5126 Biochemistry2000, 39, 5126-5138

Inhibition of Gene Expression and Cell Proliferation by Triple Helix-Forming
Oligonucleotides Directed to themycGené

Carlo V. Catapano,* Eileen M. McGuffie, Daniel Pacheco, and Giuseppina M. R. Carbone

Department of Experimental Oncology and Hollings Cancer Center, Medicalddsity of South Carolina,
Charleston, South Carolina 29425

Receied September 21, 1999; Rged Manuscript Receéd February 11, 2000

ABSTRACT: Triple helix-forming oligonucleotides (TFOs) bind with high affinity and specificity to
homopurine-homopyrimidine sequences in DNA and have been shown to inhibit transcription of target
genes in various experimental systems. In the present study, we evaluated the abHaynai@& modified
phosphodiester TFOs directed to four sites indhmycgene to inhibit gene expression and proliferation

of human leukemia (CEM, KG-1, and HL-60) and lymphoma (Raji and ST486) cells. GT-rich TFOs
were designed to target sequences located either upstream (mycl and -2) or downstream (myc3 and -4)
of the P2 promoter, which is the majormycpromoter. Myc2, which was directed to a site immediately
upstream of this promoter, inhibitedmycexpression and proliferation of CEM cells. The effects of this
TFO were sequence- and target-specific, since control oligonucleotides and TFOs directed to other sites
were less or not active. Myc2 was also effective in KG-1, HL-60, and Raji cells. In contrast, ST486 cells
were more sensitive to myc3, which targets a sequence in intron 1 upstream of the P3 promoter, than
myc2. As result of a chromosomal translocation, P3 is the active promoter in ST486 cells. This study
demonstrates the activity and specificity of TFOs designed to act as repressamsyofjene expression

in human leukemia and lymphoma cells. Our results suggest that this is a valid approach to selectively
inhibit gene expression and cancer cell growth, and encourage further investigation of its potential
applications in cancer therapy.

The c-mycgene encodes a transcription factor that plays  The importance of deregulated expressioncafiycfor
a critical role in controlling cell proliferation and differentia-  proliferation of cancer cells and maintenance of the malignant
tion (1). The c-mycgene product acts as a master switch phenotype has been demonstrated using various experimental
that, in response to a variety of internal and external signals,approaches, including antisense oligonucleotides and c-Myc
either activates or represses transcription of several growth-dominant negative mutantd-9). In addition to providing
and differentiation-related gene%)(c-Myc also has a key  essential information on the role of this gene in neoplastic
role in the pathogenesis and progression of several humartransformation, these studies have suggested that targeting
cancers], 2). Gene amplification, which leads to constitutive c-Myc is a valid approach to inhibit proliferation and survival
expression oft-myg is observed frequently in cancers of of a variety of cancer cell types. Therefore, development of
the breast, lung, and prostate, and, occasionally, in colonselective c-Myc inhibitors is of extreme interest, since such
carcinomas, leukemias, and lymphomas. Chromosomal trans-agents may have potential therapeutic applications in a wide
locations involving thec-myc gene are characteristics of range of human cancers.

Burkitt's lymphomas and frequently observed in a subgroup  The triplex DNA-based or antigene approach may provide
of AIDS-related lymphomas and leukemias. These translo- gn effective way to selectively inhibit the expression of a
cations juxtapose the-mycgene on chromosome 8 to the gpecific gene, such as-myc in cancer cells 10—12).
regulatory regions of immunoglobulin genes on chromosome potential advantages of this approach are the limited number
2,14, or 22, _and res_ult in constitutive actlvatlonaafny_c of target molecules per cell (i.e., gene copy number) and,
gene expressior). High levels ofc-mycRNA and protein  perhaps, an increased level of selectivity compared to other
are also found in a large number of human cancers as agligonucleotide-based gene targeting strategies, such as
consequence of activation of other oncogenes, expressiorpntisense and decoy oligonucleotides. The triplex DNA
_of products of chromosomal translocations, and alterations gpproach is based on the design of oligonucleotides that bind
in tumor suppressor gene pathways 2). in a sequence-specific manner to homopurine-homopyrimi-
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over pyrimidine-rich TFOs that they form stable triple helices
at physiological pH13, 15). Oligonucleotide-directed triplex
DNA formation prevents binding of sequence-specific DNA

Biochemistry, Vol. 39, No. 17, 2006127

were determined spectrophometrically by measuring absor-
bance at 260 nm and using nucleotide extinction coefficients.
Integrity and purity of the oligonucleotides were verified by

binding proteins, such as transcription factors, to their target gel electrophoresis.

sequencel(6, 17). When directed to appropriate sites within

Electrophoretic Mobility Shift Assay (EMSA)ligonucle-

the regulatory or transcribed region of a gene, TFOs can otides corresponding to the purine- and pyrimidine-rich

block transcription initiation or elongation of RNA transcripts
(112). Several studies have confirmed the ability of TFOs to
inhibit transcription in cell-free systems and expression of
reporter genes in cells18—29). Also, inhibition of the
expression of various endogenous genes, includingyc

by oligonucleotide-directed triplex DNA formation has been
shown in cells 80—37). To date, however, only a limited
number of studies have evaluated the ability of TFOs to
inhibit cancer cell growth34, 37, 38).

In this study, purine-rich TFOs were designed to target
distinct sites in the-mycgene. We selected sequences near
critical control elements in the promoter and transcribed
region of the gene, with the intent to inhilitmyc gene
expression by blocking either transcription initiation or
elongation (Figure 1). The overall goal of the study was to
compare the ability of these TFOs to down-reguleteyc
expression and inhibit growth of various human leukemia
and lymphoma cell lines. Continuous expressiorcafyc
was known to be an important factor for proliferation and
survival of these cells39). Furthermore, the selected cell
lines overexpressed-myc because of either constitutive
activation, gene amplification, or chromosomal translocation.

strands of the target sequences shown in Figure 1 were
synthesized. EMSA was performed according to two distinct
protocols. In the experiments shown in Figure 2, the
pyrimidine-rich strand of the target sequence wa®rid-
labeled with [-32PJATP (3000 Ci/mmol, Amersham Phar-
macia Biotech, Piscataway, NJ) and T4 polynucleotide kinase
(Promega, Madison, WI). To form duplex DNA, each end-
labeled oligonucleotide was heated at @ for 10 min in

the presence of an equal amount of the complementary
purine-rich oligonucleotide, and then allowed to cool slowly
to room temperature. TFOs and control oligonucleotides were
heated at 65C for 10 min to reduce self-aggregation. Then,
duplex DNA (1 nM) was incubated with TFOs or control
oligonucleotides in a buffer consisting of 90 mM TFrisorate

(pH 8.0) and 10 mM MgGI(TBM buffer) for either 1 or 18

h at 37 °C. An alternative protocol was used for the
experiment shown in Figure 3. In this case, unlabeled duplex
DNA was prepared by annealing the purine- and pyrimidine-
rich oligonucleotides and then incubated with the TFO or
control oligonucleotides, which had beerebd-labeled with
[y-32P]ATP. To detect triplex DNA formation, binding
reactions from both sets of experiments were subjected to

Therefore, we were also in the position to determine whether polyacrylamide gel electrophoresis under nondenaturating

the designed TFOs could affect cells with different mecha-
nisms of activation o-mycgene expression and, at the same
time, could discriminate among cells with distinct alterations
in thec-myclocus. Our studies showed the growth inhibitory
activity of a TFO targeted to a site in the promoter of the
c-mycgene in human leukemia CEM cells. The antiprolif-
erative activity of this TFO depended on its ability to
selectively down-regulate-mycexpression. Furthermore, the
sensitivity of each cell line to distinct TFOs was apparently

conditions. Electrophoresis was carried out at room temper-
ature at 600 V fo 4 h using TBM as running buffer. The
percentage of triplex DNA formed by the TFOs was
determined by scanning the gels with a phosphoimager and
using the Image-Quant software (Molecular Dynamics,
Sunnyvale, CA). For each gel lane, we measured the intensity
of the bands corresponding to the duplex and triplex DNA
and calculated the percentage of duplex DNA that migrated
as triplex DNA. The dissociation constakiigf for each TFO

related to the presence and/or function of the correspondingwas then calculated using data from multiple experiments

target sequences in tleemycregulatory region.

MATERIALS AND METHODS

Oligonucleotide Synthesi®eagents for oligonucleotide

synthesis were purchased from Glen Research (Sterling, VA).

Phosphodiester oligonucleotides were synthesized by thevector (Promega, Madison, WI). This plasmid was then

phosphoroamidite method in the DNA synthesis facility of
the Medical University of South Carolina. Oligonucleotides
to be used for in vivo studies were modified at thésBminus
by addition of a propylamine group using@&mnino-modifier
CPG from Glen Research. Oligonucleotides were purified

by preparative gel electrophoresis, dissolved in water, and

sterilized by filtration through 0.22um filters (Gelman
Science, Ann Arbor, MI). Oligonucleotide concentrations

1 Abbreviations: AML, acute myeloid leukemia; bp, base pair(s);
CNBP, cellular nucleic acid-binding protein; DMS, dimethyl sulfate;
EMSA, electrophoretic mobility shift assay; GAPDH, glyceraldehyde-

and the following equation:
1/[TFQ] (40).

DNase | FootprintingA fragment of 2000 bp comprising
exon 1 of thec-mycgene was excised from the pHSR-1
plasmid (American Type Culture Collection, Manassas, VA)
by digestion withXmd and subcloned into a pGEM-3Z

[duplex]/[triplex} Kg x

digested withHindlll and NgaMIV to generate a fragment
of 347 bp containing the TFO target site. Following its
isolation from an agarose gel using the Qiaex Il kit (Qiagen,

Valencia, CA), the fragment was labeled at tHee8mini

by filling in with the Klenow fragment ofE. coli DNA
polymerase | in the presence off?P]dCTP (3000 Ci/mmol,

Amersham Pharmacia Biotech). To produce a fragment with

the 32P label only at the '3end of the strand containing the
purine-rich target sequence, the 347 bp fragment was digested

with Xmd. The resulting 314 bp fragment was subsequently

purified by preparative gel electrophoresis. To carry out

3-phosphate dehydrogenase; hnRNP K, heterogeneous nuclear riboDNase | footprinting, TFO and control oligonucleotides were

nucleoprotein K; MAZ, myc-associated zinc finger protein; MTT,

heated at 65C for 10 min, and then added to end-labeled

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; PBS, DNA and incubated for 24 h at T in TBM buffer. DNase

phosphate-buffered saline; RT-PCR, reverse transcriptase-polymeras

chain reaction; SDS, sodium dodecyl sulfate; TCA, trichloroacetic acid,;
TFO, triple helix-forming oligonucleotide.

T (Promega) was added to the samples at a final concentration

of 10 units/mL, and digestion was carried out for 1 min at
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room temperature. Reactions were stopped by adding anwas removed by centrifugation through a Biospin 6 column
equal volume of denaturating gel loading buffer containing (Bio-Rad, Hercules, CA). The purified ®nd-labeled oli-

98% formamide and 10 mM EDTA, and heating for 10 min

gonucleotide was then added to CEM cells to a final

at 95°C. Samples were loaded on a 10% sequencing gel concentration of 0.2M. Two aliquots of 1x 10 cells each
and separated at 60 W for 2 h. An aliquot of the 314 bp were taken at the beginning (time 0) and after 1, 2, and 4 h
fragment was sequenced with the SequiTherm Cycle se-of incubation. At each time point, the cells were diluted with
quencing system (Epicenter Technologies, Madison, WI) 10 volumes of ice-cold serum-free medium, and washed

following the manufacturer’s instructions and using?R
end-labeled primer ((6CCCGCTCGCTCCCTCTG"3nu-
cleotides 25342517 of thec-mycgene) complementary to

twice with the same volume of medium. The final pellet of
the first aliquot of each sample was resuspended in100
of a buffer containing 10 mM Tris-HCI, pH 7.4, and 10 mM

the 3 end of the strand containing the purine-rich sequence. EDTA (TE buffer) and used to determine the amount?Bf
Sequencing reactions were then run in the gel along the sidelabeled oligonucleotide in whole cells by liquid scintillation
of the DNase | digests to identify the position of the target counting. The second aliquot was processed to separate

sequence.
Cell Culture Conditions and Oligonucleotide Treatment.

cytoplasm and nuclei. Cells were resuspended in 1 mL of a
buffer containing 10 mM Tris-HCI, pH 7.4, 10 mM NacCl, 3

Tissue culture medium, serum, and antibiotics were obtainedmM MgCl,, and 0.5% (v/v) NP-40 (NP-40 buffer), incubated

from GIBCO/BRL. T-cell leukemia CEM cells were grown
in E-MEM medium @1). KG-1 and Raiji cells were obtained
from D. Watson, and HL-60 cells were obtained from A.
Safa of the Medical University of South Carolina. Burkitt's

on ice for 5 min, and centrifuged at 5§@t 4 °C for 5 min.

The supernatants, representing the cytoplasmic fraction, were
transferred to scintillation vials and counted. The pellets,
which contained nuclei, were washed twice in NP-40 buffer.

lymphoma ST486 cells were purchased from the American Nuclei in the final pellet were resuspended in 1Q00f TE

Type Culture Collection. KG-1, HL-60, Raji, and ST486
were grown in RPMI medium. Culture media were supple-

buffer and transferred to scintillation vials for counting.
Oligonucleotide concentrations in whole cells, cytoplasm,

mented with 10% fetal calf serum that had been inactivated and nuclei were calculated on the basis of mean cell and

at 55°C for 45 min. Before each experiment, cells were
grown at a density of 2 1 cells/mL for 24 h and then
diluted in fresh medium to the required cell density.

nuclear volumes, which were determined on duplicate
samples with a Coulter Counter Multisizer Il (Beckman
Coulter, Fullerton, CA). Aliquots (1QL) of whole cells and

Oligonucleotides were diluted to the desired concentrations nuclei were removed from each sample before counting and

and heated at 65C for 10 min immediately before being

kept at—20 °C to determine the integrity of th&P-labeled

added to the culture medium to reduce the possibility of self- oligonucleotide. To avoid further processing of the samples,

aggregation.

Thymidine Incorporation AssayMeasurements of the
incorporation of radiolabeled thymidine into DNA were used
to evaluate the effects of TFOs on cell proliferation. Cells
were plated at a density of 6 10* cells/mL in 96-well plates
and incubated with TFOs or control oligonucleotides. After
72 h, BH]thymidine (Moravek Biochemicals, Brea, CA) was
added to a final concentration of 0.2&i/mL, and the cells
were incubated for additional 24 h. At the end of this
incubation, 50uL aliquots of cell suspension were drawn
from each well and spotted directly on GF/C filters (What-

man), which had been previously treated with 0.2 N NaOH.

The filters were washed twice with 10 mL of an ice-cold
10% solution of TCA, and then in sequence with 10 mL of

each aliquot was directly diluted with an equal volume of
denaturating gel loading buffer, heated at°@for 5 min,
and run on a 12% polyacrylamide sequencing gel.
Northern Blot.Total RNA was extracted by the guanidium
isothiocyanate procedureld). RNA concentrations were
determined spectrophotometrically by measuring absorbance
at 260 nm. Samples containing /g of total RNA were
electrophoresed on 1% agarose gel and transferred to nylon
membranes (Magnagraph, MSI, Westboro, Mé)mycand
GAPDH cDNA were obtained from Oncor (Gaithersburg,
MD) and American Type Culture Collection, respectively.
Radiolabeleat-mycand GAPDH probes were prepared using
a random priming kit (GIBCO/BRL) and purified with
Biospin 30 columns (Bio-Rad). Hybridization of the blots

5% TCA, water, and ethanol. The amount of radiolabeled with the3?P-labeled probes and washing were carried out as

thymidine incorporated into DNA was determined by liquid
scintillation counting of the filters.

MTT AssayCells (100uL/well of 96-well plates) were
incubated with TFOs or control oligonucleotides for 96 h.
Starting cell concentrations were 10 000 cells/mL for CEM
cells, and 40 000 cells/mL for KG-1, HL-60, Raji, and ST486
cells. At the end of the 96 h incubation, 2 of MTT (5
mg/mL in PBS) was added to each well. After 4 h, 100
of a lysis buffer containing 20% SDS (w/v), 50% dimeth-
ylformamide (v/v), and 1% acetic acid (v/v) was added. After
an overnight incubation at 37C, the absorbance was

previously describedi(l). After hybridization with thec-myc
probe, the blots were washed and hybridized to the GAPDH
probe to control for equal loading of RNA. The amounts of
c-mycand GAPDH mRNA in each sample were determined
by scanning the blots with a phosphoimager. The level of
c-myc mRNA was then normalized for the amount of
GAPDH mRNA to calculate the percentagemmycRNA
in oligonucleotide-treated samples compared to untreated
samples.

RT-PCR.Total RNA was prepared using the TRIzol
reagent (GIBCG-BRL), and RT-PCR was performed using

measured at 570 nm on a microplate reader. Three replicateshe SuperScript One-Step RT-PCR system (GIBBRL)
were made for each treatment group, and each experimentand gene-specific primers. In addition to the reagents present

was repeated at least twice.

Oligonucleotide Uptake and Intracellular Stabilitfhe
3'-amino-modified oligonucleotide myclA (Table 1) wds 5
end-labeled with §-*2P]JATP. Unincorporated)[-*?P]JATP

in the RT-PCR kit, each reaction contained 8N samples
of c-mycprimers (5>TCGGAAGGACTATCCTGCTG-3 5'-
GCTTTTGCTCCTCTGCTTGG-3, a 0.154M aliquot of
GAPDH primers (5GGGTGTGGGCAAGGTCATCC-3
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the transcribed region of the gene. Therefore, oligonucleotide-
directed triplex DNA formation at these sites was expected
to block either transcription initiation or elongation@myc
transcripts.

Site 1 is a 27 bp sequence located in théamking region
approximately 100 bp upstream of the P1 promoter. This
sequence overlaps the binding site of various nuclear proteins

B T TGOGGAGEETEEOGAAGETCCEEAS known to activatec-myc transcription 43—_45). TFOs
| TFOtargetsites  TAGSM2 o CCAGGGAS directed to this site have bgen shown to inhibit transcription
Target 3 from the P1 promoter b_oth in cell-free systems and in intact
Targi@GfTGGAGAGGGAAGGTTGGGAGGGG-3’ cells (18, 30, 32. Site 2 is a 23 bp sequence located in exon
5-AGGGGACAGGGGCGGGGTGGG-3' 1 immediately upstream of the P2 promoter, which is the

Ficure 1: Organization of the-mycgene and position of the TFO ~ Majorc-myctranscription start site3j. Binding sites for the
target sequences. (A) Map of thanycgene. Exons are represented  transcription factors MAZ, E2F, aretsfamily members are
by gray boxes with the translated portion in white. The translational positioned near this target sequend6, (4. TFOs directed
start sites, CUG and AUG, are indicated by gray arrowheads. Gray tq thjs sequence inhibit transcription initiation from the P2

arovs e he posien of e anscrpion st s 82tk promarern it €7, More recenty, TFOS dected  cie
sequence of the purine-rich strands of the TFO target sites. site 1 or site 2 have been shown to inhibit expression of a

luciferase reporter gene under the controt-ehycpromoter
5-TCCACCACCCTGTTGCTGTA-3, and 100 ng of total  sequences when cotransfected with the reporter gene con-
RNA in a final volume of 50uL. RT reactions were  struct @8). Sites 3 and 4 are located in intron 1 and exon 2,
performed for 30 min at 50C, and were followed by 30  respectively. These sequences have not been targeted with
cycles of PCR (94C, 15 s; 55°C, 30 s; 72°C, 15s)ina  TFOs before. Formation of triplex DNA at these sites, which
Pelkin Elmer 9600 thermal cycler. Samples were analyzed are downstream of the major promoters, may prevent
on 2% agarose gels and visualized by staining with ethidium transcription elongation. Site 3 is also near the P3 promoter
bromide. Thec-mycprimers amplified a fragment of 292  and regulatory elements, which are involved in initiation and
bp in exon 3. GAPDH primers yielded a product of 332 bp. regulation ofc-myctranscription in some cell type8,(48).

The intensity of the two bands in each sample was Tpe selected target sequences were all relatively purine-
determined by densitometric analysis using the Gel-Pro yich in one strand and pyrimidine-rich in the other, with only
Analyzer software (Media Cybernetics). Densitometric values gy, pyrimidine interruptions in the purine-rich strands

relative to thec-mycband were normalized to thoge of_ the (Figure 1). Phosphodiester TFOs were designed to bind in
GAPDH to calculate the percentagemyctranscripts in - gntiparallel orientation to the purine-rich strand of the duplex
oligonucleotide-treated cells compared to untreated control pya according to rules previously described in numerous

cells. Initial experiments were performed to optimize assay g;,dies 10—12). The sequence and length of the oligonucle-
conditions (i.e., number of cycles, primer concentration, and ytijes are shown in Table 1. Most TFOs had G residues
amount of RNA template) in order to analyeemycand  opnsite GC base pairs, and T opposite AT base pairs, while
GAPDH transcripts in the exponential phase of amplification. T residues were placed opposite T and C bases interrupting
The conditions described above yielded a linear relationship e purine-rich sequences. This design was chosen because
between the intensity af-mycand GAPDH PCR products  gimjlar purine-rich or mixed purine/pyrimidine oligonucle-
and the amount of RNA template added to the reaction.  gtides had been shown to bind with high affinity and

RESULTS spec?ficity to the target DNA at phys_iological pHE-12).
GA-rich TFOs directed to target sites 1 (myclA) and 2
Selection of Target Sites and Design of the THalgure (myc2A), similar to TFOs used in previous studid8,(27,
1 shows the position of the four sites selected for in vivo 28, 30, were also synthesized for comparison. Our studies
targeting of the endogenoasmycgene by the triplex DNA- showed that the GT-rich TFOs targeted to these two sites
based approach. These target sites were chosen because thbpund better than the corresponding GA-rich TFOs (see
were either adjacent to critical regulatory elements or within below). This is unlikely to be a general rule, since others

Table 1: Target Location, Sequence, and Size of TFOs Directed to-tipgcGene

site target locatioh TFO sequence size

target 1 2186-2206 mycl 5TGGGGTGGTTGGGGTGGGTGGGGTGGG-3 27

myclA 5-TGGGGAGGTTGGGGAGGGTGGGGAGGG-3 27
target 2 24272449 myc2 5TGGGTGGGTGGTTTGTTTTTGGG-3 23

myc2A 5-AGGGAGGGAGGTAAGAAAAAGGG-3 23

myc2P 5GGGTTTTTGTTTGGTGGGTGGGT-3 23
target 3 3959-3983 myc3 5GGGGTGGGTTGGTTGGGTGTGGTGG-3 25
target 4 46894709 myc4 5GGGTGGGGTGGGGTTTGGGGT-3 21
control 1 N/A myclM 5GGTGGGTGGGTGTGGGTGGGTGGGTGG-3 27
control 2 N/A myc2M 5GGTGTGTTGTTGGTGGTGTGTTG-3 23

@ Numbers correspond to thé&nd 3 nucleotides of the target sites according to the sequence of the laamgogene in GeneBank (HSMYCC
locus).
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A with the mismatched oligonucleotide, myc1M, which had
1234567 80101112 length and base composition similar to the TFOs, but
T. . - different nucleotide sequence (see Table 1). Less than 3%
D- S — of duplex DNA shifted to a higher position in the gel in the
presence of kM of the mismatched oligonucleotide (data
PO oo~ wsggreegs not shown).
M) T8 TR Similar EMSA studies were done by incubating the
myci mycl1A appropriate duplex DNA targets with various concentrations
of the TFOs myc2, myc3, and myc4. As shown in panel B
123456788 101112 of Figure 2, both myc3 (lanes-5) and myc4 (lanes-812)
T - - T formed triplgx DNf‘\ tha]E v;/]as detected ;13 a(;jiStIinCt band
migrating above that of the corresponding duplex DNA.
e w“ -D Approximately 90% and 70% of duplex DNA migrated as
S © 288 8°"2 2888 triplex DNA in the presence of AM aliquots of myc3 (lane
(M) L— L i 6) and myc4 (lane 12), respectively. Appar&gtvalues for
myc3 myc4 myc3 and myc4 were & 107 and 4x 1077 M, respectively.

FiGURE 2: Electrophoretic mobility shift assays of triplex DNA  Similar results with only 18 15% increases in the amount
formation by c-myetargeting oligonucleotides. Oligonucleotides  of triplex DNA were obtained when the TFOs myc1, myc3,

corresponding to the pyrimidine-rich strands of the target sites 1 ; ; ; .
(panel A) and 3 and 4 (panel B) in temycgene were 5end- and myc? Wféehlgc:;'bated IWIIth tthehrespectlve target se
labeled with -32P]ATP and annealed to the complementary purine- 4UENCES for etore gel electrophoresis.

rich oligonucleotides. Duplex DNA (1 nM) was incubated with the ~ Binding of myc2 was more difficult to detect when EMSA
indicated TFOs in TBM buffer fol h at 37°C. Samples were  was performed using the approach described above. Only a
S e o a00 ¥ 1o 4 T e e o Smal upnard shifof th duplex DNA band was observed
below each lane. D and T, position of double- and triple-stranded in samples incubated \_Nlth this TFO (data not showr_l).
DNA, respectively. Although small, the shift was constantly reproduced in
several experiments, in which various TFO concentrations,
have shown equivalent or higher binding affinity of GA- incubation times, and electrophoresis conditions were tested.
rich compared to GT-rich TFO<19, 50. To confirm the formation of triplex DNA by myc2, we

Evaluation of Oligonucleotide-Directed Triplex DNA performed additional EMSA studies, in which either the TFO
Formation. Binding of the c-myctargeting TFOs to the  or the control oligonucleotides were labeled instead of the
corresponding target sequences was assessed by EMSA. Iduplex DNA target 80, 33. We expected that the mobility
the experiments shown in Figure 2, TFOs were added atshift generated upon binding of the single-stranded TFO to
increasing concentrations to samples containing 1 nM of the the duplex DNA target would be greater and easier to detect
corresponding radiolabeled duplex DNA and incubated for than with the previous approach. In the experiment shown
1 h at 37°C. Following this incubation, the samples were in Figure 3 (panel A), myc2 (lanes—b), the mismatched
run on native polyacrylamide gels. Under nondenaturating oligonucleotide myc2M (lanes -610), and the parallel
conditions, triplex DNA would migrate more slowly than oligonucleotide myc2P (lanes #15) were end-labeled with
double-stranded DNA of identical size. Therefore, binding 32P and incubated with increasing concentrations of unlabeled
of a TFO to the target sequence would result in an upward duplex DNA. As shown in lanes 3 and 4, a clear upward
shift of the band corresponding to the duplex DNA. shift was detected when samples containing 10%®end-

As shown in Figure 2 (panel A, lanes-Z), mycl, which labeled myc2 were incubated with duplex DNA. More than
was directed to the site upstream of the P1 promoter, formed90% of myc2 migrated as triplex DNA in the presence of
triplex DNA even at very low concentrations. A distinct band 0.5 and 1uM duplex DNA (50- and 100-fold molar excess
migrating more slowly than duplex DNA was detected at relative to the TFO). The estimatéd values for myc2 in
TFO concentrations as low as 1 nM (lane 3). Following different experiments ranged from5108to 1 x 1077 M.
incubation with 100 nM myc1 (i.e., 100-fold molar excess As shown in Figure 3 (panel A, lanes-&0), the mismatched
relative to target DNA), more than 90% of duplex DNA oligonucleotide myc2M was unable to bind to the duplex
migrated as triplex DNA (lane 6). Analyzing data from DNA target under these conditions. Furthermore, the parallel
multiple experiments, we determined that mycl had, af oligonucleotide myc2P showed only a limited amount of
about 108 M. High binding affinities of similar GT-rich binding (=5%) in the presence of @AM duplex DNA (lane
TFOs targeted to the P1 promoter site were also reported byl5), indicating that the preferential orientation of the third
Durland et al. 40). In contrast, Myc1A, which had A residues strand oligonucleotide was antiparallel to the purine-rich
opposite the three TA base pairs in the target strand, was atarget strand. The results shown in Figure 3 suggested that
least 10-fold less efficient than myc1l in this assay (Figure myc2 had higher binding affinity than a GA-rich TFO used
2, panel A, lanes-812). A comparison of the results shown in previous studies7, 2§. This TFO, which was identical
in Figure 2 with previously published data suggested that to myc2A (Table 1), produced a complete shift of duplex
mycl was also more efficient than another antiparallel GA- DNA only at a concentration of 10&M, which was
rich TFO, which was designed to target an alternative equivalent to a 10 000-fold molar ratio of TFO to duplex
sequence in the P1 sit2g). A complete shift of the duplex = DNA. When the experiment shown in Figure 3 was repeated
DNA was observed only when the concentration of this TFO with the3?P end-labeled GA-rich TFO myc2A, we observed
was increased to 1Q6M (equivalent to a 10 000-fold molar  only a small amount of triplex DNA and the appearance of
ratio of TFO to duplex DNA). EMSA was performed also multiple bands at positions in the gel higher than that
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A myc2 myc2M myc2P ladder produced by DNase | would indicate protection from
1 2345 67 8 9 10111213 1415 nucleolytic cleavage and identify the site of triplex DNA
T. p— T formation. A3?P end-labeled fragment of themycgene

comprising the TFO target sequence upstream of the P2
promoter was incubated with either myc2 (lanes8p,
myc2M (lanes 9 and 10), or myc2P (lanes 11 and 12) and
subjected to DNase | digestion. As shown in Figure 3, a
single protected region was observed in the 314 bp fragment
following incubation with myc2. The protected region
B myc2 myc2M myc2P o corresponded exactly 'to the'23 bp tqrget sequence as
G 002220 2 20 220 (M) determined by comparison with the adjacent sequencing
ladder. Protection of the target sequence was concentration-
?:",""' dependent with apparently complete protection atu®0
gion e ) .
myc2 (lane 8). Similar results were obtained in separate
experiments, in which mapping of the TFO binding site was
P L L L done by DMS footprinting (data not shown). To determine
B o - more precisely the extent of DNase | protection achieved
with various concentrations of myc2, the intensity of bands
within the target sequence was measured by densitometry.
TFO Bands in a region outside the target sequence were used as
— - T;:ts:' control to correct for any difference in sample loading. About
20, 50, and 95% of the target sequence was protected from
. DNase | in samples containing 0.2, 2, and /2@ myc2,
- - - - - - respectively. In contrast, incubation with 2 and 2
—_ myc2M did not cause any protection of the target sequence
_"_'_' - - or any other site within the 314 bp DNA fragment (lanes 9
- and 10). Some protection of the target sequence (20%) was
- detected in the samples incubated withy@d myc2P (lane
12). Therefore, DNase | footprinting confirmed the results
Ficure 3: Oligonucleotide-directed triplex DNA formation at the obtained with EMSA and demonstrated sequence-specific

target site upstream of the P2 promoter. (A) Electrophoretic mobility binding of myc2 to the targ(_e'F S'te', ) . )
shift assay. Duplex DNA was prepared by annealing oligonucle- ~ Cellular Uptake and Stability of’3Amino-Modified Oli-
otides corresponding to the pyrimidine- and purine-rich strands of gonucleotidesCell permeability, nuclear localization, and
target site 2. The oligonucleotides myc2 (lanes), myc2M (lanes  stability of the oligonucleotides are primary concerns for the
6-10), and myc2P (lanes $115) were Send-labeled withyf-*2P]- use of TFOs in tissue culture experiments and in vivo

ATP and incubated at a final concentration of 10 nM with duplex . .
DNA for 18 h at 37 °C. Samples were then separated on aPplications. A number of studies have shown that the

nondenaturating polyacrylamide gel as described in the legend toStability of phosphodiester oligonucleotides can be improved
Figure 2. The concentrations of duplex DNA target are indicated by modifying their 3 terminus with the addition of a

below each lane. S and T, position of single- and triple-stranded propylamine group2, 31, 53. This modification reduces
. . . v _ | - ’ ) 3 . N
DNA, respectively. (B) DNase | foofprinting. AP end-labeled 0" g\ sceptibility of the oligonucleotides to exonuclease

DNA fragment containing the purine-rich target sequence upstream . . . .
of the P2 promoter was incubated with myc2 (lane€§ myc2M degradation, and, therefore, is expected to increase their

(lanes 9 and 10), and myc2P (lanes 11 and 12) for 24 h 4c37  stability and activity in biological systems. Furthermore, 3
in TBM buffer. Oligonucleotide concentrations are indicated above amino-modified oligonucleotides are able to form triplex

each lane. Samples were then incubated with 10 units/mL DNasepNA with an affinity for the target sequence identical to
| for 1 min at room temperature and separated by electrophoresis .

on a 10% polyacrylamide gel. Sequencing reactions (T, C, A, and that of unmoQIfled TF_OS (data not shown). )
G in lanes +4) were run in adjacent lanes of the gel to determine ~ The following studies were done to determine uptake,
the exact position of the target sequence. A shorter exposure ofdistribution, and stability of ‘3amino-modified phosphodi-
lanes -4 is shown for clarity. The pyrimidine-rich strand of the ester oligonucleotides in human leukemia CEM cells. To

target sequence corresponding to nucleotides 22249 in the carry out these studies, théASTFO myc1A was 5 end-
c-mycgene is shown to the left of the panel. Brackets on the right labeled with32P, purified, and then added to cells to a final
side of the panel indicate the position of the TFO target site and a ! ' P 1 @

control region used for densitometric analysis. concentration of 0.xM. Aliquots of cells were removed at

the indicated time points and processed to determine the
expected for triplex DNA (data not shown). The tendency amount of3?P-labeled 3A-TFO in whole cells, cytoplasm,
of myc2A, common to other GA-rich TFO$Y), to form and nuclei. Figure 4 shows a plot of the oligonucleotide
aggregates might explain the decreased ability of this TFO concentrations achieved in each cell compartment during the
to form triplex DNA and, perhaps, its reduced activity in 4 h incubation. There was significant uptake of the oligo-
cells (see below). nucleotide in these cells, with intracellular concentrations
Binding of myc2 was also assessed by DNase | footprint- rapidly exceeding that in the extracellular medium. Further-
ing (Figure 3, panel B). In this assay, the products of a limited more, higher concentrations of theA3TFO were present at
DNase | digestion are separated on a denaturating polyacryl-each time point in nuclei compared to cytoplasm and whole
amide gel and detected by autoradiography. A decrease ofcells, indicating a rapid accumulation of the oligonucleotide
the intensity of the bands in a discrete region of the DNA in this cell compartment. To determine the physical state of
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Ficure 4: Uptake and stability of a'@mino-modified oligonucle-  Figyre 5: Effects of c-myetargeting TFOs on proliferation of
otide in human leukemia CEM cells. (A) Uptake and intracellular hyman T-cell leukemia CEM cells. (A) Cells (6 10%mL) were
distribution of a 3-amino-TFO. CEM cells were incubated with  jncubated with 1QuM aliquots of the indicated oligonucleotides
0.5uM 3?P-labeled myclA. Aliquots of k 10° cells were taken  for 96 h. PH]Thymidine was added to the culture medium during
at the indicated time points and processed to measure the amounihe |ast 24 h of the incubation. Following TCA precipitation on
of 3?P-labeled oligonucleotide in whole cells, cytoplasm, and nuclei. GF/C filters, liquid scintillation counting was used to measure the
Oligonucleotide concentrations in each cell compartment were gmount of fH]thymidine incorporated at the end of the incubation.
calculated on the basis of mean cellular (13560°) and nuclear  (B) Cells were incubated with increasing concentrations of either
(254 um®) volumes determined with a cell counter. (B) Stability myc2 (black bars) or the mismatched oligonucleotide myc1M (white
of a 3-amino-TFO in whole cells and nuclei. Ten microliter a.“quots bars) for 96 h and processed as described above. In both pane|sl
of whole cells (|aneS _14) and nuclei (laneS‘SS) were diluted in the resu|ts are expressed as percentaga-ﬂtk[ymidine incorpo_

denaturating loading buffer, heated at®@5for 5 min, and loaded  rated in oligonucleotide-treated cells compared to untreated control
on a 12% denaturating polyacrylamide gel. Lan&B-labeled 3A- cells. Triplicate samples were analyzed in each experiment, and

myclA used as size marker. the data shown in each panel are me&rSD of the results of two
separate experiments.
the oligonucleotide, aliquots of cells and nuclei were directly
lysed in denaturating gel loading buffer and analyzed by gel of cancer cell types, including human leukemia and lym-
electrophoresis. This method avoided any additional processphoma cells 4—9). To evaluate the biological activity of
ing of the samples, which could compromise recovery of the c-myetargeting TFOs and their potential as cancer
the oligonucleotide and analysis of its degradation profile therapeutic agents, we measured their ability to inhibit the
(30). As shown in panel B of Figure 4, more than 95% of growth of human leukemia CEM cells. These T-cell leukemia
the 32P end-labeled 'a-TFO was intact in whole cells and  cells express high levels a-mycin the absence of gene
nuclei at the end of #14 h incubation. Thus, these results amplification or chromosomal translocation, and downregu-
confirmed the ability of human leukemia cells in culture to lation of c-mycexpression in these cells is associated with
take up oligonucleotides and the relative intracellular stability growth arrest and cell deat®3). Our hypothesis was that
of 3'A-TFOs. Particularly relevant to the use of oligonucle- TFOs that were able to bind to critical sites in tbanyc
otides in a triplex DNA-based approach is the extent of gene and inhibit its expression would have a direct inhibitory
nuclear accumulation of intact/8TFO seen in these cells.  effect on the proliferation of these cells.

Antiproliferative Actwity of c-myc-Targeting TFOs in CEM cells were incubated with the TFOs for 96 h. During
Human T-Cell Leukemia Cell3he c-mycgene product is  the last 24 h of incubation, radiolabeled thymidine was added
an important regulator of cell growth and differentiatidi. ( to the culture medium. The cells were then harvested to
Downregulation ofc-mycgene expression and function is measure the amount of thymidine incorporated into cellular
associated with inhibition of cell proliferation in a variety DNA. Figure 5 (panel A) shows the degree of cell growth
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by the thymidine incorporation assay. This suggested that
inhibition of cell proliferation by thec-myectargeting TFO
preceded loss of cell viability.

Taken together, these results indicated thatyctargeting
TFOs had antiproliferative activity in human leukemia cells.
The effects depended on the position of the target site relative
to regulatory elements in the gene, since the TFO directed
to a sequence immediately upstream of the P2 promoter was
more effective than TFOs targeted to any other site in the
c-myc promoter or coding region. Considering that mis-
matched and parallel control oligonucleotides did not have
any significant effect on cell growth and that the other TFOs
had length, nucleotide composition, and in vitro binding

ODN (uM) affinity very similar to myc2, our results argued strongly in
FGuRe 6: Effects of the TFOs mve2 and mve3 and the parallel favor of the sequence-specificity of the effects of this TFO.
control oligonucleotide myc2P onygrowth ar){d viability oprEM Inhibition of c-myc Gene Expression by the myc2 .TFO'
cells. Cells (5x 10YmL) were incubated with myc2 (black bars), ~1he effects of myc2 were sequence-dependent, arguing for
myc2P (white bars), and myc3 (gray bars). The number of viable @ specific triplex DNA-mediated mechanism leading to
cells following a 96 h incubation was determined by the MTT assay. inhibition of c-mycgene expression and cell growth by this
The absorbance at 570 nm was measured with a microplate readerTFQ. To provide direct evidence of the involvement of

and the results are expressed as a percentage of absorbance PR ;
oligonucleotide-treated samples relative to untreated samples.lbnelecnve inhibition o-mycexpression, we measuredmyc

Triplicate samples were analyzed in each experiment, and the data"RNA levels in untreated control cells and cells incubated
shown are means: SD of the results of two separate experi- for 4 h with various TFOs and control oligonucleotides. As

ments. shown in Figure 7 (panel A), the level @fmyc mRNA,
assessed by Northern blot, was reduced by about 50% in
inhibition observed in cells incubated with 11 samples cells treated with 2@M myc2 compared to untreated control
of various TFOs and a control oligonucleotide as a percentagecells. The levels of GAPDH mRNA as well as the amounts
of thymidine incorporation in untreated control cells. Myc2, of the 18S and 28S ribosomal RNA species were identical
which is directed to the site immediately upstream of the P2 in the two samples, indicating equal RNA loading. The
promoter (site 2 in Figure 1), was the most effective inhibitor effects of myc2, other TFOs, and control oligonucleotides
of cell proliferation. This TFO reduced thymidine incorpora- onc-mycmRNA levels were further examined by RT-PCR.
tion to 454+ 3% (P < 0.00001) compared to both untreated In the experiments shown in panels—B of Figure 7,
control cells and cells treated with the mismatched oligo- GAPDH-specific primers were used along withmyc
nucleotide myc1M. Myc3 had a smaller effect on cell growth specific primers in the same reaction tube so that the amount
(76 + 5% of control,P < 0.001), while mycl and myc4 did  of c-mycproduct in each sample could be normalized to that
not have statistically significant effects on the growth of of this housekeeping gene. As shown in panel B, the levels
CEM cells. The antiproliferative activity of myc2 and the of c-mycmRNA in cells treated with 5, 10, and 20/ myc2
specificity of its effects were confirmed by incubating CEM were 85, 76, and 57%, respectively, compared to the level
cells in the presence of various concentrations of this TFO in untreated control cells. Unlike myc2, other TFOs and
and the mismached oligonucleotide myc1M (Figure 5, panel control oligonucleotides did not affectmycgene expression
B). Myc2 at concentrations ranging from 2.5 to 201 significantly at concentrations of 10 and 2M (panels C
inhibited cell proliferation. In contrast, cell growth was not and D, respectively). Therefore, inhibition of cell growth by
affected by exposure of the cells to identical concentrations myc2 was associated with and, apparently, dependent on the
of the mismatched oligonucleotide. ability of this TFO to inhibitc-mycgene expression. On the
Comparable results were obtained when cell number andother hand, the lack of effect of other TFOs and control
viability were assessed by the MTT assay. Figure 6 shows oligonucleotides on cell growth could be explained by their
the results of an experiment in which the effects of the TFOs inability to affectc-mycgene expression.
myc2 and myc3 and the parallel oligonucleotide myc2P were  Antiproliferative Actwity of c-myc-Targeting TFOs in
evaluated using this assay. Following a 96 h incubation, myc2 Acute Myeloid Leukemia and Burkitt's Lymphoma Cells.
induced a dose-dependent decrease in the number of viablé-urther studies were carried out to determine the effects of
cells with a 60% reduction at 20M compared to the = TFOs targeted to selected sites in thenycgene on the
untreated control cells. Both myc2P and myc3 were less growth of various leukemia and lymphoma cell lines. The
effective than myc2, reducing cell viability by 20 and 40% major goal of these studies was to determine whether the
compared to control cells, respectively. Other oligonucle- observations made in CEM cells regarding the antiprolif-
otides, including mycl, myclA, myclM, myc2A, and erative activity of the myc2 TFO could be extended to cells
myc2M, were assayed and did not have any significant effect of different origin and with different mechanisms of activa-
on cell viability (data not shown). This confirmed that the tion of c-mycgene expression. These studies provided also
GT-rich TFO myc2, which targeted the P2 promoter site, an opportunity to test the selectivity of the triplex DNA-
was the most effective TFO in these cells. It should also be based approach by comparing the antiproliferative effects
noted that, particularly at concentrations lower than:1Q of TFOs directed to distinct sites in the gene in cells, such
the effects on cell viability assessed by the MTT assay were as Burkitt's lymphoma cells, with known structural alter-
less pronounced than those on cell proliferation measuredations in thec-myclocus.
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A B 1 2 3 4
c-myc- - c-myc
100 85 76 57 % of control
GAPDH- C 12 34 5 6 7 8
- c-myc
100 102 103 95 97 100 102 105 % of control
28S- D 2 3 4 5 6 7
- GAPDH

100 105 89 100 93 90 110 9% of control

Ficure 7: Downregulation ofc-mycgene expression by the myc2 TFO in human leukemia cells. CEM cells were incubated with the
indicated oligonucleotides for 4 h. RNA was extracted, andycmRNA levels were determined by either Northern blot (panel A) or
RT-PCR (panels BD). For Northern analysis, total RNA was separated on a 1% agarose gel and transferred to a nylon membrane, which
was then hybridized to radiolabeleemycand GAPDH probes. The ethidium bromide-stained gel is shown to confirm equal RNA loading.
For RT-PCR, total RNA was reverse-transcribed and amplified evitiycand GAPDH-specific primers. PCR products were separated on

2% agarose gels and visualized by ethidium bromide staining. The level of GAPDH product was used as internal control for the efficiency
of the RT-PCR and sample loading. In each sample, the intensity arthgcband was normalized to the intensity of the GAPDH band

to determine the level af-myctranscripts. Percent values relative to untreated control cells are shown below each lane. Panel A: lane 1,
untreated control cells; lane 2, cells incubated withu®BOmyc2. Panel B: lane 1, untreated control cells; laned 2cells incubated with

5, 10, and 2QuM myc2, respectively. Panel C: lanes 1 and 6, untreated control cells; larsc2lls incubated with 1@M myc2M,

myclT, myclM, and myc3T, respectively; lanes 7 and 8, cells incubated wittMLehyc2A and myc2P, respectively. Panel D: lane 1,
untreated control cells; lanes-Z, cells incubated with 20M myc2M, myclT, myclM, myc2A, myc3T, and myc2P, respectively.

Two AML cell lines, KG-1 and HL-60, and two Burkitt's KG-1
lymphoma cell lines, Raji and ST486, were used in these
studies. KG-1 cells do not have amplification or rearrange- 100

ments involving thee-mycgene. Like the majority of AML
cells, KG-1 cells expressmycin response to either autocrine
or paracrine stimulation by growth factors, such as GM-CSF
(54). HL-60 cells have amplification of thee-mycgene b5).
Amplification, however, does not change the organization
of the c-mycregulatory region, and the P2 promoter still
serves as the major transcription start site in these cells.
Therefore, both AML cell lines were expected to be sensitive
to the TFO targeting the P2 promoter site. Figure 8 shows
the effects of the TFOs myc2 and myc3 and the parallel
control oligonucleotide myc2P on KG-1 and HL-60 cell
growth. Incubation for 96 h with 20 and 26M myc2
inhibited the growth of KG-1 and HL-60 cells, respectively,
by approximately 50%. At these concentrations, myc3 and
myc2P were less effective than myc2 in both cell lines. These
results were very similar to those obtained with the same
oligonucleotides in CEM cells (see Figure 6). The greater
sensitivity of these cells to myc2 compared to myc3
apparently reflected the importance of the corresponding
target regions foc-mycgene expression. We determined by
RT-PCR that thee-mycmRNA level was reduced in both
HL-60 and KG-1 cells by at least 30% follovwgna 4 h
incubation with 20uM myc2, but was not affected by an
identical concentration of myc3 (data not shown). It is worth
noting that myc2 completely inhibited the growth of HL-60
cells at a concentration of 50M, whereas the control 0
oligonucleotide myc2P induced only #25% of growth

inhibition. At this high concentration, myc3 was able to

inhibit the growth of HL-60 cells by about 80%. The activity FiGURE8: Effects ofc-myetargeting TFOs on the growth of human

of the myc3 TFO in HL-60 cells may be related to the acute myeloid leukemia cells. KG-1 and HL-60 cells were incubated

P . with myc2 (black bars), myc2P (white bars), and myc3 (gray bars)
presence of regulatory elements in intron 1, which are at the indicated concentrations. The number of viable cells was

apparently important for control af-mycgene expression  determined after 96 h by the MTT assay as described in the legend
in these cells48). to Figure 6. Top panel, KG-1 cells; bottom panel, HL-60 cells.
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Raji of myc2 to inhibit the growth of Raji cells was consistent
with the fact that the t(8;14) chromosomal translocation did
not affect the region that included the myc2 target site. The
reduced sensitivity of Raji cells to myc3 compared to myc2
was also consistent with the fact that the P2 promoter
remained the major transcription start site in these cells.
In ST486 cells, as a result of the translocation, the
regulatory and promoter sequences in exon 1 are separated
from the rest of the genes6). These elements, including
the myc2 target sequence, are still present in the untranslo-
cated allele and in the portion of the translocated allele
remaining on chromosome 8. However, they do not play a
role in transcription of the translocateemycgene. Unlike
the situation in Raji cells, therefore, oligonucleotide-directed
ODN (uM) triplex DNA formation at the myc2 site would not be
expected to interfere witb-mycexpression. Since transcrip-
tion in the translocated allele starts from the P3 promoter,
ST 486 however,c-mycexpression and, consequently, ST486 cell
growth might be affected by myc3, whose binding sequence
is immediately upstream of the P3 promoter in intron 1.
According to this hypothesis, therefore, ST486 cells would
be expected to be more sensitive to myc3 than myc2. Figure
9 shows that myc3 inhibited the growth of ST486 cells by
about 70% at a concentration of 2/8. In contrast, myc2
and myc2P at the same concentration inhibited cell growth
by only 17 and 20% compared to untreated control cells. At
a concentration of 5«M, both myc2 and myc2P had
significant effects on cell growth (35 and 55% inhibition,
respectively). However, at this concentration, myc3 inhibited
almost completely ST486 cell growth (99% inhibition).
Therefore, in agreement with our initial hypothesis, myc3
was much more effective than myc2 at all concentrations
Ficure 9: Effects of TFOs targeted to distinct sites in thenyc tested, probably reflecting the greater activity of the P3
promoter on the growth of Burkitt's lymphoma cells. Raji and  hromoter in these cells. We also isolated total RNA from

ST486 cells were incubated with myc2 (black bars), myc2P (white . .
bars), and myc3 (gray bars) and the number of viable cells was ST486 cells, either untreated or treated with TFOs, and

determined after 96 h by the MTT assay as described in the legendmeasured the level af-mycmRNA by RT'E’CR- Myc3 at
to Figure 6. Top panel, Raiji cells; bottom panel, ST486 cells. 2.5uM reducedc-mycmRNA by about 30% in ST486 cells,

whereas myc2 did not affect-myc expression at this
Figure 9 shows results obtained with the B-cell ymphoma concentration (data not shown).

cell lines, Raji and ST486. In both cell lines, one allele of
the c-myc gene is translocated to chromosome 14, as DISCUSSION
commonly observed in Burkitt's lymphoma3) (Expression The present study demonstrates the antiproliferative activ-
of the translocated allele is constitutively activated by ity of 3'-amino-modified phosphodiester TFOs designed to
enhancer sequences derived from the immunoglobulin locusact as selective repressorscafnycgene expression in human
on chromosome 14, whereas the untranslocated allele isleukemia and lymphoma cells. Although there have been
silenced. Raji and ST486 cells, however, differ in the position several reports on the ability of TFOs to inhibit transcription
of the chromosomal breakpoint relative to thenyctran- of reporter gene constructs, only few studies have shown
scription unit, and this results in critical differences in the inhibition of endogenous gene expressi@o{37) and cell
organization of the gene regulatory region and promoter proliferation 84, 37, 38 by a triplex DNA-based approach
usage %6, 57). The site of the breakpoint is upstream of in cell culture experiments. Herein, we show that a GT-rich
exon 1 in Raiji cells, while it occurs within the first intron in -~ TFO directed to a site immediately upstream of the P2
ST486 cells (see Figure 1). Therefore, the P1 and P2 promoter of thec-mycgene inhibits gene expression and cell
promoters and the regulatory elements in exon 1 of the proliferation in human leukemia CEM cells. Reduction of
translocated allele are intact and functional in Raji c&l.( c-mycprotein level by other means has been shown to result
In contrast, the translocatetmyc gene lacks exon 1 in  in cell growth arrest, differentiation, and death in many
ST486 cells, and its transcription initiates at the P3 promoter cancer cell types4(, 5, 7, 58-61). In fact, using a nuclease-
site located in intron 1. As shown in Figure 9, results similar resistant phosphorothioate TFO similar to myc2, we have
to those obtained with CEM, KG-1, and HL-60 cells were recently shown that downregulation efmycexpression in
observed when Raji cells were incubated with myc2, myc3, CEM cells is associated with inhibition of cell cycle
and myc2P. Myc2 inhibited cell growth by about 50% at a progression and induction of apoptotic cell dee&8B)( The
concentration of 2@M, whereas myc3 and myc2P decreased effects of the myc2 TFO on gene expression and cell
cell growth by only 30 and 15%, respectively. The ability proliferation are both sequence- and target-specific. Mis-
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matched and parallel control oligonucleotides do not affect DNA with the specific target sequence do not inhititnyc
c-mycgene expression and cell growth. Furthermore, TFOs gene expression and cell growth. Moreover, an important
directed to other sites in themycgene are less or not active. aspect of the design of our GT-rich TFOs is that their
This suggests a high degree of selectivity and sequence-sequences are not identical or complementary to either strand
specificity of the triplex DNA-based approach, since all the of the corresponding target sequences. This greatly reduces
TFOs used in this study are very similar in length, base the chances of sequence-specific interactions of the TFOs
composition, and in vitro binding affinity. Indeed, some of with single-stranded DNA, RNA, or single-stranded DNA
the TFOs are inactive despite the presence of G-rich sequencdinding proteins. Such interactions may theoretically lead
elements (e.g., G quartets) which are known as a potentialto inhibition of c-mycgene expression at a transcriptional
source of nonspecific effect§3). or translational level by either an antisense or a decoy-like
Further evidence of the specificity and potential selectivity mechanism. The possibility of these alternative mechanisms
of the triplex DNA-based approach comes from the observa- has raised concerns about the real nature of the biological
tion that the relative sensitivity of various cell lines to TFOs effects of TFOs described in earlier studié$,(30, 3§. A
targeting distinct sites in exon 1 (myc2) and intron 1 (myc3) decoy-like mechanism has been invoked as a possible
depends on both the presence and the function of theexplanation of the inhibition of-mycgene expression by a
respective target sequences. To the best of our knowledge,TFO, which was directed to the site upstream of the P1
this is the first study in which the effects of TFOs have been promoter (8, 30, 38. Unlike the TFOs used in our study,
evaluated in cells that have distinct alterations of the this TFO was identical to the purine-rich strand of the target
endogenous target gene in the attempt to test the selectivitysite both in sequence and in orientation. It was later shown
of this approach. Myc2 is more active than myc3 in cells, that this parallel, purine-rich TFO could bind CNBP, a
such as CEM, KG-1, HL-60, and Raji, in which the region sequence-specific single-stranded DNA binding protein that
comprising its target site is intact. As discussed below, we activatesc-myc transcription 44). The interaction of the
believe that this is due to the particular relevance of this purine-rich oligonucleotide with this trans-activating factor
region for the activity of the P2 promoter, which is the major was suggested as a possible cause of transcriptional inhibition
c-mycpromoter in these cells. In contrast, ST486 cells are induced by the TFO in cell-free systems and cells. More
considerably more sensitive to myc3 than myc 2. In these recently, it has been proposed that this purine-rich TFO might
Burkitt's lymphoma cells, the t(8;14) chromosomal translo- also hybridize to the complementary pyrimidine-rich strand
cation causes the separation of exon 1 from the rest of theof the target DNA 64). This would prevent binding of
gene, thereby eliminating the P2 promoter and activating the anotherc-myc transcriptional activator, hnRNP K, which
P3 promoter in the translocated alle&6). Because of the  specifically interacts with the pyrimidine-rich single-stranded
position of the myc3 target site, which is immediately DNA sequence, thus resulting in transcriptional inhibition
upstream of the P3 promoter in intron 1, it is possible that (64). Interestingly, we have not detected inhibition of
this TFO acts by repressing transcription initiation in the endogenous-mycgene expression and cell growth by the
translocated and constitutively actigenycallele. However, antiparallel GT-rich TFO mycl, which is also directed to
there is yet no direct evidence of a role of the myc3 target the P1 promoter site and forms triplex DNA with very high
sequence in P3 promoter activity. Also unclear are the binding affinity. As for the TFO targeting the P2 promoter
mechanisms underlying the growth inhibitory activity of site, further studies are certainly required to determine
myc2 and myc2P at high concentrations in ST486 cells. This whether sequence-specific, non-triplex-mediated mechanisms
may be due to nonspecific and non-triplex-mediated effects have any role in the inhibition of gene expression and cell
of the oligonucleotides. However, the effects of myc2 and growth induced by this TFO. Our studies with myc2A and
myc2P seem to be sequence-specific, since the mismatchednyc2P, which have sequences very similar to myc2,
oligonucleotide myc2M had only minimal effects on the however, suggest that interactions of the TFO witmyc
growth of ST486 cells at similar concentrations (data not promoter elements or sequence-specific single-stranded
shown). In light of the fact that myc2 target sequences are DNA binding proteins are unlikely to be involved in myc2
still present in the translocated and untranslocated allele, oneactivity. Myc2A has only one mismatch compared to the
cannot rule out the possibility that these effects might be purine strand of the myc2 target sequence. In contrast, myc2
due to triplex-mediated binding to the target sequence andhas 11 nucleotide mismatches relative to the purine strand
induction of secondary events leading to cell growth inhibi- and 12 mismatches relative to the pyrimidine strand.
tion. In addition, the portion of the translocatednycallele Furthermore, myc2P has a sequence identical to myc2, only
that remains on chromosome 8 is actively transcribed, andwith opposite orientation. If sequence-specific interactions
high levels of short transcripts containing exon 1 sequencesoccurred and were indeed responsible for non-triplex-
and with unknown function are present in ST486 cedl§)( mediated effects, one would expect that myc2A and myc2P
Even though we do not provide direct evidence of triplex would have similar or even greater activity than myc2.
DNA formation at the target site in cells, the effects of the However, both these oligonucleotides have no or minimal
myc2 TFO on gene expression and cell proliferation shown activity in our assays.
in this study are likely due to inhibition of transcription by The greater activity of myc2 compared to other TFOs may
a triplex DNA-mediated mechanism. Studies in a cell-free be due in part to the importance of the cis-elements adjacent
system have shown that targeting the region upstream of theto its target site for regulation a-mycexpression. The P2
P2 promoter with a similar TFO blocks transcription from promoter is the major transcription start site responsible for
this initiation site 27). This conclusion is also supported by 75—-90% of c-myctranscripts 8). The region targeted by
our observation that TFOs and control oligonucleotides that myc2 overlaps regulatory elements that are critical for P2
have similar base composition but are unable to form triplex promoter activity, and deletions in this region result in loss
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of transcriptional activity 46, 47). In contrast, triplex DNA
formation at sites other than the P2 promoter site may have
a less disruptive effect oormycexpression. TFOs targeted
to the myc1l site have been shown to inhibit predominantly
transcription from the P1 promoteld, 30, which is,
however, responsible for only 3®5% of c-myctranscripts

(3). Therefore, even complete inhibition of P1 promoter
activity may not be sufficient to reduce significanttymyc
levels in cells. Similar considerations may apply to the TFOs
myc3 and myc4, which are directed to sites downstream of
the majorc-mycpromoters. Although triplex DNA formation

downstream of a transcription start site has been shown to 3

inhibit transcription elongatiornl®, 29, this mechanism may
be less effective in cells than inhibition of transcription
initiation by a TFO directed to a promoter sequence.
Interestingly, the same TFO, myc3, which has limited activity
in most cell lines tested, is active in ST486 cells where it is
probably acting as an inhibitor of transcription initiation from
the P3 promoter site.

Accessibility of the target sequence is another factor that
may contribute to differences in the activity of themye
targeting TFOs. Measurements of the binding affinity to
target DNA in vitro do not show significant differences

among TFOs. However, the sequences targeted by TFOs ¢

other than myc2 may be less accessible or suitable for triplex
DNA formation in cells than the myc2 binding site. This
may be a plausible explanation of the lack of effect of the
P1 targeting TFO mycl. The region targeted by this TFO
has been shown to undergo complex conformational changes
that, in addition to double-stranded DNA, involve an
equilibrium between single-stranded and tetraplex DR\ (
65). DNA in these alternative conformations would not bind
a TFO. In addition, proteins, such as CNBP and hnRNP K,
which bind to either the purine or the pyrimidine strand of
the target sequence have been identifiéd, @5. Binding

of these proteins may also prevent oligonucleotide-directed
triplex DNA formation. In apparent contrast with this
explanation, an antiparallel GT-rich TFO targeted to the
sequence upstream of the P1 promoter has been shown to
inhibit c-mycexpression in MCF7 cells3@). The TFO used

in that study was 37 nucleotides long and affecteahyc
expression only when it was administered along with a
synthetic polyamine known to stabilize triplex DNA. There-
fore, it is possible that the increased length of the TFO and
the presence of a triplex-stabilizing compound might have
facilitated triplex DNA formation in cells. This also suggests
that modifications of oligonucleotide design or the use of
triplex-stabilizing agents may overcome obstacles to triplex
DNA formation related to DNA conformation or site
accessibility and increase the potency of TFOs.

One of the challenges of research in oncology is to find
ways to utilize the increasing knowledge of the mechanisms
underlying neoplastic transformation and tumor progression
to develop novel therapeutic strategies for cancer. Targeting
specific genes, such as-my¢ which are involved in
proliferation and survival of cancer cells is a promising
approach. Our study shows the ability of TFOs designed to
target c-myc promoter sequences to downregulate gene
expression and inhibit proliferation of human leukemia and
lymphoma cells. Future studies will need to establish the
efficacy of this approach in vivo.
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