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ABSTRACT

Background: Transgenic mice bearing a murine immu-
noglobulin enhancer/c-myc fusion transgene (Ep,-myc)
provide a useful model for Burkitt's lymphoma.
Materials and Methods: Groups of 12 E,t-myc mice
were treated prophylactically for 6 weeks after weaning
with anti-c-myc DNA phosphorothioate (20 mg/kg/day),
scrambled control DNA, or saline, delivered by micro-
osmotic pumps.
Results: Half of the mice treated with saline or scram-
bled control DNA displayed palpable tumors by 8-9
weeks after birth, and 95% of them did so by 16 weeks,

INTRODUCTION
Burkitt's lymphoma constitutes the most fre-
quent hematological malignancy of childhood
(1). Lymphoma is also a frequent result of hu-
man immunodeficiency virus (HIV) infection
(1). This malignancy, like all others, results from
a multistep process of oncogene activation or
suppressor gene inactivation (2). In Burkitt's
lymphoma, virtually all cases display transloca-
tion of chromosomes 8 and 14, placing the c-myc
proto-oncogene from chromosome 8 under the
transcriptional control of the immunoglobulin M
heavy chain enhancer from chromosome 14 (3).

To provide an animal model for childhood
Burkitt's lymphoma, transgenic mice were cre-
ated (4) bearing a murine immunoglobulin M
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but 75% of the mice treated with antisense DNA were
still free of tumors at the age of 26 weeks. Antisense
therapy ablated MYC antigen in the spleens of tumor-
bearing mice. Plasma physiological parameters indicated
no acute toxicity.
Conclusions: Long-term tumor resistance after anti-c-
myc DNA therapy implies induction of a host response.
Prophylactic anti-c-myc DNA therapy might prevent
lymphoma in asymptomatic individuals displaying c-myc
translocations.

enhancer/c-myc fusion transgene (E,u-myc) iso-
lated from a mouse plasmacytoma (5). Mice in
these lines, including the Tg(IgH,Myc)BrilS7 line
studied here, develop aggressive multifocal lym-
phoma/leukemia (4). Tumors are prominent in
95% of such mice by 16 weeks after birth. It
appears that elevated constitutive expression of
c-myc mRNA and antigen does not directly in-
duce tumor onset, but establishes a subpopula-
tion of rapidly proliferating, immature B cells
which may be transformed into a malignant phe-
notype by a subsequent oncogene activation (6).
These transgenic mice provide a well-character-
ized animal model for studying the role of c-myc
activation in B cell lymphoma.

In mammalian cells, the c-myc oncogene has
proved to be a reliable target for antisense DNA
inhibition of gene expression (Refs. 7-21 and Y.
Shi et al., submitted). The ability of antisense
DNA to turn off individual genes at will in grow-
ing cells provides a powerful tool for elucidating
the role of a particular gene, and for therapeutic
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intervention when that gene is overexpressed or

mutated. Antisense DNAs have been applied
against a wide variety of target genes, in viral,
bacterial, plant, and animal systems, both in
whole cells (22) and in animal models (23). It
was therefore of interest to determine whether
or not antisense DNA therapy could down-reg-
ulate c-myc gene expression in an animal model
(24). Nuclease-resistant methylphosphonate
DNAs were administered to the E,u-myc trans-
genic mice by tail vein injection, distributed rap-
idly to the tissues, and showed no sign of degra-
dation. This single treatment, at about 50 mg/kg,
significantly decreased MYC p65 expression,
measured 3-4 hr after administration (24). In-
jection of a scrambled sequence, or saline, had
no effect. Similarly, inhibition of restenosis has
been reported in pigs by a single administration
of anti-c-myc DNA phosphorothioates (25). Fur-
thermore, we have observed significant inhibi-
tion of tumorigenesis in nude mice by c-Ha-ras-
transformed cells as a result of pretreatment of
the cells with anti-c-Ha-ras DNA (26).

Having seen a decrease in MYC antigen in
response to a single administration of anti-c-myc
DNA methylphosphonate (24) we hypothesized
that prolonged treatment of E,u-myc transgenic
mice with anti-c-myc DNA, inhibiting c-myc ex-

pression in the target B cells, might preclude
overproliferation of these cells, and interdict tu-
mor progression. To test this hypothesis, DNA
was administered by micro-osmotic pumps (27)
to E,-myc mice which were treated continuously
for 6 weeks after weaning with DNA phosphoro-
thioates. Mice treated with saline or the scram-

bled control DNA displayed palpable tumors over

the usual time course, but 11 of the 12 mice
treated with anti-c-myc DNA were free of tumors
at the age of 9 weeks, when antisense therapy
ended. Surprisingly, 75% of the mice treated
with antisense DNA were still free of tumors at
the age of 26 weeks, implying the establishment
of long-term resistance to myc-induced lym-
phoma.

MATERIALS AND METHODS
Transgenic Mice

E,u-myc transgenic mice embryos (4) were the
kind gift of Dr. Ralph Brinster. They were rinsed
twice over a 24-hr period to dislodge any adher-
ent virions and were implanted in the uteri of
pseudopregnant (C57BL/6J X SJL/J)F1 hybrid fe-

male foster mothers under viral-pathogen-free
conditions. The heterozygous offspring were
screened for presence of a (FX174 marker se-
quence in the transgene by PCR amplification
(28) of DNA from toe cells at birth. The reliability
of this routine screening method was confirmed
by Southern blot, using the c-myc probe pRyc7.4,
the kind gift of Dr. Maria Luisa Veronese (29).
The mouse line is maintained by continually
backcrossing E,u-myc positive males with
(C57BL/6J X SJL/J)Fl hybrid females; the off-
spring in each generation are screened by PCR as
above. This investigation was carried out in a
pathogen-free animal facility accredited by
AAAALAC, and was reviewed and monitored by
the Institutional Animal Care and Use Commit-
tee to make sure that National Institutes of
Health guidelines were followed.

Oligodeoxynucleotide Synthesis
The PCR primers 5'-dGCAACTTCGGGATGAA
AATG-3' (forward) and 5'-dCGAAGCGCGCAT
AAATTT-3' (reverse) were synthesized as phos-
phodiesters (30) on an Applied Biosystems 394
DNA synthesizer. The anti-c-myc sequence 5'-
dCACGTTGAGGGGCAT-3', and the scrambled
sequence 5'-dCTGCTGAGAGTCGAG-3', were
synthesized as phosphorothioates (31) at a
scale of 120 and 200 ,umol, on a Biosearch
8800 DNA synthesizer. Deprotected oligomers
were purified by duplicate precipitation with
n-butanol (32), then analyzed to verify purity
by high-performance liquid chromatography
(8), nuclear magnetic resonance spectroscopy
(31), and matrix-assisted laser desorption/ion-
ization mass spectroscopy (33). Oligomers
were sterilized by passage through sterile
0.2-,um pore syringe filter units.

Micropump Administration
Groups of 12 EA-myc transgenic mice were se-
lected at weaning, 3 weeks after birth, on the
criterion of displaying no palpable tumor at that
time. Siblings were assigned into all three treat-
ment groups. Micro-osmotic pumps (Alzet 2002,
Palo Alto, CA, U.S.A.) containing 200 ,tl of sa-
line, or saline with 5.0 mM scrambled DNA
phosphorothioate or anti-c-myc DNA phosphoro-
thioate were implanted subcutaneously on the
upper back of each mouse, anesthetized with
avertin (30 mg/kg). Each pump containing DNA
therefore dispensed 1.0 ,umol, at 0.5 ,lI/hr, or 2.5
nmol/hr, over 14 days. The pumps were replaced



Y. Huang et al.: Antisense DNA Prevention of Lymphoma 649

at 5 and 7 weeks after birth. Thus, each mouse
received a dose of 3.0 ,umol of oligomer, or 15
mg, administered continuously at a nearly uni-
form rate of about 0.36 mg/day over 6 weeks.
Since the mass of 3-week-old mice is about 10 g,
and the mass of 9-week-old mice is about 30 g,
one estimates an initial dose of 36 mg/kg/day
and a final dose of 12 mg/kg/day, an average
dose of about 20 mg/kg/day, or about 1 mg/kg/
hr. Tumors were detected by palpation twice
weekly, and confirmed on autopsy. For protein
and mRNA measurement from spleens and
lymph node tumors, mice with established tu-
mors were treated as above for one week.

Western Blot Measurement of MYC p65
Antigen
Total lymphocytes were collected from both
spleens and lymph node tumors in cold DPBS
buffer by heart puncture immediately after sac-
rifice (34). Lymphocyte nuclei were isolated (35)
and nuclear protein extracts were prepared (18).
In order to standardize comparison of bands from
neighboring lanes, exactly 10 ,ug of total nuclear
protein from each sample, measured with the
BCA protein assay Kit (Pierce, Rockford, IL,
U.S.A.), were then loaded onto a 4-20% poly-
acrylamide gradient gel, electrophoresed, then
blotted onto PVDF membrane (Bio-Rad, Her-
cules, CA, U.S.A.). Coomassie blue staining of a
parallel gel indicated constant intensities of
prominent nuclear protein bands in each lane.
MYC protein was detected by monoclonal mouse
anti-myc antibody (Cambridge Research Bio-
chemicals #OM- 1 1-904, Cambridge, MA, U.S.A.)
and horseradish peroxidase conjugated anti-
mouse IgG (Sigma #A2304, Sigma Chemical Co.,
St. Louis, MO, U.S.A.), followed by chemilumi-
nescence.

Northern Blot Measurement of c-myc
mRNA

Total RNA was extracted from about 0.3 g of
spleens and lymph node tumors from each
mouse (36). About 20 ,ug of total RNA from each
sample were electrophoresed on a glyoxal/
DMSO gel (37), then blotted onto a nylon mem-
brane and hybridized with two [33P] dCTP-la-
beled probes: the c-myc PstI restriction fragment
from pRyc7.4 (29) and the pTRI-GAPDH con-
struct (Ambion #743 1, Austin, TX, U.S.A.). c-Myc
mRNA level was calculated based on the density
ratio of the myc band compared with the corre-

sponding GAPDH band, quantitated with a Bio-
Image densitometry system.

Toxicological Analyses
Mice were treated with phosphorothioate DNA
administered by pellet at approximately 30
mg/kg/day for 4 weeks, by syringe at approx-
imately 70 mg/kg/day for 5 weeks, and by
micropump at approximately 20 mg/kg/day,
for up to 6 weeks. At the end of each treat-
ment, plasma from each mouse was taken by
heart puncture. Some major physiological val-
ues, such as AST, ALT, BUN, creatinine, glu-
cose, and blood sodium, were analyzed on a
Kodak 700 chemical analyzer (AMI Town and
Country Hospital, Tampa, FL, U.S.A.).

Statistical Analyses
Tumor onset, Western and Northern blot band
densities, and plasma physiological values were
analyzed by Kruskal-Wallis one-way analysis of
variance on ranks, Dunn's pairwise multiple
comparison procedure, and Mann-Whitney rank
sum test (38) using the program SigmaStat (Jan-
del Scientific, San Rafael, CA, U.S.A.).

RESULTS
Tumor Onset
Over several generations of observing the
Tg(IgH,Myc)Bril57 line (4), we found that the 57
untreated transgene-positive mice displayed pal-
pable tumors as early as 3 weeks of age, and that
half of them developed palpable tumors by the
age of 8-9 weeks (Fig. 1). Fifty-five (95%) of
them developed tumors within 16 weeks.

Pellet Administration
Four-week prolonged release pellets (Innovative
Research of America, Toledo, OH, U.S.A.) packed
with no drug (placebo) or 4 ,umol of antisense or
scrambled phosphorothioate DNAs were im-
planted under the skin on the upper back of
groups of three to five E,u-myc positive mice
within 2 weeks after tumor onset. The total
amount of DNA in the pellets and the rate of
release from each pellet varied widely and un-
predictably. Tumor size, body mass, and lympho-
cyte differentiation of each mouse were analyzed
weekly. Significant percentages of immature
lymphocytes were not observed in tail blood
smears until late in tumor development, after
lymphoid tumors were prevalent throughout the
body. Mice with disseminated tumors all dis-
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FIG. 1. Time of onset of lymphoid tumors in
untreated E,u-myc transgenic mice from day of
birth
Presence of the transgene in these hemizygous mice
was detected by PCR analysis of toe tissue at birth.
Tumors were detected by palpation twice weekly
and confirmed on autopsy. Over several generations,
a total of 57 mice were observed.

played blasts and other immature forms, but the
extent of peripheral pre-B cell populations com-

mon to these mice varied more from mouse to
mouse than from treatment group to treatment
group. After 4 weeks of treatment, there were no

significant differences in changes in tumor size
increase or body mass increase among the groups

of mice treated with placebo, antisense, or

scrambled DNA phosphorothioates (data not
shown). Methylphosphonate DNAs were simi-
larly ineffective.

Subcutaneous Administration

This route was chosen as a simpler and more

controllable mode of therapy than pellet implan-
tation. Groups of three to four E,u-myc transgenic
mice were selected at weaning, 3 weeks after
birth, on the criterion of displaying no palpable
tumor at that time. Weaning was the earliest age

at which DNA could be administered to mice
without danger of maternal rejection. Each
mouse received normal saline or saline contain-
ing 1.0 ,umol of antisense or scrambled DNA
phosphorothioate under the skin of the back,
twice weekly for 5 weeks. At the end of treat-
ment, two out of four mice receiving scrambled

DNA displayed tumors, but none in the antisense
group did. In the antisense group, however, epi-
dermal tissues surrounding the site of injection
became thick, rigid, and brittle.

Micropump Administration
This route was substituted for subcutaneous in-
jection in order to avoid epidermal senescence at
the site of injection. Three-week-old E,u-myc
transgenic mice with no palpable tumors were
randomly distributed into groups of 12. Mi-
cropumps dispensing 0.5 ,ll/hr of antisense or
scrambled DNA phosphorothioate (2.5 nmol/hr),
or only saline, for 14 days were implanted, then
replaced at 5 and 7 weeks of age. Each mouse

received a dose of 3.0 ,umol of oligomer, or 15
mg, administered continuously at a nearly uni-
form rate of about 0.36 mg/day over 6 weeks. As
the mice grew, the calculated dose decreased
from about 36 mg/kg/day at 3 weeks to about 12
mg/kg/day at 9 weeks. The six weeks of therapy
represent the longest test of antisense DNA ad-
ministration in animals to date. During the
course of treatment, there were no significant
differences in body mass increase or lymphocyte
differentiation among the groups of mice treated
with either saline, or antisense or scrambled
DNA (data not shown).

Tumor Onset

The mice treated with saline and those treated
with the scrambled control DNA displayed tu-
mors over the usual time course (Fig. 2). In the
saline group, 5 of 12 mice had palpable tumors
by 8 weeks of age, and 9 of 12 had tumors at 15
weeks. In the scrambled group, 5 of 12 mice
had tumors by 10 weeks, and 9 of 12 had
tumors at 15 weeks. However, in the antisense
group only 3 of 12 mice had displayed a tumor
by the time of sacrifice at 26 weeks (Fig. 2).
One of the three tumors in the antisense group

was already palpable 2 weeks after the begin-
ning of the 6 weeks of therapy; perhaps that
tumor had already initiated prior to therapy.
The second was detected at 15 weeks and the
third at 17 weeks. The tumor-free mice treated
with antisense DNA were observed up until
sacrifice at 48 weeks.

An overall analysis of variance of the tumor
data using the nonparametric Kruskal-Wallis
procedure (38) indicated significant effects (Ho,
p = 0.0000851), and this was followed by mul-
tiple pairwise comparisons among the groups us-

ing Dunn's nonparametric exact test and the

F I-
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FIG. 2. Age of onset of lymphoid tumors in
E,u-myc transgenic mice treated with saline
or scrambled or antisense DNA phosphoro-
thioates
Shaded box shows period of continuous administra-
tion of DNA from micro-osmotic pumps. *, no
treatment (54 mice which were tumor-free at 3
weeks); *, saline (12 mice); *, scrambled DNA
phosphorothioate (12 mice); U, antisense DNA phos-
phorothioate (12 mice).

Mann-Whitney rank sum test (39). By both tests,
the antisense treatment group differed signifi-
cantly from both the saline (Ho, p < 0.05) and
scrambled (Ho, p < 0.05) groups in tumor onset,
while the latter two groups did not differ signif-
icantly from each other (Ho, p < 0.05). A signif-
icant degree of protection by anti-c-myc DNA
against tumor onset was therefore observed in
this trial, continuing out to 26 weeks of age. This
represents the first demonstration of chemopre-
vention of tumor onset by prophylactic antisense
DNA therapy.

Oncogene Expression
With respect to malignancies dependent upon
c-myc expression, it was important to determine
whether or not antisense DNA therapy could
down-regulate c-myc gene expression in E,u-myc
mice for an extended period. Antigen and mes-

senger measurements, however, were not made
on the mice that received long-term therapy
from the time of weaning, but on a separate
group implanted with micropumps only after tu-
mor onset. In the former group, tumors appeared

SAL SCR
1 2 1 A

ANTI
5 A 7 R

p65-4

FIG. 3. Western blot analysis of MYC antigen
expression in splenic lymphocytes of E,u-myc
transgenic mice with palpable tumors, treated
with saline (SAL) (Lanes 1 and 2) or scrambled
(SCR) (Lanes 3 and 4), or antisense (ANTI)
(Lanes 5-8) DNA phosphorothioates for 1
week
Ten micrograms of nuclear protein extract were ap-
plied to each well. Nonspecific lower molecular
weight bands arose from secondary antibody.

at arbitrary times in each mouse in each group,
and each group included individual mice from
different litters born at different times. Thus, it
would have been difficult to make comparable
protein and RNA measurements after each sep-
arate sacrifice of an animal. In the case of anti-
sense DNA treatment, only three mice ever dis-
played tumors, many weeks apart. In order to
maintain the size of the observed cohort, thereby
maximizing the statistical reliability of the obser-
vations, no mice in the long-term therapy exper-
iment were sacrificed for assay prior to tumor
onset.

We wished to determine how effectively an-
tisense DNA inhibited myc gene expression, both
in splenic lymphocytes and in tumor cells of the
same animal, at the same time in the middle of a
pump cycle for all animals examined. c-Myc
mRNA is expressed at very low levels in splenic
lymphocytes of both normal mice, and E,u-myc
transgenic mice prior to tumor establishment.
Therefore, these measurements were carried out
in a group of eight mice already displaying pal-
pable tumors. Two micropumps were implanted
containing saline vehicle, two with scrambled
DNA, and four with antisense DNA, at 5.0 mM as
above. After 1 week of DNA administration by
micropump at about 20 mg/kg/day, c-myc mRNA
and MYC p65 antigen were measured from each
mouse. Nuclear proteins and total RNA were
collected from both splenic lymphocytes and
lymph node tumors. MYC proteins were de-
tected by Western blots and c-myc mRNAs were
measured by Northern blots.

MYC protein was virtually undetectable in
splenic lymphocytes from all antisense-treated
mice (Fig. 3) as it is in normal mice or Ep,-myc
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FIG. 4. Western blot analysis of MYC antigen
expression in lymphoid tumors of E,u-myc
transgenic mice with palpable tumors, treated
with saline (SAL) (Lanes 1 and 2) or scrambled
(SCR) (Lanes 3 and 4), or antisense (ANTI)
(Lanes 5-7) DNA phosphorothioates for 1 week
Ten micrograms of nuclear protein extract were ap-
plied to each well.

mice prior to tumor onset, but prominent bands
remained in splenic lymphocytes of tumor-bear-
ing mice treated with saline or scrambled DNA
(Fig. 3), and in the lymphoid tumors of mice
from all treatment groups (Fig. 4). c-Myc mRNA
measured in the same animals, however, was not
significantly reduced either in splenic lympho-
cytes of the mice with the antisense treatment
(Fig. 5) or in lymphoid tumors as compared with
control groups (Fig. 6). The reduction in MYC
antigen in the splenic lymphocytes of tumor-
bearing mice treated with antisense DNA corre-

lates with treatment with antisense DNA ther-
apy, but the tumors themselves were apparently
unaffected. However, this observation made it
plausible that prophylactic therapy with anti-
sense DNA prior to tumor establishment might
slow the proliferation of the transgenic pre-B cell

SASC ANTI
1 2 3 4 5 6

myc ->

GAPDH->

FIG. 5. Northern blot analysis of c-myc mRNA
expression in splenic lymphocytes of E,I-myc
transgenic mice with palpable tumors, treated
with saline (Lane 1) or scrambled (Lanes 2 and
3) or antisense (Lanes 4-6) DNA phosphoro-
thioates for 1 week
Twenty ,ug of total cellular RNA were applied to
each well.

myc -*

GAPDH ->

FIG. 6. Northern blot analysis of c-myc mRNA
expression in lymphoid tumors of E,u-myc
transgenic mice with palpable tumors, treated
with saline (Lane 1), scrambled (Lanes 2 and
3), or antisense (Lanes 4-6) DNA phosphoro-
thioates for 1 week
Twenty micrograms of total cellular RNA were ap-
plied to each well.

population enough to lower the rate of tumor
onset in E,u-myc mice.

Toxicology

Phosphorothioate DNA has been found to be
toxic to liver, kidney, spleen, and some other
major organs of mice at intraperitoneal bolus
doses above 100 mg/kg, three times per week for
2 weeks. At this dose range, serum aspartate
aminotransferase activity doubled or tripled, ala-
nine aminotransferase activity doubled, and glu-
cose levels decreased by 30%. More than 150
mg/kg in a single bolus induced acute death in
some mice (39). However, among the mice
treated with phosphorothioate DNA at the dose
rates described in this work, the lack of pertur-
bation of increase in body mass with time pro-

vides a general indication of negligible acute tox-
icity. Furthermore, plasma physiological values
were analyzed at the time of sacrifice in normal
mice and in transgenic mice that were treated
with saline or scrambled or antisense DNA phos-
phorothioates. In eight mice with established tu-
mors, DNAs were administered by pellet at ap-

proximately 30 mg/kg/day for 4 weeks. In four
mice without palpable tumors at 3 weeks, DNAs
were administered by subcutaneous injection at
approximately 250 mg/kg twice weekly (70 mg/
kg/day) for 5 weeks. In four mice without pal-
pable tumors at 3 weeks, DNAs were adminis-
tered by micropump at 0.36 mg/day, or an average

of 20 mg/kg/day, for 6 weeks, or until establish-
ment of large tumors. In contrast to mice treated
with intraperitoneal bolus doses at 100 mg/kg (39),

ANTISAL SCR
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there were no significant differences detected
among the three groups in major physiological val-
ues such as aspartate aminotransferase (AST), ala-
nine aminotransferase (ALT), creatinine, blood
urea nitrogen, glucose and blood sodium, indicat-
ing the lack of acute toxicity of phosphorothioate
DNA at the therapeutic dose (Table 1).

Splenomegaly has also been reported in mice
as a result of phosphorothioate DNA administra-
tion (40). This phenomenon was also observed in
the E,-myc mice treated with antisense or scram-
bled phosphorothioate DNAs. At an age of 12-16
weeks, the mass of spleens from normal mice
averaged 0.1 g, while those from E,u-myc mice
receiving phosphorothioates averaged 0.3 g.
However, the spleens of E,u-myc mice treated
with the placebo averaged 0.25 g, so that the
observed splenomegaly may arise from the stress
of bearing tumors and implantation of pellets or
micropumps.

Procreation is usually inadvisable during
chemotherapy, but three female mice treated
with scrambled DNA were mated inadvertently
during treatment and gave birth to normal size
healthy litters. A male mouse treated with anti-
sense DNA was mated 2 weeks after the end of
therapy, and fathered two normal size healthy
litters. Hence, there was no apparent acute tox-
icity to the gonads as a result of phosphorothio-
ate therapy at the therapeutic dose.

DISCUSSION

When antisense DNA administration by pellet
was attempted after tumor onset, autopsies re-
vealed numerous tumors in each of the E,u-myc
mice, disseminated to most of the lymph nodes,
in varying sizes up to several grams. Disease pro-
gression was not halted in mice treated by pellet
with antisense DNA phosphorothioates or meth-
ylphosphonates after tumor establishment. How-
ever, the lack of measurable regression may only
reflect the pellet mode of administration utilized
in the first two trials. Pellet administration was
discarded following these unpromising results.
Inconsistent, poor delivery of antisense DNA
may have resulted in a low effective dose, ob-
scuring any antisense effects. Therefore, another
hypothesis to be tested holds that continuous
administration of antisense DNA over many
weeks might be sufficient to reduce the growth
of an established tumor. However, it is apparent
from Fig. 3 that one week of such therapy failed
to depress MYC antigen.

One may then hypothesize that inhibition of
c-myc overexpression early in life, prior to sec-
ondary neoplastic transformation, might inter-
dict tumor formation. To test this hypothesis,
antisense DNA therapy was then initiated at
weaning, three weeks of age, the earliest time at
which pups could be handled without danger of
maternal rejection.

Subcutaneous administration was tested,
and none of the mice receiving antisense DNA
displayed tumors at the age of 8 weeks, when the
5 weeks of therapy ended. However, the senes-
cence of the skin around the site of injection, in
the case of antisense DNA, presented an unde-
sirable side effect. Normally, mature epidermis
includes a differentiating compartment and a
proliferating compartment. MYC protein is one
of the crucial factors regulating keratinocyte
growth, differentiation, and apoptosis in the ma-
ture epidermis (41). Down-regulation of c-myc
expression directly induces terminal differentia-
tion of keratinocytes, and potently initiates ap-
optosis, as well as inhibiting proliferation. Both
lead to keratinocyte cell death. Furthermore, kera-
tinocytes efficiently internalize oligodeoxynucle-
otides (42). Therefore, we think that the dermal
toxicity that occurred in the antisense-treated
group was a direct effect of a high local concentra-
tion of anti-c-myc DNA.

The subcutaneous trial implied that pro-
longed and frequent administration of antisense
DNA under the skin by syringe would be too
toxic to use in a longer, larger trial. Prolonged
and frequent intraperitoneal administration
seemed too traumatic. Envisioning 6 weeks of
therapy, we therefore decided to try antisense
DNA therapy by implantation of a series of three
14-day micro-osmotic pumps. Following 1 week
of such therapy, MYC antigen was suppressed in
the spleens of tumor-bearing mice treated with
antisense DNA (Fig. 3), although no significant
inhibition was observed in the corresponding
lymphoid tumors from the same animals (Fig. 4).
Poor penetration by antisense DNA into the tu-
mors from the blood may be one possible expla-
nation for the lack of MYC ablation in the tu-
mors. In neither spleens nor lymphoid tumors
was c-myc mRNA reduced (Figs. 4 and 5). Per-
haps a transcriptional feedback mechanism re-
plenished c-myc mRNA presumably ablated by
RNase H in the spleens of antisense treated ani-
mals. Such a feedback phenomenon has been
observed in acute myelogenous leukemia cells
treated with antisense DNA against p53, where
the antigen level was also depressed, without
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concomitant reduction of the mRNA band on a

Northern blot (43).
In the micropump trial, anti-c-myc DNA

therapy dramatically inhibited tumor progres-
sion when administered prophylactically, before
the appearance of palpable tumors. The dose of
racemic antisense DNA phosphorothioate ad-
ministered corresponds to about 20 mg/kg/day
over the 6 weeks of therapy. The rather high
dose that allowed chemoprevention may in prin-
ciple be reduced. Dose-response experiments
which are underway should reveal how low a

concentration will be effective. However, one

may hypothesize that potency could be elevated
significantly by use of stereospecific all-Rp phos-
phorothioate (44) or all-Rp methylphosphonate
(45) oligomers, which display much stronger hy-
bridization than the racemic oligomers used
above. For prolonged or chronic therapy, intes-
tinal uptake (46) might even allow oral admin-
istration.

The question of sequence specificity of anti-
sense DNA inhibition must be addressed, partic-
ularly when the antisense sequence includes a

G4 segment (47). In the case of anti-c-myc DNA
phosphodiesters used to inhibit proliferation of
human promyelocytic HL-60 cells (7-14), 10 dif-
ferent sites from the 5' end to the beginning of
the coding domain in the second exon of c-myc
mRNA were targeted. All 10 antisense DNAs in-

hibited MYC antigen levels between 40 and
90%, under conditions in which our original
initiation codon antisense sequence with a G4
segment induced 70% inhibition. The same se-
quence failed to inhibit Q8 cells transformed by
avian c-myc oncogene, with four mismatches in
the antisense target (8). In the case of anti-c-myc
DNA phosphorothioates used to inhibit prolifer-
ation of smooth muscle cells involved in reste-
nosis (Refs. 17 and 25, and Y. Shi et al., submit-
ted), our original initiation codon antisense
sequence with a G4 segment and two other an-

tisense sequences were effective inhibitors, but
scrambled, sense, reverse, and 4-nt mismatch
controls showed no activity. Recently, anti-c-myb
and anti-c-myc DNA phosphorothioates, as well
as control sequences, with G4 segments were

observed to inhibit smooth muscle cell prolifer-
ation nonspecifically, when the cells were ex-

posed to 30 ,tM DNA for 24 hr (48). At this toxic
dose, however, nonspecific inhibition should be
expected (49). In contrast, typical antisense DNA
phosphorothioate concentrations of 0.2-2.0 ,uM
result in sequence specific effects, as in the other
studies mentioned above.

Another possibility for nonspecific effects in
vivo arises from the presence of the 5'-dCACGTT
segment of the anti-c-myc DNA, a sequence close
to the dRRCGYY consensus which has recently
been reported to induce B cell stimulation in

TABLE 1. Major plasma physiological values of E,u-myc transgenic mice treated with DNA
phosphorothioates for 4 to 6 weeks at doses up to 70 mg/kg/day

AST ALT Blood Urea Blood Blood Blood
Treatment (SGOT) (SGPT) Nitrogen Creatinine Glucose Sodium
Group (IU/l) (IU/l) (mg/dl) (mg/dl) (mg/dl) (mEq/dl)

Normal controla 438 ± 241 455 ± 247 28 ± 14 0.28 ± 0.15 202 ± 15 136 ± 3b
(4) (4) (4) (4) (4) (4)

Saline only 518 328 131 ± 120 31 ± 12 0.29 0.06 144 33 154± 14b
(8) (8) (7) (8) (3) (7)

Scrambled 658 ± 341 154 ± 72 35 ± 14 0.35 ± 0.10 157 ± 47 148 ± 11
DNA antisense (4) (4) (4) (4) (2) (2)

627 ± 306 88 ± 10 38 ± 24 0.43 ± 0.39 229 ± 30 145 ± 0
DNA ANOVAc (4) (4) (4) (4) (3) (3)

No No No No No Yes

Numbers in parentheses indicate the number of samples for each measurement.
aEA-myc negative mice.
bSignificant difference between these two groups by Dunn's multiple pairwise comparison method.
'Nonparametric comparison among groups by Kruskal-Wallis one-way analysis of variance on ranks.
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mice 24 hr after a bolus of about 25 mg/kg, but
not at 5 mg/kg (50). On the one hand, the mi-
cropump dose rate of 1 mg/kg/hr may never
achieve a threshold serum level of anti-c-myc
DNA that might activate B cells. On the other
hand, one may hypothesize that elevated B cell
activity in mice over 6 weeks old might contrib-
ute to long-term tumor resistance, although no
MYC reduction or tumor regression was ob-
served in established tumors (Fig. 4).

In view of the positive results of the mi-
cropump trial, one could postulate screening of
individuals at risk for c-myc translocation, such as
HIV-infected individuals. Although the 8:14
chromosomal translocation is not frequent
enough in children to justify screening of a large
population, it does occur frequently in HIV-in-
fected individuals, inducing lymphomas (1). Ac-
quired immunodeficiency syndrome (AIDS)-as-
sociated non-Hodgkin's lymphomas typically
display translocation of c-myc to an immunoglob-
ulin locus (51,52). If c-myc translocation precedes
onset of lymphoma by any appreciable time,
then screening might reveal positive evidence of
c-myc activation prior to malignancy. Individuals
displaying c-myc translocation could then be
treated with antisense DNA to interdict tumor
onset. It may therefore be reasonable to propose
prophylactic anti-c-myc DNA therapy for HIV-
infected individuals who display c-myc transloca-
tion in peripheral B cells. Would one not, how-
ever, expect to find systemic toxicity upon
antisense inhibition of c-myc expression in pro-
liferating cells? Fortunately for this prophylactic
model, it has been observed in mice that DNA
phosphorothioates are preferentially taken up by
B cells, particularly when stimulated by a B cell
mitogen (53), which may now be said to include
the 5'-dCACGTT segment of the anti-c-myc DNA
itself (50). Finally, the down-regulation of MYC
protein observed in splenic lymphocytes (Fig. 3)
suggests that anti-c-myc therapy might prove
beneficial in those hematological malignancies in
which cellular proliferation depends upon ele-
vated c-myc expression.

Another significant question to be addressed
concerns the extended tumor-free survival of 9
of the 12 antisense treated mice in the fourth trial
(Fig. 2). The original hypothesis predicted post-
ponement of tumorigenesis during the course of
antisense therapy (i.e., until the end of the sixth
week of DNA administration, 9 weeks of age) but
not long-term resistance. What mechanism could
one then postulate to explain the phenomenon? In
the case of E,u-myc mice, it may be that antisense

inhibition of the expanded pre-B cell population
limited the opportunities for establishment of tu-
mor clones until the animals were sufficiently ma-
ture to eliminate transformed cells by normal im-
munological processes. In that case, 2 or 4 weeks of
antisense therapy, up to an age of 7 weeks, might
be insufficient to allow long-term resistance. Alter-
natively, up-regulation of c-myc expression at the
end of therapy in transformed cells may have
driven them into apoptosis, as with promyelocytic
HL-60 cells (21). It is also possible that antisense
inhibition induced sufficient differentiation of c-
myc transformed cells (11,14) to expose them to
immune surveillance and specific T cell activation.
Bystander effects have been observed in other
forms of genetic therapy (54,5 5), including anti-
sense therapy (56,57). It will be of great interest to
examine and test the hypothetical forms of immu-
nological activation set in motion by antisense
DNA therapy.
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