates were separated and blotted as described for the
whole-cell lysates. The antiphosphotyrosine antibody 4G10
was used to probe the blots for activated EGFr, which is
autophosphorylated at tyrosine residues immediately after
activation. A band of 180 kDa was detected in the control
cells (Fig. 6a). The blot was stripped and reprobed with an
antibody to the extracellular domain of the EGFr to deter-
mine the total level of the protein present (Fig. 6b). ODN
treatment was observed to alter the level of activation; this
was quantified by densitometry, and the ratio of phosphoty-
rosine to EGFr was determined. Autophosphorylation of the
receptor in erbB1AS15 (PS)-treated A431 cells was reduced
to 17% of the level in the untreated cells. The sense ODN also
reduced the level of autophosphorylation but to a lesser ex-
tent than erbB1AS15 (PS). In contrast, the nonsense se-
quence did not significantly affect the level of activation of
the receptor.

Further experiments were conducted to confirm this inter-
ference of erbB1AS15 (PS) in EGFr autophosphorylation.
The histogram in Fig. 6¢c illustrates an experiment with three
separate replicates for each treatment. Using the Student’s ¢
test, a statistically significant reduction in the phosphoty-
rosine-to-EGFr ratio was produced by 50 uM erbB1AS15 (PS)
(p < 0.02). In general, a reduction in autophosphorylation to
~80% of the control levels was observed after culture in the
presence of 25 um erbB1AS15 (PS) under serum-free condi-
tions or in 10% FCS (data not shown), although stimulation
of the cells with 500 pg/ml EGF immediately before immu-
noprecipitation resulted in a reduction to only ~75% of the
control level. It was therefore demonstrated that erbB1AS15
(PS) was altering the level of basal activation rather than the
level of expression of the EGFr.

Ligand-binding assays were carried out to determine
whether this interference in activation of the EGFr was a
result of competition by the ODN for the EGF binding site on
the receptor. A summary of the effect of ODNs, in the 25-50
1M concentration range, on ligand binding is given in Table 1,
and it was demonstrated that this was not the mechanism of
action. None of the ODNSs tested, including erbB1AS15 (PS)
and a PS ODN directed to the c-myc initiation codon contain-
ing a run of four G residues, reduced binding of *?°I-EGF to
isolated A431 membranes. Furthermore, gel mobility shift
assays suggested that erbB1AS15 (PS) did not bind directly
to the EGF ligand either (data not shown). Using the method
of Zhou et al. (40), we also found that this ODN was not
interfering with in situ EGFr dimerization in A431 cells
(data not shown). It therefore seems that erbB1AS15 (PS)
operates via a nonantisense mechanism, inhibiting activa-
tion of the EGFr in a manner that is noncompetitive for the
EGF ligand or its binding site and does not interfere with
receptor dimerization.

EGFr tyrosine kinase activity. In an attempt to exam-
ine whether erbB1AS15 (PS) could directly interfere with the
receptor tyrosine kinase enzyme activity, we investigated
this in solubilized receptor preparations of A431 cells. Stim-
ulation of solubilized EGFrs with EGF at a supramaximal
concentration resulted in a control rate of incorporation of P;
of 26 = 2 pmol min~?! and is shown as the control tyrosine
kinase enzyme activity in Fig. 7. Incubation with 25 um
erbBlnonl5 (PS), a scrambled control ODN, did not affect
EGFT tyrosine kinase activity. However, erbB1AS15(PS) ex-
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hibited a concentration-dependent reduction in tyrosine ki-
nase activity (57 = 6% and 16 = 1% of control at 4.8 and 48
uM ODN concentrations, respectively).

Secondary structure of ODNs. The uncharacteristic
folding of the HP2 form of erbB1AS15, which resulted in its
unexpected rapid nuclease digestion (see above), may be an
indication that this 15-mer ODN is particularly prone to the
formation of intramolecular structures, which may facilitate
its “aptameric” interaction with proteins such as the EGFr.
Although 18- and 15-mer antisense ODNs were chosen on the
basis that they were not predicted to have strong secondary
structures, comparison of the electrophoretic mobility of the
15-mer PS ODNs on nondenaturing and denaturing gels (Fig.
6d) provided further evidence of ODN secondary structure
formation. It can be seen that erbB1AS15 migrated faster on
a nondenaturing gel than did erbBlnon15, which was of the
same base composition and indicates folding of erbB1AS15. A
faster rate of migration was seen for the complementary
sequence erbBlsenl5; however, this is likely to be attribut-
able to the base composition, as erbBlsenl5 has a higher
ratio of C to G residues than the antisense, which is known to
increase the electrophoretic mobility of ODNs (26). In con-
trast, on analysis under denaturing conditions, erbB1AS15
and erbBlnonl5 migrated at a similar rate, whereas
erbBlsenl5 again electrophoresed more rapidly due to the
base composition effects. In the case of the 18-mer ODNs,
erbB1AS18 demonstrated little evidence of folding. The fold-
ing of erbB1AS15 into secondary structures may therefore
account for the interference with EGFr tyrosine kinase ac-
tivity.

Discussion

There is a growing body of evidence indicating that ele-
vated levels of EGFr expression and the consequent induc-
tion of tyrosine kinase activity can play a pivotal role in the
initiation and development of several human malignancies.
Furthermore, abnormalities in EGFr expression and signal-

Fig. 5. Expression of EGFr in A431 cells after the addi-
tion of ODNSs. a, Western blot of whole-cell lysates from
A431 cells treated with ODNs for 24 hr in serum-free
conditions. The blot was probed for EGFr using the
antibody 3138. CON, control; conc, concentration. b,
Diagram representing the §' region of the EGFr DNA,
which was excised as a BamHI fragment from pCVN-
HERc for use as a probe for Northern blotting. ¢, North-
em blot of RNA prepared from A431 cells. C, Untreated
cells. A, Cells treated with erbB1AS15 (PS). S, A431
cells treated with erbB1sen15 (PS) for 24 hr in serum-
free medium before RNA isolation.

ing pathways in tumors, such as brain, breast, and lung, are
generally associated with increased tumor malignancy and
poor patient survival (for a recent review, see Ref. 8). Thus,
therapeutic strategies such as the use of antisense ODNs,
which can potentially inhibit or reduce EGFr expression, are
worthy of investigation as anticancer agents.

We evaluated the biological efficacy of a series of antisense
and control ODNs directed against the initiation codon re-
gion of the EGFr mRNA in the squamous carcinoma A431
cell line, the U87-MG glioblastoma cell line, the well-charac-
terized HeLa cell line, and in IPFA primary astrocytes. These
human cell lines were chosen to represent tumor models with
decreasing levels of EGFr expression (A431 > U87-MG >
HeLa and IPFA), so that a correlation among receptor ex-
pression, cell type, and ODN efficacy can be investigated.

PO, PS, and hairpin-stabilized PO ODN sequences were
synthesized after careful consideration of a number of design
criteria; these included assessments of the probability of
self-complementarity within chosen ODN sequences and the
ability of ODNs to hybridize to other sites within the EGFr
mRNA and to other nontargeted mRNAs with sequences that
are available from the GenBank database. The chosen ODNs,
based on the above design criteria, were then evaluated for
activity in cell culture. Of the two antisense and several
control sequences (see Fig. 1, a and b), a 15-mer antisense PS
ODN [erbB1AS15 (PS)] directed against nucleotides 183-
197, which overlaps the AUG initiation codon of the human
EGFr mRNA, produced the most marked biological effects.
Of the cell lines used in this study, the A431 squamous
carcinoma cells, which exhibit the highest expression of
EGFr, were the most sensitive to this ODN sequence.

In A431 cells, the addition of erbB1AS15 (PS) produced a
dose-dependent change in the morphology of these squamous
epithelial cells. With an increase in erbB1AS15 (PS) concen-
trations from 1 to 25 uM, the appearance of the A431 cells
altered dramatically from the normal morphology to more
clustered discrete colonies with fewer cells. A similar effect
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Fig. 6. Effect of ODNs on acti-
vation of the EGFr in A431 cells.
a, Detection of phosphotyrosine
in EGFr immunoprecipitated
from A431 cells. Immunoprecipi-
tation was carried out using the
108 antibody 24 hr after treat-
ment of the cells with 256 um

ODN. The resuitant blot was

probed for the activated receptor
5 using the 4G10 antibody. b, The
g\" » & same blot was probed for EGFr
\y & A using the OM-11-905 antibody.
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detected in replicate experi-
ments with untreated cells or
cells treated with 50 um
erbB1AS15 (PS) (three experi-
ments). d, Comparison of ODN
migration on native and denatur-
ing gels to illustrate the potential
for formation of secondary struc-
ture; 5' end-labeled 15-mer PS
ODNs are shown.

H
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Denaturing

Ratio of phosphotyrosine / EGFr
expression

50 uM
erbB1AS15
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TABLE 1

Effects of ODNs on ['2*IJEGF binding

The ODNs were added at concentrations in the range of 25-50 um at the time of
['25EGF addition. Values represent mean * standard error from seven determi-
nations. Control binding was 7.5 fmol ['25]]EGF/mg protein. Nonspecific binding
was <5% of the total binding, and depletion of radioligand was <20%.

ODN treatment Mean
% of control
61 um erbB1inon15 (PS) 97 + 6
47 um erbB1AS15 (PO) 90 +7
54 um erbB1AS15 (PS) 101 =2
21 uM 15mycAS (PS) 96 +3

was also observed, but to a much lesser extent, with a PO
ODN of the same sequence as erbB1AS15 (PS), the 15-mer
sense control, and an 18-mer PS antisense sequence
[erbB1AS18 (PS)], which partially overlaps the erbB1AS15
target (see Fig. 1a). However, this gross morphological effect
was not observed with the control ODNSs, including
erbBlsen18, which contains four contiguous G residues. In-

terestingly, this effect on morphology was also not seen in
any of the other cell lines tested, including the glioblastoma-
derived U87-MG and the primary astrocytic cells. The fact
that the morphology of HeLa cells remained unaltered in the
presence of antisense EGFr ODNs suggests that the effect is
unlikely to be specific to epithelial cells but rather to the
A431 cell line. This in turn suggests that the effect may be
related to the elevated level of EGFr expression, which is
discussed below.

The above morphological changes were also accompanied
by decreased cell growth of A431 cells on erbB1AS15 (PS)
ODN treatment. Data for A431 cell numbers after a 24-hr
treatment with 25 um ODN indicated a partially cytostatic
effect of the 15-mer antisense ODN. This antiproliferative
effect was not seen with any of the control ODNs in A431
cells or with any of the ODNs in the other cell lines.

Because only an antisense EGFr sequence was exerting
these antiproliferative and morphological effects, we at-
tempted to verify whether the sequence-selective effects of
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Fig. 7. Inhibition of in vitro EGFr tyrosine kinase activity with
erbB1AS15 (PS) ODN. Solubilized EGFrs from A431 cells were stimu-
lated with 4 ug/ml EGF, and receptor tyrosine kinase activity was
determined as described in Materials and Methods. The EGF-stimu-
lated receptor tyrosine kinase (TK) activity in the absence of ODNSs is
represented as the 100% control. A, Lack of inhibition with 25 um
concentration of a scrambled control [erbB1non15 (PS)). B and C,
Inhibition of TK activity with erbB1AS15 (PS) at 4.8 and 48 um concen-
tration, respectively. Data are from three to six experiments. Error bars,
standard deviation values.

this ODN were achieved via a genuine antisense mechanism.
In this regard, we determined EGFr protein levels by West-
ern blotting for evidence of translation arrest after antisense
ODN treatment. In addition, we monitored EGFr mRNA for
evidence of antisense-induced RNase-mediated activity. Nei-
ther the EGFr protein or mRNA levels were reduced with
either antisense or the control ODN sequences, suggesting
that the observed morphological and antiproliferative effects
were not due to a true antisense mechanism of action. A
reduction in the EGFr protein was evident only after main-
tenance of A431 cells in the presence of ODNs for 4 days;
however, this was not attributable to an antisense-specific
mechanism, as control ODNs also had similar effects.

This is contrary to the findings of other investigators, who
recently reported the use of antisense ODNs and RNA di-
rected to the EGFr or the closely related erbB-2 oncogene
(27-31). A reduction in erbB-2 was demonstrated over a
48-hr period using a PS ODN (27), but the use of a single
control in these experiments is insufficient to prove an anti-
sense mechanism (3). Interestingly, a reduction in tyrosine
kinase activity was also demonstrated for this ODN, which
may indicate a similar mechanism to that discussed below for
erbB1AS15 (PS). An antisense effect for an EGFr stop codon-
directed ODN was reported in KB cells by the use of a
delivery system composed of folate/polyethylene glycol lipo-
somes, resulting in growth inhibition, a morphological
change, and reduced EGFr, whereas free ODNs were ineffec-
tive (28). Although mRNA levels were not examined, these
data imply that a system to deliver free ODNs to the cyto-
plasm may be necessary for an antisense effect to be
achieved. As free ODNs enter cultured cells through some
form of endocytosis (32), they can become localized within
vesicular compartments and may become nonbioavailable
due to possible loss from the cell by exocytosis or even lyso-
somal degradation (33). Thus, it seems that antisense effects
may be possible if these delivery barriers are overcome. In-
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deed, the intracellular expression of antisense RNA to the
EGFTr has also been shown to reduce EGFr expression and
the malignant behavior of both KB cells (30) and the Moser
human colon carcinoma cell line (31), thereby illustrating the
potential efficacy of antisense mechanisms when the anti-
sense molecule reaches the target mRNA. In addition, in
vivo, microinjection of both antisense RNA and modified
ODNs into the EGFr have been reported to modulate mouse
preimplantation development in a sequence-specific manner
(34). EGFr protein expression was reported to be reduced by
the ODN, which incorporated the majority of the region
spanned by erbB1AS15. Because the ODN was microinjected,
the opportunity for extracellular interaction with the EGFr,
as is likely for our ODN, was removed. It is noteworthy,
however, that the use of lipofectin, a cationic liposome prep-
aration that is thought to allow cytosolic delivery of ODNs
(35), failed to enhance any antisense mechanism for
erbB1AS15 (PS) in the system described here (data not
shown).

It is conceivable that the accumulation of ODN-degrada-
tion products may be responsible for antiproliferative and
morphological effects in A431 cells. Although this is possible
for nonstabilized antisense PO ODNs (for which 50% degra-
dation was observed during ODN treatment), the antisense
erbB1AS15 (PS) sequence, which had the greatest effect,
remained intact and was not degraded during the 24-hr in-
cubation period in serum-free conditions. The effect seemed
to be specific to the PS backbone in that the hairpin-stabi-
lized PO ODN, which has a slightly increased half-life, also
lacked biological activity.

To further investigate the mechanism of action for
erbB1AS15 (PS), autophosphorylation of the EGFr was de-
tected in A431 cells through the use of an immunoprecipita-
tion assay with an antiphosphotyrosine antibody. This was
shown to be inhibited in antisense [erbB1AS15 (PS)]-treated
cells and, to a lesser extent, in cells treated with the corre-
sponding sense ODN but not at all in cells treated with the
15-mer scrambled ODN. Such a mechanism may account for
the effect of erbB1AS15 (PS) on cell number and morphology
seen in A431 cells.

In an attempt to understand the underlying mechanism for
inhibition of receptor autophosphorylation, we examined
whether the PS ODN was interfering with ligand binding
and receptor dimerization. Our results indicate that this
effect is unlikely to be mediated by association of erbB1AS15
(PS) with the ligand or its binding site on the EGFr, as
receptor/ligand binding assays did not demonstrate any com-
petition with '2°I-EGF. Furthermore, the presence of the
erbB1AS15 (PS) did not alter EGFr dimerization levels on
stimulation with EGF (data not shown). We therefore exam-
ined the possibility that inhibition of autophosphorylation
was due to a direct interaction of the ODN with tyrosine
kinase activity. Studies with solubilized EGFrs showed that
erbB1AS15 (PS) inhibited the enzyme in a concentration-
dependent manner (see Fig. 7) and is likely to be the cause of
the reduced autophosphorylation observed in intact A431
cells. Because autophosphorylation of the EGFr is an impor-
tant first step in the EGF-induced signaling cascade (because
it allows the docking of substrate proteins containing SH2
domains) and because the erbB1AS15 (PS) ODN caused a
general inhibition of EGF'r tyrosine kinase activity, there will
be a major disruption of downstream signaling.
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The prevention of tyrosine kinase activation was also re-
cently reported for a PS ODN in another system (36, 37). In
this case, p210P"2®! autophosphorylation was inhibited in an
aptameric fashion by the ODN, and this was dependent on
sequence, with repeats of the motif GGC being correlated to
activity (36). This effect was also seen on electroporation of
the ODN into cells, and the binding site for the ODN was
shown to be close to the phosphate acceptor site of the auto-
phosphorylation domain (37). The GGC motif was not
present in the erbB1AS15 sequence investigated here,
suggesting that this motif is not essential for an effect. In-
deed, our control nonsense sequences (erbBlnonl5 and
erbBlnon18) did contain the GGC motif but did not affect
tyrosine kinase activity of EGFr. Although the exact se-
quence motif requirements for our system remain unknown,
they are clearly different from those described by Bergan et
al. (37).

The conformation assumed by G-rich ODNs can also influ-
ence biological activity, as is the case for a thrombin-binding
ODN (38). The erbB1AS15 (PS) contains a 5’ region that is G
rich (3’ GGG AGG 5'), which could potentially mediate sec-
ondary structure formation. Although computer predictions
did not indicate a strong tendency for erbB1AS15 (PS) to
form intramolecular structures, native gel mobility profiles
suggested that some secondary structure formation was oc-
curring that may have an important role in the nonantisense
activity of this ODN.

The exact mechanism by which erbB1AS15 (PS) inhibits
tyrosine kinase activity remains unclear and requires further
study. It is possible that it could prevent ATP from binding or
prevent the substrate complex from forming. However, it is
clear that the inhibition of tyrosine kinase seen in vitro
accounts for the inhibition of receptor autophosphorylation
seen in A431 cells and the subsequent impairment of down-
stream signaling events involved in mediating the morpho-
logical and antiproliferative effects of erbB1AS15 (PS). It is
not yet clear which cell signaling pathways downstream of
EGFr autophosphorylation are involved, but likely candi-
dates include the mitogen-activated protein kinase cascade
and other targets of activated EGFr, such as phospholipase
C, JAK1, and the p91STAT1 transcription factor (39).

In conclusion, we described antiproliferative and morpho-
logical effects on A431 cells that are mediated by an anti-
sense EGFr ODN in a sequence-dependent manner but not
by a true antisense mechanism. We provided evidence to
suggest that these effects are mediated by inhibition of re-
ceptor tyrosine kinase activity, possibly as a result of second-
ary structure formation in the active ODN.
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