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An increase in the cellular levels of dihydrofolate reductase
(DHFR) is one of the most common mechanisms of tumor
resistance to methotrexate (MTX), an antimetabolite that is
widely used in the treatment of a variety of human
malignancies. The MTX-resistant phenotype generally oc-
curs as a consequence of DHFR gene amplification which in
turn is responsible for DHFR gene overexpression. We have
designed antisense oligodeoxynucleotides (aODNs) against
the DHFR mRNA and tested their in vitro effect on human
leukemia CCRF-CEM/E cells, overexpressing the DHFR gene
about 20-fold in comparison with the CCRF-CEM/S parental
cell line. An aODN complementary to a region encompassing
the AUG translation start (DHFR1) of DHFR mRNA and a
mixture of two aODNs complementary to the 5’ untranslated
region (DHFR2+DHFR3) have been used. A DHFR1
scrambled-sequence ODN and a fully degenerated ODN were
the controls. All ODNs had a phosphodiester backbone.
DHFR1 and the relevant scrambled ODN were also capped
with two phosphorothioate derivatives at both the 5 and 3’
ends in order to increase ODN stability against serum
nucleases. ODNs were vehiculated with a cationic lipid, N-
[1-(dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl
sulfate (DOTAP), known to enhance ODN cell uptake and
biological activity. The effects of ODNs on DHFR gene
expression were studied after a 4 day treatment by measur-
ing both DHFR mRNA levels, using a semi-quantitative
reverse transcription polymerase chain reaction method,
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and DHFR protein levels by flow cytometry. A marked
reduction in DHFR mRNA levels (79.7 and 74.2%, respec-
tively) was observed with both DHFR1 and DHFR2+DHFR3
aODNs, associated with a lower decrease in DHFR enzyme
(44.8 and 61%, respectively). aODN effects on MTX cytotoxi-
city in CCRF-CEM/E cells were also assessed. No marked
enhancement of in vitro MTX cytotoxicity was observed
following co-exposure of cells with aODNs and the tested
concentrations of the antifol (0.05 and 0.5 M), indicating that
no substantial reversal of the MTX-resistant phenotype was
induced by the study aODNSs. [© 2000 Lippincott Williams &
Wilkins.]

Key words: Antisense, DHFR mRNA, flow cytometry,
methotrexate resistance, oligodeoxynucleotides, reverse
transcription polymerase chain reaction.

Introduction

Methotrexate (MTX) is a classic pteridine derivative of
folic acid that interferes with folate-dependent meta-
bolic processes essential to the synthesis of nucleic
acids and is therefore widely used as an antineoplastic
::lgent.1 Either as a single agent or, more frequently, in
combination chemotherapy, MTX has been clinically
successful in the treatment of many human tumors
including gestational choriocarcinoma, acute lympho-
cytic leukemia, Burkitt’s lymphoma and non-Hodgkin’s
lymphomas, contributing often to cure. Other tumors,
such as osteogenic sarcoma, breast, head and neck,
gastric and bladder carcinoma, often respond, at least
temporarily, providing transitory complete remis-
sions.” The major obstacle to complete therapeutic
success with MTX, as well as with other antineoplastic
agents currently in use, is the occurrence of intrinsic
or acquired drug resistance of tumor cells.?
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The pharmacological determinants of MTX are well
known. MTX enters cells primarily through an active
transport mechanism mediated by a membrane carrier
(RFC) endowed with a high affinity for reduced
folates,3 but also via interaction with membrane
receptors endowed with a high affinity for folic acid
(MFR).* Inside the cell MTX undergoes a polyglutamy-
lation process that leads to increased cytotoxicity.’
The antifolate, both in the monoglutamate and in the
polyglutamate forms, potently inhibits dihydrofolate
reductase (DHFR), a key enzyme in folate-dependent
metabolism." Both in tumor models and in the clinical
setting, cell resistance to MTX has been described to
occur at many levels of pharmacological interaction
(i.e. intracellular transport, drug activation, interaction
with the target enzyme).®!! However, an increase in
the levels of DHFR, mostly due to gene amplification,
appears to be one of the most common mechanisms of
tumor resistance.'*"'¢

One of the most innovative and potentially useful
strategies for specifically inhibiting expression of
genes responsible for this phenomenon is based on
antisense oligonucleotides (aODNSs) designed to com-
plement the mRNA of the target gene, and thus induce
its degradation and/or inhibiting translation.

The antisense strategy aimed at inhibiting tumor cell
growth has recently provoked more interest in
oncology, as a consequence of a number of positive
results obtained both in in wvitro and in vivo
experimental models by targeting oncogenes involved
in neoplastic transformation, progression and apopto-
tic pathway.'” The results of preliminary clinical
studies'®?* with antisense therapy have already built
a large basis of knowledge of pharmacodynamics and
toxicology that warrants further clinical experience
with this approach.

The reversal of multidrug-resistant tumor pheno-
types has been described in iz vitro model systems by
inhibiting the expression of the responsible mdrl
gene with antisense 01ig0mf:1‘5.24'26

The antisense approach has also been employed to
modulate expression of the DHFR gene, both by using
antimessenger oligonucleotides®” and 1-ibozymf:s28
inhibiting DHFR mRNA translation or with antigene
ODNs inhibiting DHFR gene transcription by triple
helix formation.***°

In the attempt to lower DHFR gene overexpression
responsible for MTX resistance of human leukemia
CCRF-CEM/E cell line,31 we have treated this cell line
in vitro with different concentrations of three aODNs
directed against DHFR mRNA for 4 days in the present
study. Following treatments, aODN biological effects
on DHEFR expression were determined by quantitating
DHFR mRNA and protein intracellular levels, and their
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effectiveness in reversing the MTX-resistant phenotype
was evaluated by measuring cell growth following
combined aODN and MTX én vitro treatment.

Materials and methods

Chemicals

Media and sera for tissue culture were purchased from
Gibco European Division (Milan, Italy) and antibiotics
were from Sigma (St Louis, MO). Plasticware was
obtained from Nunc (Roskilde, Denmark). MTX
calcium salt was obtained from Cyanamid Italia
(Catania, Italy). Fluorescein-MTX triammonium salt
(F-MTX) was purchased from Molecular Probes
(Eugene, OR). FFMTX (1 mg) was dissolved in 0.1 ml
of 50 mM NaOH, adjusted to 1 mM with sterile
distilled water, aliquoted and stored at —20°C
protected from light. The cationic lipid vector
(DOTAP) was from Boehringer Mannheim (Mannheim,
Germany). RNAzol B was from Cinna Biotecx (Hous-
ton, TX). RNAguard, RNase inhibitor and reverse
transcription polymerase chain reaction (RT-PCR)
amplimers were from Pharmacia Biotech (Uppsala,
Sweden). DNase, Mo-MLV reverse transcriptase and
ampliTaq polymerase were purchased from Promega
(Madison, WI). Oligomers were purchased from TIB
MOLBIOL (Berlin, Germany). All the other reagents
were of the highest purity available.

Cell lines

The parental cell line CCRF-CEM/S was sensitive to
MTX, while the MTX-resistant subline CCRF-CEM/E
was characterized by an about 20-fold increase in
DHEFR enzyme activity since it carried 18 copies of the
DHEFR gene.®! Cells were grown in RPMI 1640 medium
supplemented with 10% horse serum, penicillin
(100 U/ml) and streptomycin (100 pug/ml) at 37°C in
a 5% CO, atmosphere, and subcultured twice weekly.
The CCRF-CEM/E subline was grown in the presence
of 0.2 uM MTX. Under these conditions the doubling
times of exponentially growing sensitive and resistant
cells were 24 and 26 h, respectively. Prior to the
experiments the resistant cells were maintained for at
least 10 days in MTX-free medium.

Design and vehiculation of
oligonucleotides

Three antisense ODNs (DHFR1, DHFR2 and DHFR3
aODN) were used in our experiments (Table 1). We
have designed DHFR1 18mer aODN that targets a
segment encompassing the AUG translation start site of
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Table 1. ODNs used as antimessenger agents

Name Sequence DHFR mRNA residues Orientation
DHFR1 TAG CGA ACC AAC CAT GAC —3to +15 antisense
DHFR2 AGC AGC GGG AGG AC —17t0 —4 antisense
DHFRS3 CTC CGA GCC CGC TC —31to —18 antisense
SCRM TCA AGG CTG AAC ACC ACA scrambled
FD NNN NNN NNN NNN NN degenerate

the human DHFR mRNA,>? i.e. the same site success-
fully targeted by other authors with aODNs against
other genes.**”>> The mixture of DHFR2 and DHFR3
14mer aODN s targeted the adjacent upstream segment
in the 5"-untranslated region of the DHFR mRNA have
already been successfully employed by others to inhibit
DHEFR translation in a ‘cell-free’ system.?” A scrambled
(SCRM) 18mer relative to the DHFR1 aODN and a fully
degenerated (FD) 14mer relative to DHFR2 and DHFR3
aODNs were used as controls for evaluating aspecific
ODN effects. DHFR1 and SCRM 18mer oligonucleotides
were capped with two phosphorothioate residues at
both 5’ and 3’ ends; DHFR2, DHFR3 and FD were 14mer
phosphodiester oligonucleotides. Each ODN was Se-
phadex G-25 gel-purified. In order to enhance both
uptake and stability ODNs were vehiculated by the
cationic lipid DOTAP according to our previous
works.**>” DHFR1 aODN or an equimolar mixture of
DHFR2+DHFR3 aODNs were preincubated at 37°C for
15 min with 1.3 mM DOTAP and added to the cells at
the final experimental concentration.

Determination of cytotoxicity and ODN
treatment duration

Exponentially growing cells (CCRF-CEM/E, 5 x 10*
cells/ml) were seeded in duplicate in 1 ml wells in
RPMI 1640 medium supplemented with 10% horse
serum previously treated at 56°C for 30 min in order to
inactivate serum nucleases. On the first day of the
experiment, DOTAP vehiculated ODNs were added to
the wells at concentrations varying from 0.1 to 30 uM
and at one-half the initial concentration on the
following treatment days according to the ODN half-
life in the medium (.e. every 24 and 48 h for
phosphodiester and phosphorothioate ODNSs, respec-
tively).‘% At the end of the exposure to ODNs (96 h),
the total cell number was counted using a Coulter
Counter model D (Coulter Electronics, Hialeh, FL) and
cell viability was tested by staining with the Trypan blue
exclusion test. Cell growth of ODN-treated samples was
expressed as percentage of total cell divisions of
untreated controls, as described by Mini et al.>®

The DHEFR protein level is cell cycle dependent and in
rapidly dividing cells undergoes an intracellular turn-

over resulting in a halflife of about 20 h.* Therefore, a
96 h continuous exposure to DOTAP-vehiculated
aODNs applied to the resistant cell line has been
considered a sufficient time to obtain a remarkable
reduction in the DHFR protein intracellular level and,
consequently, a substantial reversion of MTX-resistance.

DHFR mRNA quantitation by RT-PCR

Basal and post-treatment DHFR mRNA levels were
determined by an internal standard-based semi-quanti-
tative RT-PCR assay.™® f-Actin was chosen as internal
standard gene. Briefly, total cellular RNAY! was
extracted from 10° cells treated with DNase and
reversely transcribed to cDNA. The RT mixture
(100 ul) contained 20 ug of total RNA, 0.7 U/ul
RNAguard RNase inhibitor, bovine serum albumin
0.2 pg/ul), dNTP (1 nM), random hexamers
(0.045 ug/ul), Tris-HCI (50 mM), pH 83, KCI
75 uM), MgCl, 3 mM) and 10% glycerol. After
heating at 60°C for 5 min and rapidly cooling in order
to allow hexamer annealing, the reaction was started
by the addition of 20 U/ul of Mo-MLV reverse
transcriptase, performed at 38°C for 60 min and
blocked by heating at 95°C for 15 min. PCR was
carried out by separately amplifying either DHFR or (-
actin segments using serial dilutions of cDNA in a DNA
thermocycler 480 (Perkin-Elmer, Norwalk, CT). An
aliquot of 50 ul of PCR mixture contained serial
dilutions of cDNA, 0.4 uM primers, 200 uM dNTP,
2 mM MgCl,, 50 mM KCl, 10 mM Tris-HCI, pH 9, 1%
Triton X-100 and 2.5 U of Taq polymerase. DHFR
cDNA amplimers were 5 -TATTTCCAGAGAGAATGAC-
CA-3' and 5-AGGCATCATCTAGACTTCTGG-3', posi-
tions 97-118 and 272-292, respectively, according to
the sequence reported by Masters and Attardi®* f-
Actin cDNA amplimers were 5-GCGGGAAATCGTG-
CGTGACATT-3" and 5-GATGGAGTTGAAGGTAGTTT-
CGTG-3', positions 2104-2127 and 2409-2432, re-
spectively, according to the sequence of Ng et al®?
The chosen primers were identical to those published
by Horikoshi et al.*® For both genes, PCR cycles were:
7 min 94°C, 1 min 58°C and 1 min 72°C for 1 cycle;
40 s 94°C, 1 min 58°C and 1 min 72°C for 31 cycles.
Negative controls were obtained by omitting the Mo-
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MLV enzyme in the RT mixture. PCR products were
analyzed by agarose gel electophoresis and stained
with ethidium bromide. The gel photographs were
analyzed densitometrically by the BioRad system GS-
670 imaging densitometer (BioRad, Milan, Italy). The
linear amplification ranges of the DHFR and f-actin
genes were found by plotting the intensity of the
bands against the cDNA volumes added to the PCR
reaction. The ratio between the slopes in the linear
amplification regions of DHFR and f-actin genes was
calculated for each sample.

DHFR protein analysis by flow cytometry

Cellular levels of DHFR protein were determined by
flow cytometry analysis of labeled cells with FMTX.#
Exponentially growing CCRF-CEM/E cells were treated
with ODNSs (10 and 30 uM) for 96 h and, during the last
14 h, 10 uM F-MTX was added. Thereafter cells were
washed twice with PBS and placed on ice protected
from light. Aliquots of 1Xx 10° cells were then
immediately analyzed with a FACStar cell sorter (Becton
Dickinson, Mountain View, CA) equipped with an
argon ion laser (Model Innova 90; Coherent, Palo Alto,
CA) operating at 500 mW output at 488 nm. The green
fluorescence emitted by F-MTX bound to DHFR, was
collected by a 530/30 nm double filter and recorded as
a measure of DHFR content at the single-cell level.
Green fluorescence was displayed on a logarithmic
scale and at least 20000 cells were analyzed with
Consort 30 software (Becton Dickinson) for each
histogram. DHFR levels determined by fluorescence
intensity of samples treated with ODNs were expressed
as percentage of fluorescent mean channel of the
untreated cells. The autofluorescence level was mea-
sured in cells incubated in F-MTX-free medium.

Determination of aODN cytotoxicity and
MTX used in combination

After a 24 h pre-treatment with 30 uM ODNSs alone,
CCRF-CEM/E cells were co-exposed to 0.05 uM
(corresponding to an ICso, of CCRF-CEM/S but no
cytotoxic dose for CCRF-CEM/E cells) or 0.5 uM (IC5s
and IC,s of CCRF-CEM/E and CCRF-CEM/S cells,
respectively) MTX concentrations and ODNs for
72 h. At the end of this treatment, cells were counted,
analyzed for viability and cell growth was expressed as
previously described.®®

Statistical analysis

Data were expressed as means+SD of at least two
determinations, and statistical analysis was performed
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employing Student’s /-test and analysis of variance for
non-parametric data (Kruskal-Wallis test), when ap-
propriate.

Fluorescence histograms were subjected to statisti-
cal analysis using the non-parametric Kolmogorov-
Smirnow test.*! The Kolmogorov-Smirnow two-sam-
ple test was applied to sets of data comprising ODN-
treated and -untreated samples to objectively deter-
mine the decrease in DHFR protein.

Results

Effects of anti-DHFR aODN treatment

Cytotoxicity of DOTAP-combined aODN treatment
was evaluated by quantifying both cell growth and
viability. Within the range of aODN concentrations
we used (0.1-30 uM) cell viability was always greater
than 90%, while the inhibition of total cell division
(TCD) versus controls ranged from 10 to 20%,
independently of the ODN concentration (Figure 1).
Administration of 10 pug/ml DOTAP alone was re-
sponsible for a slight cytotoxic effect (10% cell
growth inhibition) (data not shown). No significant
difference between control ODN and aODN cyto-
toxic effects was noted.

Effects of anti-DHFR aODN treatment on
DHFR mRNA levels

The DHFR mRNA was quantitated by RT-PCR both in
untreated MTX-sensitive parental CCRF-CEM/S cells
and in MTX-resistant CCRF-CEM/E cells before and
after 96 h treatment with 30 uM aODNs (Figure 2).
As compared to the untreated control, the DHFR
mRNA levels of CCRF-CEM/E cells treated with either
DHFR1 aODN or with the equimolar mixture of
DHFR2+DHFR3 aODNs were significantly lower (79.7
and 74.2%, respectively). The DHFR mRNA levels in
MTX-resistant cells following treatment with DHFR1
and DHFR2+DHFR3 were, however, 3.2- and 4-fold
higher, respectively, than those of CCRF-CEM/S
parental cells. DHFR1 control ODN (SCRM) did not
significantly affect DHFR mRNA, while
DHFR2+DHFR3 control ODN (FD) was responsible
for lowering DHFR mRNA levels by about 27%
compared to untreated control cells. However, the
difference in decreased DHFR mRNA levels observed
between aODN-treated and FD ODN-treated cells was
significant (» <0.01). No substantial changes in DHFR
gene expression were obtained with 10 uM aODNs
(data not shown).
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Figure 1. Inhibitory effects of anti-DHFR aODNs (0.1-
30 uM) combined with DOTAP 10 ug/ml on the growth of
CCRF-CEM/E MTX-resistant cells. The cells were treated for
96 h with the phosphorothioate aODN DHFR1 (A) or an
equimolar mixture of the phosphodiesters aODNs
(DHFR2+DHFRB3) (B) and with the respective control ODNs
(SCRM and FD). Results are expressed as percent of total
number of viable cell divisions (TCD) compared to the
untreated cells (mean + SD of four determinations).

Effects of anti-DHFR aODNs treatment on
DHFR protein level

The effects of the anti-DHFR aODN treatment on
DHFR gene expression were further evaluated by
quantitating the cell levels of DHFR protein. As
reported in Figure 3, a 96 h treatment of CCRF-
CEM/E cells with DHFR1 and DHFR2+DHFR3
aODNs (30 uM) (Figure 3E and F) reduced DHFR
protein content to a significantly lower level as
compared to the untreated CCRF-CEM/E cells (Figure
3A) (55.2 and 39%, respectively). This level was,
however, higher than that observed in parental
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Figure 2. Effects of anti-DHFR aODNs on specific mRNA
levels in CCRF-CEM/E MTX-resistant cells. The cells were
treated for 96 h with an equimolar mix of DHFR2+DHFR3
aODN phosphodiesters or DHFR1 phosphorothioate and
the respective control ODNs (FD ODN, SCRM ODN) in
combination with DOTAP 10 pg/ml. The results are ex-
pressed as ratio of the mRNA of the DHFR gene to f-actin
internal standard (means+SD of five determinations). The
mRNA levels of the DHFR gene in the parental MTX-
sensitive cells (CCRF-CEM/S) are also reported. Statistical
analysis: ODN-treated versus untreated cells, ?p<0.01;
control ODN-treated versus untreated cells, >p<0.05; ODN-
treated versus control ODN-treated cells, °p<0.01.

CCRF-CEM/S (Figure 3B). A significant lowering of
DHFR protein level was also observed following
exposure of cells with control ODNs (Figure 3C and
D). The results obtained with the Kolmogorov-
Smirnov test showed that the histograms of aODN-
treated cells were significantly different from histo-
grams of untreated and control ODN treated cells
(D> D at 0=0.001).

The lower dose of aODNs (10 uM) did not affect the
level of DHFR protein of cells exposed as above (data
not shown).

Effects of aODNs on the MTX-resistant cell
phenotype

We investigated the inhibition of CCRF-CEM/E cell
growth induced by MTX 0.05 uM (corresponding to
an ICsy, of CCRF-CEM/S but no cytotoxic dose for
CCRF-CEMYE cells) and 0.5 uM (C;5 and IC55 of CCRF-
CEM/E and CCRF-CEM/S cells, respectively) after a
96 h exposure to 30 uM aODNs combined with
DOTAP. A moderate increase (about 25%, p<0.01)
in cytotoxicity induced by MTX was observed at the
lower concentration (0.05 uM) after combined treat-
ment with both DHFR1 and DHFR2+DHFR3 aODN:s; at
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Figure 3. Lowering of DHFR protein level in CCRF-CEM/E cells after culture in the presence of 30 uM aODNs (E and F:
DHFR1 and DHFR2+DHFRS, respectively) as compared to untreated (A) or control ODN-treated cells (C and D: SCRM and
FD, respectively). The DHFR content on CCRF-CEM/S is also reported (B). Dotted line, cells not exposed to F-MTX; solid line,
green fluorescence after 14 h exposure to 10 uM F-MTX as described in Materials and methods In parentheses: mean
channel fluorescence intensity/cell; the number in the upper right comer represents the value of mean fluorescence expressed
as percentage of the untreated cells (A) which have a mean fluorescence of 310 fluorescein units/cell.

the higher MTX concentration tested (0.5 uM) an
increase in cytotoxicity (about 20%, p<0.01) was
obtained with DHFR2+DHFR3 aODNs treatment
and no substantial (less than 10%) but statistically
significant (»<0.05) increase in cytotoxicity was
observed with DHFR1 aODN treatment (Figure 4).
Similar effects were also obtained with combined
control ODNs and the same concentrations of
MTX.

290 Anti-Cancer Drugs - Vol 11 - 2000

Discussion

MTX-resistant tumor clones may be selected by MTX-
based chemotherapy, often endowed with DHFR
mRNA and protein overproduction consequent to
DHFR gene ampljﬁcaltion.ls’16

We evaluated the possibility of overcoming DHFR
gene amplification-related MTX-resistance of tumor
cells by using aODNs targeting the DHFR mRNA.
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Figure 4. Growth inhibition by MTX of CCRF-CEM/E cells after culture with aODNs DHFR1 (A) and DHFR2+DHFRS3 (B)
targeted DHFR gene, with relevant control ODNs, SCRM and FD, respectively. Cells were preincubated for 24 h with 30 M
ODNSs; 0.05 or 0.5 uM MTX was added in the next 72 h. Results were expressed as percentage of the number of total viable
cell divisions compared to untreated controls (means + SD of two determinations). Results of parental CCRF-CEM/S sensitive
cells are also reported (C). 2p<0.01, °p<0.05, MTX/ODN-treated samples versus MTX alone-treated samples.

Antisense oligomers are known to specifically inhibit
gene expression both by forming a RNA/DNA hetero-
duplex responsible for activating a mRNA-cleaving
RNase H*> and/or by sterically inhibiting mRNA
translation. %

An 18mer phosphorothioate-capped aODN (original
sequence) targeting the start site of DHFR mRNA
(DHFR1) or two 14mer unmodified phosphodiester
contiguous ODNs targeting the adjacent upstream
segment located in the 5’ wuntranslated region
(DHFR2+DHFR3) (sequences published by Maher

and Dolnick?”) were administered to the human
leukemia CCRF-CEM/E cell line overexpressing the
DHFR gene about 20-fold in comparison with the
CCRF-CEM parental cell line.*

Treatment with anti-DHFR aODNs following a 4 day
exposure of MTX-resistant CCRF-CEM/E cells to 30 uM
aODN:Ss induced a significant lowering of DHFR mRNA
levels but only a slight lowering of the relevant protein
in the CCRF-CEM/E MTX-resistant subline. However,
both DHFR mRNA and protein levels of aODN-treated
cells remained higher than the levels of the parental
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cells. Our findings could be explained by lack of aODN
effects on DHFR translational or post-translational
regulation events®” which may consist of an increase
in enzymatic activity of DHFR or in its halflife. On the
other hand, the inhibition of DHFR gene expression
observed by other investigators, using anti-gene
ODNs>” or antimRNA ODNs corresponding to those
used in this investigation as a mixture,?” occurred in
cellfree systems, which lack cell compensatory
mechanisms.

Although activity of lipid-vehiculated aODNs at
lower concentrations has been reported for other
molecular targets,'” our results are not at odds with
those obtained with aODNs directed toward other
genes responsible for tumor drug resistance showing
substantial #n vitro biological effects only at high
concentrations (10 uM or above).zﬁs‘48

Plasma concentrations in the 10-100 uM range can
also be reached at peak in animal models after single
administration of various aODNs at doses ranging
from 20 to 100 mg/kg [e.g. MT-AS, a DNA-methyl-
transferase aODN; CGP 69846A (ISIS 5132), a C-RAF-1
kinase aODN49’51]. These concentrations could be
maintained with repeated dosing of phosphorothioate
aODNs. Since maximum-tolerated doses in humans
may well be within the therapeutic range observed in
animal models,"” it is conceivable that plasma
concentrations similar to those achievable in in vivo
and in vitro systems may be also obtained in the
clinic.

The percent of cell growth inhibition induced by
MTX at doses of 0.05 and 0.5 uM in MTX-resistant cells
after aODNs treatment was markedly lower in
comparison with that obtained in sensitive CCRF-
CEM cells treated with the same concentrations of
MTX alone (i.e. 50 and 75%, respectively).

The moderate increase of MTX cytotoxicity ob-
served with ODN combined treatments could not be
explained as a real, although limited, enhancement of
antifol cytotoxicity since ODNs alone were partly
responsible for reduced cell proliferation and the
apparent reversion of the MTX-resistant phenotype
obtained with aODN combined treatments was similar
to that obtained with control ODNS.

Our results demonstrate that the use of DHFR
aODNs targeting the AUG translation start and the
5-untranslated region at relatively high concentra-
tion are effective in consequently inducing a
substantial but not optimum lowering of specific
mRNA in the MTX-resistant tumor phenotype. In
fact, the level of DHFR protein remains almost
double than that of MTX-sensitive cells and may
therefore be enough to maintain MTX resistance. In
order to reach an optimal degree of cytotoxicity
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with the antifol, an inhibition of DHFR activity
higher than 95% must be obtained in MTX-sensitive
tumor cells.””

In CCRF-CEM/E cells characterized by an about 20-
fold enzyme activity elevation as compared to parental
CCRF-CEM cells, the threshold value of DHFR activity
inhibition necessary to confer MTX cytotoxicity as in
CCRF-CEM-sensitive cells may be theoretically even
greater than 99.5%. Furthermore intracellular aODN
degradation by endonucleases®® could cause the
release of thymidine and a probable salvage from
MTX cytotoxi(:ity.54

Finally, we cannot exclude that longerterm expo-
sure to aODNs may provide more effective protein
inhibition levels.

Conclusion

In conclusion, plans for future treatment approaches
will therefore comprise longterm cell exposure
experiments, the use of second-generation aODNs
(e.g. 2-O-alkyl and morpholino derivatives) and the
design of new aODNs targeted against additional
DHFR mRNA regions, with the aim of developing a
more effective antisense strategy combined with
traditional chemotherapy.
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